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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 out-perform 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 non-specifi c. 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 non-specifi city 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 fi ne 
publications in our fi eld. It remains true to the very essence of functional 
imaging which characterizes the fi eld of nuclear medicine and distinguishes 
it from the more morphologically based radiologic imaging procedures. 

 Both residents and active practitioners of nuclear medicine will profi t 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 fulfi ll our obligation as true consultants and play a pivotal role in 
assisting patient management decisions. 

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

 New York, NY, USA Leonard M. Freeman, MD 

   Foreword to First Edition      
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  Preface to T hird Edition     

 Awareness of the impact of pathophysiology in particular on imaging stud-
ies 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. 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 fi lm reading dealing solely with pattern 
recognition and proper interpretation of a clinical scintigraphic image in the 
holistic approach integrating clinical, laboratory and pathophysiologic 
understanding should be appreciated to achieve proper clinical impact. New 
developments in molecular biology, radiopharmaceuticals and hybrid imag-
ing have continued to contribute to the rapid change in the fi eld 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 3rd edition of  The Pathophysiologic Basis of 
Nuclear Medicine  was developed. 

 This edition refl ects 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 scientifi c and clinical basis 
of the new directions in medical imaging will certainly lead to further 
improvements and innovations in this important fi eld of medicine. This 
updated edition will hopefully help in the understanding of the fi eld 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, MD, FCAP  
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 The fi eld 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 fi rst edition of  The 
Pathophysiologic Basis of Nuclear Medicine , building on its strengths and 
making modifi cations to remedy any weak areas. 

 To refl ect 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, infl ammation, 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 superfi cial 
fi lm 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 scientifi c and clinical basis of new 
directions in medical imaging will certainly lead to further modifi cations and 
new innovations. I also hope that this revised text will help to advance knowl-
edge in the fi eld 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, MD, FCAP  

  Preface to Se cond Edition      
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  Preface to F irst Edition      

 There is a great difference between superfi cial reading of a fi lm 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 signifi cantly to our understanding of the functional changes which 
accompany disease. In this way, nuclear medicine helps to advance scientifi c 
understanding. Both the diagnostic and the therapeutic aspects of nuclear 
medicine rely for their effi cacy 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 fi eld 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 scientifi c progress and signifi cant growth 
in our contributions to patient care and well-being. The resources devoted to 
nuclear medicine, however, will be most profi tably 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 fulfi lled 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 fi eld 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 fi eld of nuclear 
medicine. 

 Kuwait City, Kuwait Abdelhamid H. Elgazzar, MD, FCAP  



 



xv

 My thanks and appreciation goes to Dr. Jehan Alshammari, Mrs. Heba Essam, 
Dr. Heba Elgazzar, Dr. Mohamed Sakr, Mrs. Reham Hajji, Mrs. Verovica 
Cody-Nurse and Dr. Iman Alshammari, who sincerely supported to make this 
edition a reality.  

  Acknowledgement  



   



xvii

  Contents

 1 Pathophysiology: General Principles . . . . . . . . . . . . . . . . . . . .  1
Abdelhamid H. Elgazzar

 2 The Cell and Tissue Biology  . . . . . . . . . . . . . . . . . . . . . . . . . . .  11
Shankar Vallabhajosula, Seham Mustafa, 
and Abdelhamid H. Elgazzar

 3 Basis of Radiopharmaceutical Localization  . . . . . . . . . . . . . .  45
Shankar Vallabhajosula and Azu Owunwanne

 4 Infl ammation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69
Abdelhamid H. Elgazzar and Magda Elmonayeri

 5 Nuclear Hematology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99
Kshitish Chandra Das and Abdelhamid H. Elgazzar

 6 Musculoskeletal System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  155
Abdelhamid H. Elgazzar and Dia Shehab

 7 Thyroid Gland  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  261
Salil D. Sarkar

 8 Parathyroid Gland . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  281
Abdelhamid H. Elgazzar and Saud A. Alenezi

 9 Adrenal Gland  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  305
Abdelhamid H. Elgazzar and Iman Alshammari

10 Genitourinary System  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  319
Salil D. Sarkar, Pravin C. Singhal, and Abdelhamid H. Elgazzar

11 Nuclear Oncology 1: Principles of Tumor 
Pathology and Biology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  347
Ezzuldin Ibrahim, Ahmad Elkhodary, and Abdelhamid H. Elgazzar

12 Nuclear Oncology 2: Scintigrahic Imaging . . . . . . . . . . . . . . .  369
Razi Muzaffar, Osama Raslan, and Medhat M. Osman

13 Respiratory System  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  401
Abdelhamid H. Elgazzar and Mousa Khadada

14 Nuclear Cardiology 1: Myocardial Contractility 
and Assessment of Cardiac Function . . . . . . . . . . . . . . . . . . . .  433
Sherif I. Heiba and Mohamad Zubaid



xviii

15 Nuclear Cardiology 2: Myocardial Perfusion, 
Metabolism, Infarction, and Receptor Imaging  . . . . . . . . . . .  463
Josef Machac

16 Digestive System 1: Gastrointestinal Tract  . . . . . . . . . . . . . . .  529
Fuad A.M. Hassan and Abdelhamid H. Elgazzar

17 Digestive System 2: Liver and Biliary Tract  . . . . . . . . . . . . . .  559
Chun K. Kim, Junghyun Joo, and Seokmo Lee

18 Nuclear Medicine Imaging of CNS: 
Basis and Clinical Applications  . . . . . . . . . . . . . . . . . . . . . . . .  595
James M. Mountz and Rafay Ahmed

19 Lymphoscintigraphy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  671
Arthur Z. Krasnow, Abdelhamid H. Elgazzar, 
Nafi sa Kazem, and Saud A. Alenezi

20 Basis of Therapeutic Nuclear Medicine . . . . . . . . . . . . . . . . . .  689
Abdelhamid H. Elgazzar, Abdullatif Al-Bader, 
and Hussein M. Abdel-Dayem

21 Biological Effects of Ionizing Radiation. . . . . . . . . . . . . . . . . .  715
Abdelhamid H. Elgazzar and Nafi sa Kazem

Glossary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  727

Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  735 

Contents



xix

     Hussein     M.     Abdel-Dayem  ,   MD, PhD       Former Professor, Division of 
Nuclear Medicine, Department of Radiology ,  New York Medical College 
and St Vincent Hospital  ,  New York ,  NY ,  USA     

      Rafay     Ahmed  ,   MD       Fellow, Division of Nuclear Medicine, Department of 
Radiology ,  The University of Pittsburgh Medical Center  ,  Pittsburgh , 
 PA ,  USA     

         Abdullatif     Al-Bader  ,   PhD       Professor, Department of Pathology, 
President, Kuwait University  ,  Kuwait City ,  Kuwait     

      Saud     A.     Alenezi  ,   MD, ABNM, FRCPC       Assistant Professor, 
Department of Nuclear Medicine, Faculty of Medicine ,  Kuwait University  , 
 Kuwait City ,  Kuwait      

     Iman     Alshammari  ,   MD       Chairman, Department of Nuclear Medicine , 
 Farwania Hospital  ,  Kuwait City ,  Kuwait      

     Kshitish     Chandra     Das  ,   MD       Former Professor, Department of Pathology, 
Faculty of Medicine ,  Kuwait University Health Science Center  , 
 Kuwait City ,  Kuwait     

      Abdelhamid     H.     Elgazzar  ,   MD, FCAP       Diplomate, American Board of 
Pathology, Diplomate, American Board of Nuclear Medicine, Professor, 
Department of Nuclear Medicine, Faculty of Medicine ,  Kuwait University  , 
 Kuwait City ,  Kuwait     

      Ahmed     Elkhodary  ,   MD, PhD       Department of Medical Oncology ,  National 
Cancer Institute, Cairo University  ,  Cairo ,  Egypt     

         Magda     Elmonayeri ,  MD, PhD          Professor, Department of Pathology, 
Faculty of Medicine, Ain Shams University,    Cairo ,  Egypt     

      Fuad     A.    M.     Hassan  ,   MD       Professor, Department of Medicine, 
Faculty of Medicine ,  Kuwait University  ,  Kuwait City ,  Kuwait     

      Sherif     I.     Heiba  ,   MD       Associate Professor of Radiology, Division of 
Nuclear Medicine, Mount Sinai School of Medicine,    New York, NY,   USA     

      Ezzeldin     Ibrahim  ,   MD, MSc (H. Info), FRCP, FACP    
   Chief Medical Offi cer, Director, Oncology Center of Excellence , 
 International Medical Center  ,  Jeddah ,  Saudi Arabia     

  Contributors 



xx

      Junghyun     Joo  ,   MD       Staff Radiologist, Department of Radiology, 
Saint Carollo Hospital  ,  Suncheon ,  Republic of Korea     

      Nafi sah     Kazem  ,   MD       Chairman, Department of Nuclear Medicine , 
 Mubarak Hospital  ,  Jabriya ,  Kuwait     

         Mousa     Khadada  ,   MD       Professor, Department of Medicine, 
Faculty of Medicine ,  Kuwait University  ,  Kuwait City ,  Kuwait     

      Chun     K.     Kim  ,   MD       Associate Professor, Division of Nuclear Medicine 
and Molecular Imaging ,  Brigham and Women’s Hospital, Harvard Medical 
School  ,  Boston ,  MA ,  USA     

      Arthur     Z.     Krasnow       Associate Professor, Division of Nuclear Medicine, 
Department of Radiology, Medical College of Wissonsin,   
 Milwakee, WI,   USA     

      Seokmo     Lee  ,   MD       Assistant Professor, Department of Nuclear Medicine, 
Inje University College of Medicine  ,  Busan ,  Republic of Korea     

      Josef     Machac  ,   MD, FACC, FACNM       Professor, Division of Nuclear 
Medicine, Department of Radiology ,  Mount Sinai School of Medicine  , 
 New York ,  NY ,  USA     

      James     M.     Mountz  ,   MD, PhD       Professor, Division of Nuclear Medicine, 
Department of Radiology ,  The University of Pittsburgh Medical Center  , 
 Pittsburgh ,  PA ,  USA     

      Seham     Mustafa  ,   PhD       Associate Professor, Biomedical Sciences 
Department ,  College of Nursing, Public Authority for Applied 
Education and Training  ,  Kuwait City ,  Kuwait     

      Razi     Muzaffar  ,   DO       Assistant Professor, Division of Nuclear Medicine, 
Department of Radiology ,  Saint Louis University  ,  Saint Louis ,  MO ,  USA     

      Medhat     M.     Osman  ,   MD, ScM, PhD       Professor, Division of Nuclear 
Medicine, Department of Radiology ,  Saint Louis University  , 
 Saint Louis ,  MO ,  USA     

      Azu     Owunwanne       Professor, Department of Nuclear Medicine, 
Faculty of Medicine ,  Kuwait University Health Science Center  , 
 Kuwait City ,  Kuwait     

      Osama     Raslan  , MA, MB, BCh,   MD, MSc, MBBCh       Resident, Division of 
Nuclear Medicine, Department of Radiology ,  Saint Louis University  , 
 Saint Louis ,  MO ,  USA     

      Salil     D.     Sarkar  ,   MD, FACP       Associate Professor, Department of Radiology 
(Nuclear Medicine) ,  Chair, Department of Nuclear Medicine, Jacobi 
Medical Center  ,    New York, NY ,  USA     

      Dia     Shehab  ,   MD, FRCPC       Professor, Department of Medicine, 
Faculty of Medicine ,  Kuwait University  ,  Kuwait City ,  Kuwait     

Contributors



xxi

      Pravin     C.     Singhal  ,   MD       Director, Academic Affairs, Division of Kidney 
Diseases and Hypertension ,  Hofstra Norh Shore LIJ Medical School  , 
 Great Neck ,  NY ,  USA     

      Shankar     Vallabhajosula  ,   PhD       Professor, Division of Nuclear Medicine, 
Department of Radiology ,  New York Presbyterian Hospital, 
Medical College of Cornell University  ,  New York ,  NY ,  USA     

      Mohamad     Zubaid  ,   MD       Professor, Department of Medicine, 
Faculty of Medicine ,  Kuwait University  ,  Kuwait City ,  Kuwait      

Contributors



1A.H. Elgazzar (ed.), The Pathophysiologic Basis of Nuclear Medicine,
DOI 10.1007/978-3-319-06112-2_1, © Springer International Publishing Switzerland 2015

1.1            Introduction 

 Understanding pathophysiology of disease is 
essential for all who study and work in any fi eld 
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 
fi eld. 

 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. Disease can 
now be defi ned on the basis of abnormal devia-
tion from normal regional biochemistry. Since 
pathophysiology is a bridge between pathology 
and physiology, it is imperative to understand the 
principles of both disciplines.  

1.2     Pathology 

 Pathology is concerned with the study of the 
nature of disease, including its causes, develop-
ment, and consequences with emphasis on the 
structural changes of diseases. Specifi cally, 
pathology describes the origin of disease, its eti-
ologies, how it progress and manifests clinically 
in individuals in order to determine its treatment. 
Pathology plays a vital role across all facets of 
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medicine throughout life, and currently it extends 
to the examination of molecules within organs, 
tissues, or body fl uids.  

1.3     Defi nition of Disease 

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

 The ontological concept views a disease as an 
entity that is independent and self-suffi cient and 
runs a regular course with a natural history of its 
own. The physiological concept on the other hand 
defi nes disease as a deviation from normal physi-
ology or biochemistry; the disease is a statistically 
defi ned deviation of one or more functions from 
those of healthy people under 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. 

1.3.1     Homeostasis 

 The term homeostasis is used by physiologists to 
mean maintenance of static, or constant, condi-
tions in the internal environment by means of 
positive and negative feedback of information. 
About 56 % of the adult human body is fl uid. 
Most of the fl uid is intracellular, and about one- 
third is extracellular fl uid 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 
fl uid was described as the internal environment 
of the body and hypothesized that the same bio-
logical 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 
abnormalities that produce many different clini-
cal manifestations of disease or phenotypes, a 
process called pleiotropism. Many different gene 
abnormalities can result in the same clinical 
manifestations of disease – a process called 
genetic heterogeneity. Thus, diseases can be 
defi ned 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     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 the year 1839, Theodor Schwann dis-
covered that all living organisms are made up of 
discrete cells [ 2 ]. In 1858, Rudolph Virchow 
observed that a disease could not be understood 
unless it was realized that the ultimate abnormal-
ity must lie in the cell. He correlated disease with 
cellular abnormalities as revealed by chemical 
stains, thereby founding the fi eld of cellular 

A.H. Elgazzar
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pathology. He defi ned pathology as physiology 
with obstacles [ 2 ]. 

 Since the time of Virchow, gross pathology and 
histopathology have been a foundation of the diag-
nostic process and the classifi cation of disease. 
Traditionally, the four aspects of a disease process 
that form the core of pathology are etiology, patho-
genesis, morphological changes, and clinical sig-
nifi cance [ 3 ]. The altered cellular and tissue 
biology and all forms of loss of function of tissues 
and organs are ultimately the result of cell injury 
and cell death. Therefore, knowledge of the struc-
tural and functional reactions of cells and tissues 
to injurious agents, including genetic defects, is 
the key to understanding the disease process. 
Currently, diseases are defi ned and interpreted in 
molecular terms and not just as general descrip-
tions of altered structure. Accordingly pathology 
is evolving into a bridging discipline that involves 
both basic science and clinical practice and is 
devoted to the study of the structural and func-
tional changes in cells, tissues, and organs that 
underlie disease [ 3 ]. The use of molecular, genetic, 
microbiological, immunological, and morphologi-
cal techniques is helping us to understand both 
ontological and physiological causes of disease.  

1.6     Basic Major Principles 
of Pathophysiology 

1.6.1     Cell Injury 

 Cellular injury occurs if the cell is unable to main-
tain homeostasis. The causes of cellular injury 
may be hypoxia (oxygen deprivation), infection, 
or exposure to toxic chemicals (Table  1.1 ). 
In addition, immunological reactions, genetic 

derangements, and nutritional imbalances may 
also cause cellular injury. In hypoxia, glycolytic 
energy production may continue, but ischemia 
(loss of blood supply) compromises the availabil-
ity of metabolic substrates and may injure tissues 
faster than hypoxia. Various types of cellular 
injury are summarized in Table  1.2 , Fig.  1.1    .

1.6.1.1         Biochemical Cell Injury 
 Regardless of the nature of injurious agents, there 
are a number of common biochemical themes or 
mechanisms responsible for cell injury [ 4 ]:
    1.    ATP depletion: Depletion of ATP is one of the 

most common consequences of ischemic and 
toxic injury. ATP depletion induces cell swelling, 
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 infl ammation generate oxygen free 
radicals that cause destruction of the cell 
membrane and cell structure.   

   3.    Loss of calcium homeostasis: Most intracel-
lular calcium is in the mitochondria and endo-
plasmic reticulum. Ischemia and certain 
toxins increase the concentration of Ca 2+  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 Ca 2+  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.   

   Table 1.1    Mechanisms of cellular injury   

 Hypoxic: most common 
 Chemical 
 Structural trauma 
 Infectious 
 Immunological/infl ammatory 
 Genetic derangement 

 Nutritional imbalance 

   Table 1.2    Main general responses to injury   

 Cellular adaptation 
  Atrophy 
  Hypertrophy 
  Hyperplasia 
  Metaplasia 
  Dysplasia 
 Cell death 
  Apoptosis 
  Necrosis 
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   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.    

1.6.1.2       Intracellular Accumulations 
 Normal cells generally accumulate certain sub-
stances such as electrolytes, lipids, glycogen, 
proteins, calcium, uric acid, and bilirubin that are 
involved in normal metabolic processes. As a 
manifestation of injury and metabolic derange-
ments in cells, abnormal amounts of various sub-
stances, either normal cellular constituents or 
exogenous substances, may accumulate within 
the cytoplasm or in the nucleus, either transiently 
or permanently. One of the major consequences 
of failure of transport mechanisms is cell swell-
ing due to excess intracellular fl uid. Abnormal 
accumulations of organic substances such as tri-
glycerides, 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 
calcifi cation may occur in normal tissues due to 
hypercalcemia that may be a consequence of 
increased parathyroid hormone, destruction of 
bone tissue, renal failure, and vitamin 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 fl uid and 
circulation.   

1.6.2     Cell and Tissue Response 
to Injury 

 The normal cell is able to handle normal physio-
logical and functional demands, the so-called 
normal homeostasis. However, physiological and 
morphological cellular adaptations normally 
occur in response to excessive physiological con-
ditions or to some adverse or pathological stimuli 
[ 3 ]. 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 
consequence 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, generally 
known as necrosis. By contrast, an internally 
controlled suicide program, resulting in cell 
death, is called apoptosis. 

1.6.2.1     Cell Adaptation 
 Some of the most signifi cant physiological and 
pathological adaptations of cells involve changes 
in cellular size, growth, or differentiation [ 3 ,  4 ]. 
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 
dysplasia, an abnormal growth or development of 
cells (Fig.  1.6 ). The adaptive response may also 
include the intracellular accumulation of normal 
endogenous substances (lipids, protein, glyco-
gen, bilirubin, and pigments) or abnormal exog-
enous 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 metabolism. 
Increased production of cell signaling molecules, 
alterations in the expression of cell surface recep-
tors, and overexpression of intracellular proteins 
are typical examples.

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

   Hypertrophy 
 Hypertrophy is a non-tumorous enlargement of a 
tissue or organ as a result of an increase in the size 
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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 normal 
arrangement in an organ or a tissue. Typical 
hyperplasia is a physiological response to a spe-
cifi c stimulus, and the cells of a hyperplastic 
growth remain subject to normal regulatory con-
trol mechanisms. Examples include endometrial 
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 transformation of columnar 
epithelial cells of salivary gland ducts to squa-
mous epithelial cells when stones are present. 
Development of glandular epithelium (glandular 
metaplasia) in the esophagus in patients with gas-
tric acid refl ux 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 decreased amount of mature 
cells and an increased amount of immature cells, 

leading to an abnormal arrangement of tissue. 
Such cells could return to proper formation, but 
in some cases the cells worsen and become car-
cinogens. In dysplasia, cell maturation and dif-
ferentiation are delayed, in contrast to metaplasia, 
in which cells of one mature, differentiated type 
are replaced by cells of another mature cell [ 5 ].   

1.6.2.2     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, Infl ammatory, 
Accidental Cell Death)  
 Necrosis is cellular death resulting from the pro-
gressive derivative action of enzymes on the 
lethally injured cells, ultimately leading to the pro-
cesses of cellular swelling, dissolution, and rup-
ture. Cell membranes swell and become permeable. 
Lytic enzymes destroy the cellular contents, which 
then leak out into the intercellular space, leading to 
the mounting of an infl ammatory response 
(Fig.  1.7a ). The morphological appearance of 
necrosis is the result of denaturation of proteins 
and enzymatic digestion (autolysis or heterolysis) 
of the cell. Different types of necrosis occur in dif-
ferent organs or tissues. The most common type is 
coagulative necrosis, resulting from hypoxia and 
ischemia. 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-
fi es. As a result of ischemia, the brain tissue lique-
fi es 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 

Normal cells
Abnormal cells with

altered cell size, shape
and organization  

Dysplasia

  Fig. 1.6    Dysplasia       
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  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 infl ammatory 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 infl ammatory response (From Pollard 
and Earnshaw [ 6 ], 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 ( arrow heads ) 
(Courtesy of Professor Magda 
Elmonayeri with thanks)       

necrotic tissue as a result of saponifi cation of free 
fatty acids with alkali metal ions. The necrotic tis-
sue and the debris usually disappear by a com-
bined process of enzymatic digestion and 
fragmentation or they become calcifi ed.

       Apoptosis (Regulated, Non-infl ammatory 
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 process 
of cellular self-destruction effected by a dedicated 
set of gene products. Apoptosis occurs during 
normal embryonic development and is a homeo-
static mechanism to maintain cell populations in 
tissues. It also occurs as a defense mechanism in 
immune reactions and during cell damage by dis-
ease or noxious agents. Various kinds of stimuli 
may activate apoptosis. These include injurious 
agents (radiation, toxins, free radicals), specifi c 
death signals (TNF and Fas ligands), and with-
drawal of growth factors and hormones. Within 
the cytoplasm a number of protein regulators 

(Bcl-2 family of proteins) either promote or 
inhibit cell death. In the fi nal phase, the execution 
caspases activate the proteolytic cascade that 
eventually leads to intracellular degradation, frag-
mentation of nuclear chromatin, and breakdown 
of cytoskeleton. 

 The most important morphological character-
istics are cell shrinkage, chromatin condensation, 
and the formation of cytoplasmic blebs and apop-
totic bodies (Fig.  1.9 ) that are subsequently 
phagocytosed by adjacent healthy cells and mac-
rophages.    Unlike necrosis, apoptosis is nuclear 
and cytoplasmic shrinkage and affects scattered 
single cells. Two major apoptotic pathways have 
been defi ned in mammalian cells: the death 
receptor pathway and the mitochondrial pathway 
(see Chap.   10     for details).

   Cells undergo programmed death in response to 
both internal surveillance mechanisms and signals 
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  summa-
rizes the cell responses to cell injuries [ 6 ].
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  Fig. 1.9    A photomicrograph 
of a liver biopsy from a 
patient with hepatitis C and 
cirrhosis owing an apoptotic 
body ( arrow )       

   Table 1.3    Responsed 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 specifi c organelles or cytoskeleton, 
e.g., phagocytosis of bacteria 

 Accumulations or infi ltrations  Water, pigments, lipids, glycogen, proteins 
 Pathological calcifi cation  Dystrophic and metastatic calcifi cation 

  From Virchow [ 3 ]  
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2.1            Introduction 

 The cell is the basic unit of life in all forms of 
living organisms, from the smallest bacterium to 
the most complex animal. On the basis of micro-
scopic and biochemical differences, living cells 
are divided into two major classes: prokaryotes, 
which include bacteria, blue-green algae, and 
rickettsiae, and eukaryotes, which include yeasts 
and plant and animal cells. Eukaryotic cells are 
far more complex internally than their bacterial 
ancestors, and the cells are organized into com-
partments or organelles, each delineated by a 
membrane (Fig.  2.1a, b ). The DNA of the cell is 
packaged with protein into compact units called 
chromosomes that are located within a separate 
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organelle, the nucleus. In addition, all eukaryotic 
cells have an internal skeleton, the cytoskeleton 
of protein fi laments that gives the cell its shape, 
its capacity to move, and its ability to arrange its 
organelles and that provides the machinery for 
movement.

   The entire human body contains about 100 
trillion cells that are generated by repeated divi-
sion from a single precursor cell. Therefore, they 
constitute clones. As proliferation continues, 
some of the cells become differentiated from oth-
ers, adopting a different structure, a different 
chemistry, and a different function. In the human 
body, more than 200 distinct cell types are assem-
bled into a variety of types of tissues such as epi-
thelia, connective tissue, muscle, and nervous 
tissue. Each organ in the body is an aggregate of 

many different cells held together by intercellular 
supporting structures. Although the many cells of 
the body often differ markedly from each other, 
all of them have certain basic characteristics that 
are alike. Each cell is a complex structure whose 
purpose is to maintain an intracellular environ-
ment favorable for complex metabolic reactions, 
to reproduce itself when necessary, and to protect 
itself from the hazards of its surrounding 
environment.  

2.2     Cell Structure and Function 

 The different substances that make up the cell are 
collectively called protoplasm, which is composed 
mainly of water, electrolytes, proteins, lipids, and 
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  Fig. 2.1    ( a ) Electron 
micrograph of an animal cell 
showing major organelles 
within the cell. ( b ) Schematic 
drawing of the cell clearly 
depicting the intricate network 
of interconnecting intracellu-
lar membrane structures such 
as endoplasmic reticulum 
(rough and smooth), 
mitochondria, lysosomes, and 
nucleus (Reprinted with 
permission from Raven and 
Johnson [ 3 ])       
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carbohydrates. The two major parts of the cell are 
the nucleus and cytoplasm. The nucleus is sepa-
rated from the cytoplasm by a nuclear membrane, 
while the cytoplasm is separated from the extracel-
lular fl uid by a cell membrane. The major organ-
elles in the cell are of three general kinds: 
organelles derived from membranes, organelles 
involved in gene expression, and organelles 
involved in energy production [ 5 ]. The important 
subcellular structures of the cell and their func-
tions are summarized in Table  2.1 .

2.2.1       The Plasma Membrane 

2.2.1.1     Plasma Membrane Structure 
 The plasma membrane encloses the cell, defi nes 
its boundaries, and maintains the essential differ-
ence between the cytosol and the extracellular 
environment. The cell membrane is an organized 

sea of lipid in a fl uid state, a nonaqueous dynamic 
compartment of cells. 

 The cell membranes are assembled from four 
major components: a lipid bilayer, membrane 
proteins, sugar residues, and a network of sup-
porting fi bers. 

 The basic structure of a cell membrane is a 
lipid bilayer of phospholipid molecules. The fatty 
acid portions of the molecules are hydrophobic 
and occupy the center of the membrane, while 
the hydrophilic phosphate portions form the two 
surfaces in contact with intra- and extracellular 
fl uid (Fig.  2.2 ). This lipid bilayer of 7–10 nm 
thickness is a major barrier, impermeable to 
water-soluble molecules such as ions, glucose, 
and urea. The three major classes of membrane 
lipid molecules are phospholipids (phosphati-
dylcholine, phosphatidylserine, phosphatidyl-
ethanolamine, sphingomyelin,), cholesterol, and 
glycolipids. The lipid composition of different 

   Table 2.1    Cell structures (compartments) and their function [ 1 – 5 ]   

 Cell structure  Major functions 

 Plasma membrane  Cell morphology and movement, transport of ions and molecules, cell-to-cell recognition, cell 
surface receptors 

 Endoplasmic 
reticulum 

 Formation of compartments and vesicles, membrane synthesis, synthesis of proteins and 
lipids, detoxifi cation reactions 

 Lysosomes  Digestion of worn-out mitochondria and cell debris, hydrolysis of proteins, carbohydrates, 
lipids, nucleic acids 

 Peroxisomes  Oxidative reactions involving molecular oxygen, utilization of hydrogen peroxide (H 2 O 2 ) 
 Golgi complex  Modifi cation and sorting of proteins for incorporation into organelles and for export; 

formation of secretory vesicles 
 Microbodies  Isolation of particular chemical activities from rest of the cell body 
 Mitochondria  Cellular respiration; oxidation of carbohydrates, proteins and lipids; urea and heme synthesis 
 Nucleus  DNA synthesis and repair; RNA synthesis and control; center of the cell; directs protein 

synthesis and reproduction 
 Chromosomes  Contain hereditary information in the form of genes 
 Nucleolus  RNA processing, assembles ribosomes 
 Ribosomes  Sites of protein synthesis in cytoplasm 
 Cytoplasm  Metabolism of carbohydrates, lipids, amino acids, nucleotides 
 Cytoskeleton  Structural support, cell movement, cell morphology 

Hydrophilic fatty
acid head

Hydrophilic fatty
acid tail

Intracellular side

Extracellular side  Fig. 2.2    Cell membrane 
composition       
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biological membranes varies depending upon the 
specifi c function of the cell or cell membrane, as 
summarized in Table  2.2 .

    The proteins of the membrane are responsible 
for most membrane functions such as transport, 
cell identity, and cell adhesion and constitute trans-
port channels, transporters, specifi c receptors, and 
enzymes. The membrane proteins can be associ-
ated with the lipid bilayer in various ways depend-
ing on the function of the protein. The polypeptide 
chain may extend across the lipid bilayer (trans-
membrane proteins) or may simply be attached to 
one or the other side of the membrane. 

 The cell surface often has a loose carbohydrate 
coat called glycocalyx. The sugar residues gener-
ally occur in combination with proteins (glyco-
proteins, proteoglycans) or lipids (glycolipids). 
The oligosaccharide side chains are generally 
negatively charged and provide the cell with an 
overall negative surface charge. While some car-
bohydrates act as receptors for binding hormones 
such as insulin, others may be involved in immune 
reactions and cell–cell adhesion events.  

2.2.1.2     Plasma Membrane Function 
 The main function of the cell membrane is to 
protect the cytoplasm and the component of the 
cell from the external media. It also helps the 

exchange of different substance to the cell. It can 
help the identifi cation of the cell and its commu-
nication with other cells.
    1.     Selective permeability . 

 The cell membrane prevents the intrusion 
of harmful substances. The selective permea-
bility of membrane is essential in maintaining 
the functional steady state required for cell 
survival. This mechanism maintains optimal 
intracellular concentrations of ions, water, 
enzymes, and substrates. Some molecules can 
be allowed to cross the cell membrane through 
different mechanisms.
   (a)    Passive diffusion. The substances can 

cross the membrane in either directions 
according to the concentration gradient 
with no need for energy as water.   

  (b)    Facilitated diffusion. The substances can 
cross the membrane in unidirectional way 
by the help of a membrane component 
with no need for energy as glucose.   

  (c)    Active transport. The substances can cross 
the membrane against a concentration gra-
dient. This requires energy, usually ade-
nosine triphosphate (ATP).       

   2.     Signal transduction . 
 Receptors for many substances, such as 

neurotransmitters, protein hormones are 

   Table 2.2    Specifi c functions of the cell membrane components   

 Component  Composition  Function  How it works  Example 

 Lipid  Phospholipid 
bilayer 

 Permeability barrier  Polar molecules excluded  Glucose 

 Transmembrane 
protein 

 Channels  Passive transport  Creates a tunnel  Na + , K +  ions 
 Carrier or 
transporters 

 Facilitates diffusion  Carrier “fl ip-fl ops”  Glucose transport 

 Receptors  Transmits 
information into cell 

 Following receptor binding, 
inducing activity in the cell 

 Peptide hormones, 
neurotransmitters 

 Cell surface 
markers 

 Glycoprotein 
(GP) 

 “Self”-recognition  Shape of GP is characteristic of 
a cell or tissue 

 Major histocompatibility 
complex recognized by 
immune system 

 Glycolipid  Tissue recognition  Shape of carbohydrate chain is 
characteristic of tissue 

 A, B, O blood group 
markers 

 Interior protein 
network 

 Clathrins  Anchor certain 
proteins to specifi c 
sites 

 Form network above membrane 
to which proteins are anchored 

 Localization of LDL 
receptor within coated pits 

 Spectrin  Determines cell 
shape 

 Forms supporting scaffold by 
binding to both membrane and 
cytoskeleton 

 Red blood cell 
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located at the cell surface. Signal transmission 
depends on the receptor class involved. These 
receptors are:
    (a)    Ion channel-linked receptors   
   (b)    Enzyme-linked receptors   
   (c)    G-protein-linked receptors   
   (d)    Steroid hormone receptor family       

   3.     Phagocytosis: Endocytosis and pinocytosis    
   4.     Exocytosis  (extrusion of material from a cell 

involves membrane vesicles)   
   5.    Compartmentalization which means the cell 

membrane keeps an individual cell separate 
from other cells and its environment. It may 
also be used inside the cell to create com-
partments, such as with organelles allowing 
each organelle to carry out its own function 
without mixing its contents with the rest of 
the cell.   

   6.     Spatial-temporal organization of metabolic 
processes    

     It has been increasingly apparent that 
microcompartment formation via the interac-
tions of enzyme groups with intracellular 
membranes, the cytoskeleton, or other proteins 
is an important regulatory mechanism. The 
membranes of these intracellular microvesi-
cles play an important role in collecting chains 
of enzymes promoting metabolite channeling 
within the metabolic microcompartment, 
which can help control reaction specifi city as 
well as dictate fl ux routes through the network, 
signaling, and ensure the interactions on their 
surface.   

   7.    Storage, transport, and secretion     
 The water-soluble molecules, such as ions, 

glucose, and urea, only cross the membrane 
through transmembrane channels, carriers, and 
pumps, which regulate the supply of the cell with 
nutrients, control internal ion concentrations, and 
establish a transmembrane electrical potential. 
Transmembrane receptors bind extracellular sig-
naling molecules, such as hormones and growth 
factors, and transduce their presence into chemi-
cal or electrical signals that infl uence the activi-
ties of the cell. Genetic defects in signaling 
proteins can lead to signals for growth in the 
absence of appropriate extracellular stimuli and 
cause some human cancers. 

 Adhesive glycoproteins of the plasma mem-
brane allow cells to bind specifi cally to each 
other or to the extracellular matrix. These selec-
tive interactions allow cells to form multicellular 
structures, like epithelia. Similar interactions 
allow white blood cells to bind bacteria, so that 
they can be ingested and digested in lysosomes. 

 Although lipid bilayers provide a barrier to 
diffusion of ions and polar molecules larger 
than about 150 D, protein pores provide selec-
tive passages for these larger molecules across 
membranes. These proteins allow cells to con-
trol solute traffi c across membranes, an essen-
tial feature of many physiological processes. 
Integral proteins that control membrane per-
meability fall into three broad classes: pumps, 
carriers, and channels each with distinct 
properties.
•    Pumps are enzymes using energy from ade-

nosine triphosphate (ATP), light, or other 
sources of energy to move ions, mainly cat-
ions and other solutes across membranes at 
relatively modest rates, up  to concentration 
gradients as great as 100,000-fold.  

•   Carriers are enzyme-like proteins that provide 
passive pathways for solutes to move across 
membranes from a region of higher concentra-
tion to lower concentration. Carriers use ion 
gradients as a source of energy. Some carriers 
use translocation of an ion down its concentra-
tion gradient to drive another ion or solute up 
a concentration gradient. Carrier can provide 
also a pathway for substrates to move up con-
centration gradients, provided that their pas-
sage through the carrier is coupled to the 
transport of another substrate down its electro-
chemical gradient. Glucose provides good 
examples of both downhill and uphill move-
ment through different carriers. The reactions 
mediated by carriers are reversible, so that 
substrates can move in either direction across 
the membrane, depending on the polarity of 
the driving forces. Carriers and pumps are 
found in all cell membranes for exchanging 
molecules for metabolism, storage, or extrude 
wastes. Table  2.3  summarizes the different 
functions of proteins embedded in the cell 
membranes.
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•      Channels are ion-specifi c pores that open and 
close transiently in a regulated manner. When 
a channel is open, ions pass quickly across the 
membrane through the channel, driven by 
electrical and concentration gradients. The 
movement of ions through open channels con-
trols the potential across membranes and pro-
duces rapid electrical signals in excitable 
membranes of nerves, muscle, and other cells. 
Channels can do three essential functions. 
First, certain channels cooperate with pumps 
and carriers to transport water and ions across 
cell membranes, to regulate cellular volume 
and also for secretion and absorption of fl uid, 
as in salivary glands and kidney. Second, ion 
channels regulate the electrical potential 
across membranes. The sign and magnitude of 
the membrane potential depend on ion gradi-
ents created by pumps and carriers and the 
relative permeabilities of various channels. 
Open channels allow unpaired ions to diffuse 
down concentration gradients across a mem-
brane producing a membrane potential. 
Coordinated opening and closing of channels 
change the membrane potential and produce 
an electrical signal that spreads rapidly over 
the surface of a cell. Nerve and muscle cells 
use these action potentials for high-speed 
communication. Third, other channels permit 
calcium ion from outside the cell or from the 
endoplasmic reticulum to enter the cytoplasm 
where it triggers a variety of processes, such 
as muscle contraction and secretion.    

  The following are examples of membrane types :
•     Blood – brain barrier . The membranes between 

the blood and brain have effectively no pores. 
This will prevent many polar materials (often 
toxic materials) from entering the brain. 
However, smaller lipid materials or lipid solu-
ble materials, such as diethyl ether and halo-
thane, can easily enter the brain. These 
compounds are used as general anesthetics.  

•    Renal tubules . In the kidney there are a num-
ber of regions important for drug elimination. 
In the tubules drugs may be reabsorbed. 
However, because the membranes are rela-
tively nonporous, only lipid compounds or 
non-ionized species (dependent of pH and 
p K a) are reabsorbed.  

•    Blood capillaries and renal glomerular mem-
branes . These membranes are quite porous 
allowing nonpolar and polar molecules (up to 
a fairly large size, just below that of albumin, 
M.Wt 69,000) to pass through. This is espe-
cially useful in the kidney since it allows 
excretion of polar (drug and waste com-
pounds) substances.      

2.2.2     Cytoplasm and Its Organelles 

 The cytoplasm is an aqueous solution (cytosol) 
that fi lls the cytoplasmic matrix, the space 
between the nuclear envelope and the cell mem-
brane. The cytosol contains many dissolved pro-
teins, electrolytes, glucose, certain lipid 
compounds, and thousands of enzymes. In addi-
tion, glycogen granules, neutral fat globules, 
ribosomes, and secretory granules are dispersed 
throughout the cytosol. Many chemical reactions 
of metabolism occur in the cytosol, where sub-
strates and cofactors interact with various 
enzymes. The various organelles suspended in 
the cytosol are either surrounded by membranes 
(nucleus, mitochondria, and lysosomes) or 
derived from membranous structures (endoplas-
mic reticulum, Golgi apparatus). Within the cell, 
these membranes interact as an endomembrane 
system by being in contact with one another, giving 
rise to one another, or passing tiny membrane- 
bound sacs called vesicles to one another. 

   Table 2.3    Different functions of proteins embedded in 
membrane serve   

 Protein  Function 

 Channel 
proteins 

 Form small openings for molecules 
to diffuse through 

 Carrier proteins  Binding site on protein surface 
“grabs” certain molecules and pulls 
them into the cell 

 Receptor 
proteins 

 Molecular triggers that set off cell 
responses (such as release of hormones 
or opening of channel proteins) 

 Cell recognition 
proteins 

 ID tags, to identify cells to the body’s 
immune system 

 Enzymatic 
Proteins 

 Carry out metabolic reactions 
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All biological membranes are phospholipid 
bilayers with embedded proteins. The chemical 
composition of lipids and proteins in membranes 
varies depending upon a specifi c function of an 
organelle or a specifi c cell in a tissue or an organ. 

2.2.2.1     The Endoplasmic Reticulum 
 The cytoplasm contains an interconnecting net-
work of tubular and fl at membranous vesicular 
structures called the endoplasmic reticulum (ER). 
Like the cell membrane, the walls of the ER are 
composed of a lipid bilayer containing many pro-
teins and enzymes. The regions of ER rich in 
ribosomes are termed rough or granular ER, 
while the regions of ER with relatively few ribo-
somes are called smooth or agranular ER. 
Ribosomes are large molecular aggregates of 
protein and ribonucleic acid (RNA) that are 
involved in the manufacture of various proteins by 
translating the messenger RNA (mRNA) copies of 
genes. Subsequently, the newly synthesized pro-
teins (hormones and enzymes) are incorporated 
into other organelles (Golgi complex, lysosomes) 
or transported or exported to other target areas out-
side the cell. Enzymes anchored within the smooth 
ER catalyze the synthesis of a variety of lipids and 
carbohydrates. Many of these enzyme systems are 
involved in the biosynthesis of steroid hormones 
and in detoxifi cation of a variety of substances.  

2.2.2.2     The Golgi Complex 
 The Golgi complex or apparatus is a network of 
fl attened smooth membranes and vesicles. It is 
the delivery system of the cell. It collects, pack-
ages, modifi es, and distributes molecules within 
the cell or secretes the molecules to the external 
environment. Within the Golgi bodies, the pro-
teins and lipids synthesized by the ER are con-
verted to glycoproteins and glycolipids and 
collected in membranous folds or vesicles called 
cisternae, which subsequently move to various 
locations within the cell. In a highly secretory 
cell, the vesicles diffuse to the cell membrane and 
then fuse with it and empty their contents to the 
exterior by a mechanism called exocytosis. The 
Golgi apparatus is also involved in the formation 
of intracellular organelles such as lysosomes and 
peroxisomes.  

2.2.2.3     Lysosomes 
 Lysosomes are small vesicles (0.2–0.5 μm) 
formed by the Golgi complex and have a single 
limiting membrane. Lysosomes maintain an 
acidic matrix (pH 5 and below) and contain a 
group of glycoprotein digestive enzymes (hydro-
lases) that catalyze the rapid breakdown of pro-
teins, nucleic acids, lipids, and carbohydrates 
into small basic building molecules. The enzyme 
content within lysosomes varies and depends on 
the specifi c needs of an individual tissue. 
Through a process of endocytosis, a number of 
cells remove either extracellular particles 
(phagocytosis) such as microorganisms or engulf 
extracellular fl uid with the unwanted substances 
(pinocytosis). Subsequently, the lysosomes fuse 
with the endocytotic vesicles and form second-
ary lysosomes or digestive vacuoles. Products of 
lysosomal digestion are either reutilized by the 
cell or removed from the cell by exocytosis. 
Throughout the life of a cell, lysosomes break 
down the organelles and recycle their component 
proteins and other molecules at a fairly constant 
rate. However, in metabolically inactive cells, 
the hydrolases digest the lysosomal membrane 
and release the enzymes, resulting in the diges-
tion of the entire cell. By contrast, metabolically 
inactive bacteria do not die, since they do not 
possess lysosomes. Programmed cell death 
(apoptosis) or selective cell death is one of the 
principal mechanisms involved in the removal of 
unwanted cells and tissues in the body. In this 
process, however, lysosomes release the hydro-
lytic enzymes into the cytoplasm to digest the 
entire cell.  

2.2.2.4     Peroxisomes 
 Peroxisomes are small membrane-bound vesicles 
or microbodies (0.2–0.5 μm), derived from the 
ER or Golgi apparatus. Many of the enzymes 
within the peroxisomes are oxidative enzymes 
that generate or utilize hydrogen peroxide (H 2 O 2 ). 
Some enzymes produce hydrogen peroxide by 
oxidizing D-amino acids, uric acid, and various 
2-hydroxy acids using molecular oxygen, while 
certain enzymes such as catalase convert hydro-
gen peroxide to water and oxygen. Peroxisomes 
are also involved in the oxidative metabolism 
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of long-chain fatty acids, and different tissues 
contain different complements of enzymes 
depending on cellular conditions.  

2.2.2.5     Mitochondria 
 Mitochondria are tubular or sausage-shaped 
organelles (1–3 μm). They are composed mainly 
of two lipid bilayer–protein membranes. The 
outer membrane is smooth and derived from the 
ER. The inner membrane contains many infold-
ings or shelves called cristae which partition the 
mitochondrion into an inner matrix called mito-
sol and an outer compartment. The outer mem-
brane is relatively permeable, but the inner 
membrane is highly selective and contains differ-
ent transporters. The inner membrane contains 
various proteins and enzymes necessary for oxi-
dative metabolism, while the matrix contains dis-
solved enzymes necessary to extract energy from 
nutrients. Mitochondria contain a specifi c DNA. 
However, the genes that encode the enzymes for 
oxidative phosphorylation and mitochondrial 
division have been transferred to the chromo-
somes in the nucleus. The cell does not produce 
brand new mitochondria each time the cell 
divides; instead, mitochondria are self- replicative: 
the mitochondrion divides into two and these are 
partitioned between the new cells. The mitochon-
drial reproduction, however, is not autonomous 
but is controlled by the cellular genome. The total 
number of mitochondria per cell depends on the 
specifi c energy requirements of the cell and may 
vary from less than a hundred to up to several 
thousands. Mitochondria are called the “power-
houses” of the cell. The cell derives energy from 
glucose, amino acids, and fatty acids. In a process 
called glycolysis, glucose is converted to pyruvic 
acid, which subsequently enters mitochondria 
where it begins a sequence of chemical reactions 
called the citric acid or Krebs cycle. Various 
enzymes present in the inner membrane oxidize 
the pyruvic acid to carbon dioxide and water. The 
oxidative metabolism of the glucose molecule 
generates 36 molecules of ATP. The amino acids 
and fatty acids are converted to acetyl coenzyme 
A (in the cytoplasm) which also enters the citric 
acid cycle and gets oxidized with the generation 
of ATP molecules.  

2.2.2.6     Ribosomes 
 Ribosomes are large complexes of RNA and pro-
tein molecules and are normally attached to the 
outer surfaces of the ER. The major function of 
ribosomes is to synthesize proteins. Each ribo-
some is composed of one large and one small 
subunit with a mass of several million daltons.   

2.2.3     Cytoskeleton 

 The cytoplasm contains a network of protein 
fi bers, called the cytoskeleton, that provides a 
shape to the cell and anchors various organelles 
suspended in the cytosol. The fi bers of the cyto-
skeleton are made up of different proteins of dif-
ferent sizes and shapes such as actin (actin 
fi laments), tubulin (microtubules), and vimentin 
and keratin (intermediate fi laments). The exact 
composition of the cytoskeleton varies depending 
upon the cell type and function. Centrioles are 
small organelles that occur in pairs within the 
cytoplasm, usually located near the nuclear enve-
lope, and are involved in the organization of 
microtubules. Each centriole is composed of nine 
triplets of microtubules (long hollow cylinders 
about 25 nm long) and plays a major role in cell 
division.  

2.2.4     Nucleus 

 The nucleus is the largest membrane-bound 
organelle in the cell, occupying about 10 % of the 
total cell volume. The nucleus is composed of a 
double membrane, called the nuclear envelope, 
that encloses the fl uid-fi lled interior, called 
nucleoplasm. The outer membrane is contiguous 
with the ER. The nuclear envelope has numerous 
nuclear pores about 90 Å in diameter and 
50–80 nm apart, permitting certain molecules to 
pass into and out of the nucleus. 

 The primary functions of the nucleus are cell 
division and the control of phenotypic expression 
of genetic information that directs all of the activi-
ties of a living cell. The cellular deoxyribonucleic 
acid (DNA) is located in the nucleus as a DNA–
histone protein complex known as chromatin that 
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is organized into chromosomes. The total genetic 
information stored in the chromosomes of an 
organism is said to constitute its genome. The 
human genome consists of 24 chromosomes (22 
different chromosomes and two different sex 
chromosomes) and contains about 3 × 10 9  nucleo-
tide pairs. The smallest unit of DNA that encodes 
a protein product is called a gene and consists of 
an ordered sequence of nucleotides located in a 
particular position on a particular chromosome. 
There are approximately 100,000 genes per 
human genome, and only a small fraction (15 %) 
of the genome is actively expressed in any spe-
cifi c cell type. The genetic information is tran-
scribed into ribonucleic acid (RNA), which 
subsequently is translated into a specifi c protein 
on the ribosome. The nucleus contains a sub-
compartment called the nucleolus that contains 
large amounts of RNA and protein. The main 
function of the nucleolus is to form granular sub-
units of ribosomes, which are transported into 
the cytoplasm where they play an essential role 
in the formation of cellular proteins.   

2.3     DNA and Gene Expression 

2.3.1     DNA: The Genetic Material 

 The ability of cells to maintain a high degree of 
order depends on the hereditary or genetic infor-
mation that is stored in the genetic material, the 
DNA. Within the nucleus of all mammalian cells 
a full complement of genetic information is 
stored, and the entire DNA is packaged into 23 
pairs of chromosomes. A chromosome is formed 
from a single, enormously long DNA molecule 
that consists of many small subsets called genes; 
these represent a specifi c combination of DNA 
sequence designed for a specifi c cellular func-
tion. The three most important events in the exis-
tence of a DNA molecule are replication, repair, 
and expression. 

 The chromosomes can undergo self- replication, 
permitting the DNA to make copies of itself as 
the cell divides and transfers the DNA (23 pairs 
of chromosomes) to daughter cells, which can 
thus inherit every property and characteristic 

of the original cell. There are approximately 
100,000 genes per human genome, and genes 
control every aspect of cellular function, primar-
ily through protein synthesis. The sequence of 
amino acids in a particular protein or enzyme is 
encoded in a specifi c gene. Most chromosomal 
DNA, however, does not code for proteins or 
RNAs. The central dogma of molecular biology 
is that the overall process of information trans-
fer in the cell involves transcription of DNA 
into RNA molecules, which subsequently gener-
ate specifi c proteins on ribosomes by a process 
known as translation. 

 A major characteristic of DNA is its ability to 
encode an enormous quantity of biological infor-
mation. Only a few picograms (10 −12  g) of DNA 
are suffi cient to direct the synthesis of as many as 
100,000 distinct proteins within a cell. Such a 
supreme coding effectiveness of DNA is due to 
its unique chemical structure. 

2.3.1.1     DNA Structure 
 DNA was fi rst discovered in 1869 by a chemist, 
Friedrich Miescher, who extracted a white sub-
stance from the cell nuclei of human pus and 
called it “nuclein.” Since nuclein was slightly 
acidic, it was known as nucleic acid. In the 1920s, 
a biochemist, P.A. Levine, identifi ed two sorts of 
nucleic acid: DNA and RNA. Levine also con-
cluded that the DNA molecule is a polynucleo-
tide (Fig.  2.3a ), formed by the polymerization of 
nucleotides. Each nucleotide subunit of DNA mol-
ecule is composed of three basic elements: a phos-
phate group, a fi ve-carbon sugar (deoxyribose), 
and one of the four types of nitrogen- containing 
organic bases. Two of the bases, thymine and cyto-
sine, are called pyrimidines, while the other two, 
adenine and guanine, are called purines. Their fi rst 
letters commonly represent the four bases: T, C 
and A, G.

   The presence of 5′-phosphate and the 
3′-hydroxyl groups in the deoxyribose molecule 
allows DNA to form a long chain of polynucleo-
tides via the joining of nucleotides by phospho-
diester bonds. Any linear strand of DNA will 
always have a free 5′-phosphate group at one 
end and a free 3′-hydroxyl group at the other. 
Therefore, the DNA molecule has an intrinsic 
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directionality (5′–3′ direction). Although some 
forms of cellular DNA exist as single-stranded 
structures, the most widespread DNA structure, 
discovered by Watson and Crick in 1953, rep-
resents DNA as a double helix containing two 

polynucleotide strands that are complementary 
mirror images of each other. The “backbone” of 
the DNA molecule is composed of the deoxyri-
bose sugars joined by phosphodiester bonds to a 
phosphate group, while the bases are linked in the 
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  Fig. 2.3    ( 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 [ 2 ]). 
( 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 poly-
merase adds nucleotides to 
the 3′ end of a leading strand 
( 2 ). In discontinuous 
synthesis, a short RNA 
primer is added 1,000 
nucleotides ahead of the end 
of lagging strand. DNA 
polymerase then adds 
nucleotides to the primer 
until the gap is fi lled ( 3 ) 
(Reprinted with permission 
from Raven and Johnson [ 3 ])       
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middle of the molecule by hydrogen bonds. The 
relationship between the bases in a double helix 
is described as complementarity, since adenine 
always bonds with thymine and guanine always 
bonds with cytosine. As a consequence, the 
double- stranded DNA contains equal amounts of 
purines and pyrimidines. An important structural 
characteristic of double-stranded DNA is that its 
strands are antiparallel, meaning that they are 
aligned in opposite directions.  

2.3.1.2     DNA Replication 
 In order to serve as the basic genetic material, all 
the chromosomes in the nucleus duplicate their 
DNA prior to every cell division. When a DNA 
molecule replicates, the double-stranded DNA 
separates or unzips at one end, forming a replica-
tion fork (Fig.  2.3b ). The principle of comple-
mentary base pairing dictates that the process of 
replication proceeds by a mechanism in which a 
new DNA strand is synthesized that matches 
each of the original strands serving as a template. 
If the sequence of the template is ATTGCAT, the 
sequence of a new strand in the duplex must be 
TAACGTA. Replication is semiconservative, in 
the sense that at the end of each round of replica-
tion, one of the parental strands is maintained 
intact, and it combines with one newly synthe-
sized complementary strand. 

 DNA replication requires the cooperation of 
many proteins and enzymes. While DNA heli-
cases and single-stranded binding proteins help 
unzip the double helix and hold the strands apart, 
a self-correcting DNA polymerase moves along 
in a 5′→3′ direction on a single strand (leading 
strand) and catalyzes nucleotide polymerization 
or base pairing. Since the two strands are antipar-
allel, this 5′→3′ DNA synthesis can take place 
continuously on the leading strand only, while 
the base pairing on the lagging strand is discon-
tinuous and involves synthesis of a series of short 
DNA molecules that are subsequently sealed 
together by the enzyme DNA ligase. In mam-
mals, DNA replication occurs at a polymeriza-
tion rate of about 50 nucleotides per second. 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 mismatched nucleotides from 
the new strand and replace these with the appro-
priate complementary nucleotides. The replica-
tion process almost never makes a mistake and the 
DNA sequences are maintained with very high 
fi delity. For example, a mammalian germline cell 
with a genome of 3 × 10 9  base pairs is subjected on 
average to only about 10–20 base pair changes per 
year. Genetic change, however, has great implica-
tions for evolution and human health; it is the 
product of mutation and recombination.  

2.3.1.3     Gene Mutation 
 A mutation is any inherited change in the genetic 
material involving irreversible alterations in the 
sequence of DNA nucleotides. These mutations 
may be phenotypically silent (hidden) or 
expressed (visible). Mutations may be classifi ed 
into two categories: base substitutions and frame-
shift mutations. Point mutations are base substi-
tutions involving one or a few nucleotides in the 
coding sequence and may include replacement of 
a purine–pyrimidine base pair by another base 
pair (transitions) or a pyrimidine–purine base 
pair (transversions). Point mutations cause 
changes in the hereditary message of an organism 
and may result from physical or chemical damage 
to the DNA or from spontaneous errors during 
replication. Frameshift mutation involves sponta-
neous mispairing and may result from insertion 
or deletion of a base pair. Mutational damage to 
DNA is generally caused by one of three events: 
(a) ionizing radiation causes double- stranded 
breaks in DNA due to the action of free radicals 
on phosphodiester bonds, (b) ultraviolet radiation 
creates DNA cross-links due to the absorption 
of UV energy by pyrimidines, and (c) chemical 
mutagens modify DNA bases and alter base-
pairing behavior. Mutations in germline tissue 
are of enormous biological signifi cance, while 
somatic mutations may cause cancer.  

2.3.1.4     DNA Recombination 
 DNA can undergo important and elegant 
exchange events through recombination, which 
refers to a number of distinct processes of genetic 
material rearrangement. Recombination is 
defi ned as the creation of new gene combinations 
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and may include exchange of an entire chromo-
some or rearranging the position of a gene or a 
segment of a gene on a chromosome. Homologous 
or general recombination produces an exchange 
between a pair of distinct DNA molecules, usu-
ally located on two copies of the same chromo-
some. Sections of DNA may be moved back and 
forth between chromosomes, but the arrangement 
of genes on a chromosome is not altered. An 
important example is the exchange of sections of 
homologous chromosomes in the course of meio-
sis that is characteristic of gametes. As a result, 
homologous recombination generates new com-
binations of genes that can lead to genetic diver-
sity. Site-specifi c recombination does not require 
DNA homology and involves alteration of the 
relative positions of short and specifi c nucleotide 
sequences in either one or both of the two partici-
pating DNA molecules. Transpositional recombi-
nation involves insertion of viruses, plasmids, 
and transposable elements, or transposons into 
chromosomal DNA. Gene transfer in general rep-
resents the unidirectional transfer of genes from 
one chromosome to another. The acquisition of 
an AIDS-bearing virus by a human chromosome 
is an example of gene transfer.   

2.3.2     Gene Expression 
and Protein Synthesis 

2.3.2.1     DNA Transcription 
 Proteins are the tools of heredity. The essence of 
heredity is the ability of the cell to use the infor-
mation in its DNA to control and direct the syn-
thesis of all proteins in the body. The production 
of RNA is called transcription and is the fi rst 
stage of gene expression. The result is the forma-
tion of messenger RNA (mRNA) from the base 
sequence specifi ed by the DNA template. All 
types of RNA molecules are transcribed from the 
DNA. An enzyme called RNA polymerase fi rst 
binds to a promoter site (beginning of a gene), 
then unwinds the two strands of DNA double 
helix, moves along the DNA strand, and synthe-
sizes the RNA molecule by binding complemen-
tary RNA nucleotides with the DNA strand. 
Upon reaching the termination sequence, the 

enzyme breaks away from the DNA strand, and 
at the same time, the RNA molecule is released 
into the nucleoplasm. It is important to recognize 
that only one strand (the  sense  strand) of the 
DNA helix contains the appropriate sequence of 
bases to be copied into an RNA  sense  strand. This 
is accomplished by maintaining the 5′–3′ direc-
tion in producing the RNA molecule. As a result, 
the RNA chain is complementary to the DNA 
strand and is called the primary RNA transcript 
of the gene. This primary RNA transcript consists 
of long stretches of noncoding nucleotide 
sequences called introns that intervene between 
the protein-coding nucleotide sequences called 
exons. In order to generate mRNA molecules, all 
the introns are cut out and the exons are spliced 
together. Further modifi cations to stabilize the 
transcript include 5-methylguanine capping at 
the 5′ end and polyadenylation at the 3′ end. The 
spliced, stabilized mRNA molecules are fi nally 
transported to the ER in the cytoplasm, where 
proteins are synthesized.  

2.3.2.2     RNA Structure 
 Both transcription and translation are mediated by 
the RNA molecule, an unbranched linear polymer 
of ribonucleoside 5′-monophophates. RNA is 
chemically similar to DNA, the main difference 
being that the RNA molecule contains ribose sugar 
and another pyrimidine, uracil, in place of thy-
mine. RNAs are classifi ed according to the differ-
ent roles they play in the course of protein 
synthesis. The length of the molecules varies from 
approximately 65–200,000 nucleotides, depend-
ing upon the role they play. There are many types 
of RNA molecules within a cell, and some RNAs 
contain modifi ed nucleotides which provide 
greater metabolic stability. mRNA molecules 
carry the genetic code to the ribosomes, where 
they serve as templates for the synthesis of pro-
teins. The transfer RNA (tRNA) molecule, also 
generated in the nucleus, transfers specifi c amino 
acids from the soluble amino acid pool to the ribo-
somes and ensures the alignment of these amino 
acids in a proper sequence. Ribosomal RNA 
(rRNA) forms the structural framework of ribo-
somes, where most proteins are synthesized. All 
RNA molecules are synthesized in the nucleus. 

S. Vallabhajosula et al.



23

While the enzyme RNA polymerize II is mainly 
responsible for the synthesis of mRNA, RNA 
polymerases I and III mediate the synthesis of 
rRNA and tRNA, respectively.   

2.3.3     Genetic Code 

 The genetic code in a DNA sense strand consists 
of a specifi c nucleotide sequence coded in suc-
cessive “triplets” that will eventually control the 
sequence of amino acids in a protein molecule. 
During transcription, a complementary code of 
triplets in the mRNA molecule, called codons, is 
synthesized. For example, the successive triplets 
in a DNA sense strand are represented by bases, 
GGC, AGA, and CTT. The corresponding com-
plementary mRNA codons are CCG, UCU, and 
GAA representing the three amino acids proline, 
serine, and glutamic acid, respectively. Each 
amino acid is represented by a specifi c mRNA 

codon. The various mRNA codons for the 20 
amino acids and the codons for starting and stop-
ping protein synthesis are summarized in 
Table  2.4 . The genetic code is regarded as  degen-
erate , since most of the amino acids are repre-
sented by more than one codon. An important 
feature of the genetic code is that it is universal; 
all living organisms use precisely the same DNA 
codes to specify proteins.

2.3.4        DNA Translation: Protein 
Synthesis 

 More than half of the total dry mass of a cell is 
made up of proteins. The second stage of gene 
expression is the synthesis of proteins, which 
requires complex catalytic machinery. The pro-
cess of mRNA-directed protein synthesis by ribo-
somes is called translation and is dependent on 
two other RNA molecules, rRNA and tRNA. 

 Amino acid 
 Letter 
code  RNA codons 

 Alanine  A  GCU  GCC  GCA  GCG 
 Arginine  R  CGU  CGC  CGA  CGG  AGA  AGG 
 Asparagine  D  AAU  AAC 
 Aspartic acid  N  GAU  GAC 
 Cysteine  C  UGU  UGC 
 Glutamic acid  E  GAA  GAG 
 Glutamine  Q  CAA  CAG 
 Glycine  G  GGU  GGC  GGA  GGG 
 Histidine  H  CAU  CAC 
 Isoleucine  I  AUU  AUC  AUA 
 Leucine  L  CUU  CUC  CUA  CUG  UUA  UUG 
 Lysine  K  AAA  AAG 
 Methionine  M  AUG 
 Phenylalanine  F  UUU  UUC 
 Proline  P  CCU  CCC  CCA  CCG 
 Serine  S  UCU  UCC  UCA  UCG  AGC  AGU 

 Threonine  T  ACU  ACC  ACA  ACG 
 Tryptophan  W  UGG 
 Tyrosine  Y  UAU  UAC 
 Valine  V  GAU  GUC  GUA  GUG 

 Start  AUG 
 Stop  UAA  UAG  UGA 

  Note: Some amino acids such as arginine, leucine, and serine are coded by six 
different codons each, while methionine and tryptophan can be coded by only 
one specifi c codon, respectively  

   Table 2.4    The genetic code: 
RNA codons for the different 
amino acids and for the start 
and stop of protein synthesis   
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Ribosomes are the physical structures in which 
proteins are actually synthesized, and they are 
composed of two subunits: a small subunit with 
one rRNA molecule and 33 proteins and a large 
subunit with four rRNAs and 40 proteins. Proteins 
that are transported out of the cell are synthesized 
on ribosomes that are attached to the ER, while 
most of the intracellular proteins are made on 
free ribosomes in the cytoplasm. The tRNA mol-
ecule contains about 80 nucleotides and has a site 
for attachment of an amino acid. Since tRNA 
needs to bind to mRNA to deliver a specifi c 
amino acid, tRNA molecules consist of a comple-
mentary triplet of nucleotide bases called the 
anticodon. Each tRNA acts as a carrier to trans-
port a specifi c amino acid to the ribosomes, and 
for each of the 20 amino acids, there is a different 
tRNA molecule. 

 Protein biosynthesis is a complex process and 
involves bringing together mRNA, ribosomal sub-
units, and the tRNAs. Such an ordered process 
requires a complex group of proteins known as 
initiation factors that help to initiate the synthesis 
of the protein. The fi rst step in translation is the 
recognition of mRNA by the ribosome and bind-
ing to the mRNA molecule at the 5′ end. 
Immediately, the appropriate tRNA that carries a 
particular amino acid (methionine) to the 3′ end 
of mRNA is attached to the ribosome and binds 
mRNA at the start codon (AUG). The process of 
translation then begins by bringing in tRNAs that 
are specifi ed by the codon–anticodon interaction. 
The ribosome exposes the codon on mRNA 
immediately adjacent to the AUG to allow a spe-
cifi c anticodon to bind to a codon, and at the same 
time, the amino acids (methionine and in the 
incoming amino acid) are linked together by a 
peptide bond and the tRNA carrying methionine 
is released. Next, the ribosome moves along the 
mRNA molecule to the next codon when the next 
tRNA binds to the complementary codon, placing 
the amino acid adjacent to the growing polypep-
tide chain. The process continues until the ribo-
some reaches a chain-terminating nonsense stop 
codon (UAA, UAG, UGA) at which point a 
release factor binds to the nonsense codon, stops 
the synthesis of protein, and releases the protein 
from the ribosome. Some proteins emerging from 

the ribosome are ready to function, while others 
undergo a variety of posttranslational modifi ca-
tions in order to convert the protein to a functional 
form or to facilitate transport to an intracellular or 
an extracellular target.   

2.4     Cell Reproduction 

 The human body consists of some 200 trillion 
cells (2 × 10 14 ), all of them derived from a single 
cell, the fertilized egg, which undergoes millions 
of cell divisions in order to become a new indi-
vidual human being. Cells reproduce by dupli-
cating their contents and then dividing in two. 
The reproduction of a somatic cell involves two 
sequential phases:  mitosis  (the process of nuclear 
division) and  cytokinesis  (cell division). In gam-
etes, the nuclear division occurs through a pro-
cess called  meiosis . The life cycle of the cell is 
the period of time from cell division to the next 
cell division. The duration of the cell cycle, how-
ever, varies greatly from one cell type to another 
and is controlled by the DNA–genetic system. 

2.4.1     The Cell Cycle 

 In all somatic cells, the cell cycle (Fig.  2.4 ) is 
broadly divided into M-phase (or mitosis) and 
interphase (growth phase). In most cells, M-phase 
takes only a small fraction of the total cycle when 
the cell actually divides. The rest of the time the 
cell is in interphase subcategorized into three 
phases: G 1 , S, and G 2 . During the G 1 -phase, most 
cells continue to grow until they are committed to 
divide. If they are not ready to go into S-phase, 
they may remain for a long time in a resting state 
known as G 0  before they are ready to resume pro-
liferation. During G 2 -phase, cells synthesize 
RNA and proteins and continue to grow, until 
they enter into M-phase.

   The reproduction of the cell really begins in 
the nucleus itself, where the synthesis and repli-
cation of the total cellular genome occurs during 
the S-phase. Every somatic cell is in a diploid 
phase, where the nucleus contains 23 pairs of 
chromosomes. Following replication, the nucleus 
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has a total of 46 pairs of chromosomes. The chro-
mosome pairs are attached at a point called the 
centromere and are called chromatids.  

2.4.2     Mitosis and Cytokinesis 

 One of the fi rst events of mitosis takes place in 
the cytoplasm. A pair of centrioles is duplicated 
just prior to DNA replication. Towards the end of 
interphase, the two pairs of centrioles move to the 
opposite poles of the cell. The complex of micro-
tubules (spindle) pushes the centrioles farther 
apart, creating the so-called mitotic apparatus. It is 
very important to note that mitochondria in the 
cytoplasm are also replicated before mitosis 
starts, since they have their own DNA. Based on 
specifi c events during nuclear division, mitosis is 

subcategorized into four phases. During prophase, 
the nuclear envelope breaks down, chromosome 
condensation continues, and the centromere of 
the chromatids is attached to opposite poles of 
the spindle. During early metaphase, the spindle 
fi bers pull the centromeres to the center, forming 
an equatorial plate. At the end of metaphase, the 
centromeres divide the  chromatids into equal 
halves. During anaphase, the sister chromatids are 
pulled apart and physically separated and drawn 
to opposite poles, thus completing the accurate 
division of the replicated genome. By the end of 
anaphase, 23 identical pairs of chromosomes are 
on the opposite sides of the cell. During telo-
phase, the mitotic apparatus is disassembled, the 
nuclear envelope is reestablished around each 
group of 23 chromosomes, the nucleolus reap-
pears, and fi nally chromosomes begin to uncoil 
into a more extended form to permit expression 
of rRNA genes. 

 Cytokinesis is the physical division of the cyto-
plasm and the cell into two daughter cells, which 
inherit the genome as well as the mitochondria.  

2.4.3     Rates of Cell Division 

 For many mammalian cells, the standard cell 
cycle is generally quite long and may be 12–24 h 
for fast-growing tissues. Many adult cells such as 
nerve cells, cells of the lens of the eye, and mus-
cle cells lose their ability to reproduce. Certain 
epithelial cells of the intestine, lungs, and skin 
divide continuously and rapidly in less than 10 h. 
The early embryonic cells do not grow but divide 
very rapidly with a cell cycle time of less than 
1 h. In general mitosis requires less than an hour, 
while most of the cell cycle time is spent during 
G 1 - or G 0 -phase. It is possible to estimate the 
duration of S-phase by using tracers such as 
 3 H-thymidine or bromodeoxyuridine (BrdU). 

 The essential processes of cell reproduction 
such as DNA replication and the sequence of cell 
cycle events are governed by a cell cycle control 
system that is based on two key families of pro-
teins: cyclin-dependent protein kinases (Cdk) 
and activating proteins called cyclins. These two 
protein complexes regulate the normal cell cycle 
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  Fig. 2.4    The cell division cycle is generally represented 
by four successive phases. During the interphase, the cell 
grows continuously and only during M-phase does it 
undergo division. DNA replication occurs during S-phase, 
while G1 and G2 are the gaps during which cells normally 
show additional growth such as protein and enzyme syn-
thesis. Cells in G1, if they are not committed to DNA rep-
lication (i.e., entering S-phase), may enter into a resting 
state, often called G0, where they can remain for days, or 
even years, before resuming proliferation (Reprinted with 
permission from Alberts et al. [ 13 ])       

 

2 The Cell and Tissue Biology



26

at the end of G 1 - and G 2 -phases. The key compo-
nent of the control system is a protein kinase 
known as M-phase-promoting factor (MPF), 
whose activation by phosphorylation drives the 
cell into mitosis. The mechanisms that control 
division of mammalian cells in various tissues 
and organs depend on social control genes and 
protein growth factors, since survival of the entire 
organism is the key and not the proliferation of 
individual cells. Growth factors such as platelet- 
derived growth factor (PDGF), fi broblast growth 
factor, and interlukin-2 regulate cell prolifera-
tion through a complex network of intracellular 
signaling cascades, which ultimately regulate 
gene transcription and the activation of the cell 
cycle control system.  

2.4.4     Chromosomes and Diseases 

 Many of the processes involved in maintaining 
organization and equal division of chromosomes 
between daughter cells such as DNA replication 
and repair, or mitosis and meiosis, are very com-
plicated, and it can go wrong from time to time. 
A chromosomal disease is a situation in which 
defects in some aspect of chromosome organiza-
tion or behavior lead to disease state. The most 
important diseases are:
•    Numerical chromosome defects (errors in cell 

division): in which there is an extra chromo-
some of a particular type such as Down’s 
syndrome.  

•   Diseases produced by chromosome deletions 
and duplications: the absence of one chromo-
some of a pair as in retinoblastoma. Charcot–
Marie–Tooth disease type 1A is the result of a 
duplication in 17p12.  

•   Chromosome breakage syndromes (failures in 
DNA repair): There is a high incidence of 
chromosome breakage as a result of defects in 
DNA repair as in Werner’s syndrome which 
can cause cancer.  

•   Fragile sites diseases: Fragile sites are loca-
tions on chromosomes that have a tendency to 
break when cells are grown under appropriate 
conditions. Fragile sites are    classifi ed as com-
mon type (found in all people), and they do 

not appear to be associated with any disease 
condition, while the other one is a rare type 
(found in less than 1 person in 20) and is asso-
ciated with disease. Most rare fragile sites are 
induced by reduction in levels of folate. A few 
rare fragile sites are induced by bromodeoxy-
uridine or by distamycin.  

•   Diseases of imprinting: resulting from the loss 
of one or more maternally expressed genes in 
human chromosome-specifi c region. An 
example is Angelman syndrome which is a 
chromosomal disease that causes neurological 
defi cits and problems including fl at heads, 
jerky movements, protruding tongues, and 
bouts of laughter.  

•   Diseases due to DNA methylation: in which 
DNA methylation levels often differ from 
those in normal cells as in Down’s syndrome.  

•   Cancer: A wide variety of chromosomal 
changes are found in cancers. Chromosomal 
alterations in cancers include changes in num-
ber, translocations and other rearrangements, 
amplifi cations, and deletions, many of which 
are associated with genes that are directly 
responsible for causing cancers. The genome 
of cancer cells often shows a lower overall 
level of methylation than that of normal cells. 
Imprinting and chromosome instability are 
also associated with cancers (see Chap.   11    ). 
Additionally, most of the abovementioned 
chromosomal diseases are also associated with 
an increased risk of cancer.      

2.5     Cell Transformation 
and Differentiation 

 The zygote and blastomeres resulting from the 
fi rst few cleavage divisions are totipotent, capable 
of forming any cell in the body. As the develop-
ment progresses, certain decisions are made that 
narrow the developmental options of cells. At the 
point where cells become committed, a restriction 
event has occurred. The commitment of cells dur-
ing cleavage to become either inner cell mass or 
trophoblast and the segregation of embryonic 
cells into the three germ layers are the early 
restriction events in the mammalian embryo. 
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When a cell has passed its last decision point, its 
fate is fi xed and it is said to be determined. A cell 
is determined if it has undergone a self-perpetuat-
ing change of internal character that distinguishes 
it and its progeny from other cells in the embryo 
and commits them to a specialized course of 
development. The determined cell may pass 
through many developmental stages but cannot 
move onto another developmental track. For 
example, a muscle cell cannot become a nerve 
cell. Restriction and determination signify the 
progressive limitation of the development capaci-
ties in the embryo. Differentiation refers to the 
actual morphological or functional expression of 
the portion of genome that remains available to a 
determined cell or group of cells and character-
izes the phenotypic specialization of cells. Thus, 
differentiation is the process of acquiring specifi c 
new characteristics resulting in observable 
changes in cellular function. By contrast, cells 
within a developing embryo display the least 
amount of differentiation. In the adult, undifferen-
tiated cells are known as pluripotent cells, precur-
sor cells, or stem cells that are not totally 
committed to a specifi c function. 

 The three germ layers, ectoderm, mesoderm, 
and endoderm, have different fates. The endo-
derm forms a tube, the primordium of the diges-
tive tract. It gives rise to the pharynx, esophagus, 
stomach, intestines, and several other associated 
organs such as the liver, pancreas, and lungs. 
While the endoderm forms the epithelial compo-
nents of these structures, the supporting muscu-
lar and fi brous elements arise from the mesoderm. 
In general, the mesoderm gives rise to the mus-
cles and connective tissues of the body, fi rst in 
the form of mesenchyme and ultimately carti-
lage, bone and fi brous tissue, and the dermis (the 
inner layer of the skin). In addition, the tubules 
of the urogenital system, vascular system, and 
the cells of the blood also develop from the 
mesoderm. The ectoderm forms the epidermis 
and the entire nervous system. In a process 
known as neurulation, the central portion of the 
ectoderm creates a neural tube that pinches off 
from the rest of ectoderm and will form the brain 
and spinal cord. Some of the ectodermal cells 
develop into the neural crest and form all of the 

peripheral nervous system as well as the pigment 
cells of the skin. 

 Cells differentiate through several mecha-
nisms. A cell and its progeny may contain suffi -
cient intrinsic information to determine their 
phenotypic character. Cell differentiation gener-
ally depends on changes in gene expression 
rather than on gene loss, since the genome of a 
differentiated cell has the entire DNA content of 
the undifferentiated parent cell. In the regulation 
of gene expression, the most important point of 
control is the initiation of RNA transcription. 
These gene-regulatory proteins can switch the 
transcription of individual genes on or off by rec-
ognizing short stretches of DNA double helix of 
defi ned sequence and thereby determining which 
of the thousands of genes in a cell will be tran-
scribed. Each cell may have a specifi c combina-
tion or different combinations of gene-regulatory 
proteins. According to environmental models, 
cells respond to external signals and differentiate 
accordingly. For example, following exposure to 
5-azacytidine, fi broblasts from a standard tissue 
culture line differentiate into skeletal muscle, 
cartilage, or adipose tissue (Fig.  2.5 ).

2.6        Degradation of Cellular 
Components 

 The cell’s constituent proteins, lipids, and RNA turn 
over continuously, although an individual cell can 
live for weeks, months, year, or the entire lifetime 
of the organism. There are three functions for this 
molecular degradation and replacement. 
Constitutive turnover is a housekeeping function 
that ensures regular replacement of older molecules 
with a newly synthesized ones or that removes dam-
aged misfolded, mislocalized molecules so they do 
not affect the function of native molecules. Induced 
turnover results in rapid degradation of specifi c 
molecules and functions in signal transduction, reg-
ulation of the cell cycle, and remodeling of cells and 
tissues during development. Macroautophagy, a 
global mechanism for degradation of cellular pro-
teins or lipids, can be triggered under conditions 
of starvation, when the cell has a shortage of amino 
acids or any other specifi c raw materials. 
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2.6.1     Protein Turnover 

 The rate of synthesis and degradation are bal-
anced to reach the steady-state turnover of body 
constituents. A protein may have specifi c 
sequences or structural confi gurations that are 
recognized by the proteolytic machinery. There 
are two compartments for proteolytic activity. 
Lysosomes are membrane-bound proteases com-
partments that sequester proteases and provide a 
low pH which leads to optimum enzyme effect. 
Proteasomes are a second type of compartment 
for proteolysis. These proteolytic machines are 
composed from multiple protein subunits that 
form a small cylindrical compartment with a pro-
teolytically active sites sequestered on the inside.  

2.6.2     Lipid Turnover 

 There are three classes of cellular lipids: phos-
phoglycerides, glycolipids, and cholesterol. 
Glycolipids, which are the extracellular of a lipid 
bilayer, are degraded in lysosomes. Turnover of 
phosphoglycerides varied in mechanism and 
location. Some phosphoglycerides are degraded 
in lysosomes to their constituents, fatty acids, 
head group, and glycerol. Phosphoglycerides 
degradation is only partial and the degradative 
products are reutilized. Old phospholipids are 
remodeled forming new ones with altered proper-
ties. These phospholipids remolding reactions 
are catalyzed by a variety of phospholipases that 
cleave distinct products. 

2.6.2.1     Cholesterol Homeostasis 
 The free cholesterol is mainly found in the 
plasma membrane. An individual cell cannot 
degrade cholesterol. Cellular levels of choles-
terol are regulated by a balance of endogenous 
synthesis, effl ux of intracellular cholesterol to 
vascular fl uids, and uptake of extracellular cho-
lesterol. When present in excess, cholesterol 
accumulates as insoluble plaques in the walls of 
blood vessels, leading to atherosclerosis. Many 
genetic diseases are known as a result from 
faulty regulation of cholesterol metabolism. 
Since cholesterol is the precursor of steroid hor-
mones and bile acids, these vital materials are 
affected by cholesterol hemostasis. Cholesterol 
metabolism is accordingly critical to human 
health.    

2.7     Normal and Malignant 
Growth 

2.7.1     Normal Growth 

2.7.1.1     Cell Types 
 The human body is an ordered clone of cells, all 
containing the same genome but specialized in 
different ways. There are 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, more subtle, tech-
niques involving immunohistology and mRNA 
expression are even revealing new subdivisions 

Bone cell
(osteoblast/pstepcyte)

Ffibroplast

Cartilage cell
(chondrocyte)
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(adipocyte)
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  Fig. 2.5    The family of 
connective tissue cells 
includes fi broblasts, cartilage 
cells, and bone cells, as well 
as fat cells and smooth 
muscle cells, which appear to 
have a common origin. 
 Arrows  show the possible 
interconversions. Many types 
of fi broblasts may exist, with 
differences in their differen-
tiation potential (Reprinted 
with permission from Alberts 
et al. [ 13 ])       
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of cell types within the traditional classifi cation. 
The different cell types such as neuron and lym-
phocyte have the same genome, but the struc-
tural and functional differences are so extreme 
that it is diffi cult to imagine that they came from 
the same cell. 

 Different cell types synthesize different sets 
of proteins. Many processes are common to all 
cells and have many proteins in common, but 
some proteins are unique in the specialized 
cells in which they function and cannot be 
detected anywhere else. The genome of a cell 
contains in its DNA sequence the information 
to make many thousands of different proteins 
and RNA molecules. A cell typically expresses 
only a fraction of these genes, and the different 
types of cells in a human body arise because 
different sets of genes are expressed. Moreover, 
cells can change the pattern of genes they 
express in response to signals from other cells 
or the environment. Different cells perform dif-
ferent functions. The most important cellular 
functions are movement, conductivity, metabolic 

absorption, secretion, excretion, respiration, 
and reproduction.  

2.7.1.2     Tissue Types 
 In the human body, specialized cells of one or 
more types are organized into cooperative assem-
blies called tissues that perform one or more 
unique functions. Different types of tissue com-
pose organs, and organs in turn are integrated to 
perform complex functions. 

 The major four types of tissues are epithelial, 
muscle, connective, and nervous. There are also 
tissues that do not exist as isolated units but rather 
in association with one another and in variable 
proportions, forming different organs and sys-
tems of the body such as blood and lymphoid tis-
sues. Such tissue cells are in contact with a 
network of extracellular macromolecules known 
as extracellular matrix, which holds cells and tis-
sues together but provides an organized lattice-
work within which cells can migrate and interact 
with one another. All tissues are further divided 
into many subtypes (Table  2.5 ).

   Table 2.5    Tissue types [ 3 – 6 ]   

 Tissue  Tissue type  Location  Function 

 Epithelial  Simple squamous  Lines major organs  Absorption, fi ltration, secretion 
 Simple cuboidal  Lines tubules and ducts of glands  Absorption and secretion 
 Simple columnar  Lines GI tract  Secretion and absorption 
 Stratifi ed squamous  Lines interior of mouth, tongue, 

vagina 
 Protection 

 Transitional  Lines urinary bladder  Permits stretching 
 Connective  Loose connective  Deep layers of skin, blood vessels, 

organs 
 Support, elasticity 

 Dense connective  Tendons, ligaments  Attaches structures together, 
provides strength 

 Elastic connective  Lungs, arteries, trachea, vocal cards  Provides elasticity 
 Reticular connective  Spleen, liver, lymph nodes  Provides internal scaffold for soft 

organs 
 Cartilage  Ends of long bones, trachea, tip of 

nose 
 Provides fl exibility and support 

 Bone  Bones  Protection, support, muscle attachment 
 Vascular connective tissue  Within blood vessels  Transport of gases, blood clotting 
 Adipose tissue  Deep layers of skin, surrounds 

heart, kidney 
 Support, protection, heat 
conservation 

 Muscle  Smooth muscle  GI tract, uterus, blood vessels, and 
bladder 

 Propulsion of materials 

 Cardiac muscle  Heart  Contraction 
 Skeletal muscle  Attached to bones  Movement 

 Neural  Different types of neurons  Brain and spinal cord  Conduction of electrical impulse, 
neurotransmission 
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2.7.1.3        Cell in Tissues 
 There are many different types of cells in the 
human body with various specifi c functions. 

   Muscle Tissue 
 There are three types of specialized contractile 
cells: smooth muscle, skeletal muscle, and car-
diac muscle cells. Muscular tissue is composed 
of elongated cells that have the specialized func-
tion of contraction. These muscle have much in 
common but differ in their activation mecha-
nisms, energy supplies, and arrangement of con-
tractile fi laments. The nervous system controls 
the timing, speed, and force of skeletal muscle 
contraction. Cardiac muscle generates its own 
rhythmic, fatigue-free contractions that spread 
through the heart in a reproducible way. 
Neurotransmitters acting like hormones regulate 
the force and frequency of heart beats. Nerves, 
hormones, and intrinsic signals control the activity 
of smooth muscle which contract slowly. 

   Skeletal Muscle 
    Skeletal muscle is composed of bundles of very 
long, cylindrical, multinucleated cells that show 
cross-striations. Skeletal muscle cells are 
designed for rapid, forceful contractions. They 
have a massive concentration of highly ordered 
contractile units composed of actin, myosin, and 
associated proteins. Actin and myosin fi laments 
are organized into sarcomeres, semicrystalline 
arrays that give the cells a striped appearance; 
therefore, they are called striated muscles. 
Contraction is generated by the energy supplied 
by adenosine triphosphate (ATP). Nerve impulses 
stimulate a transient rise in cytoplasmic calcium 
that activates the contractile proteins. An action 
potential in a T tubule triggers the release of cal-
cium from endoplasmic reticulum into the cyto-
plasm. Calcium binding to troponin allows 
myosin to interact with the thin fi lament, initiat-
ing contraction. The signal transduction process 
is called excitation–contraction coupling calcium 
release in skeletal muscle.  

   Cardiac Muscle 
 Is specialized for repetitive, fatigue-free con-
tractions to maintain the circulation of blood. 

The muscle contract at regular intervals by action 
potentials from specialized pace-making cells. 
Gap junctions allow these action potentials to 
spread from one muscle cell to the next. Cardiac 
muscles have sarcomeres like skeletal muscle. 
Cardiac muscle cells are short, branched with a 
nucleus in the center and squared-off ends where 
neighboring cells attach to each other. 
Extracellular calcium is required for cardiac and 
smooth muscles but not for skeletal muscle. 
Action potentials open voltage-sensitive calcium 
channels in T tubules, releasing calcium locally. 
This small burst of calcium opens ryanodine 
receptors in the endoplasmic reticulum, releasing 
a fl ood of calcium to trigger contraction. Motor 
nerves do not stimulate cardiac muscle directly, 
but the heart is rich in autonomic nerves from the 
sympathetic and parasympathetic nervous sys-
tems. These nerves secrete acetylcholine and nor-
epinephrine which act as hormones to modulate 
the rate and force of heart contraction.  

   Smooth Muscle 
 This type of muscle consists of collections of 
fusiform cells, specialized for slow, powerful 
contractions controlled by a variety of involun-
tary mechanisms. Smooth muscle cells are gener-
ally confi ned to internal organs, such as blood 
vessels to regulate blood pressure, the gastroin-
testinal tract to control food movement, and the 
respiratory system. Calcium enters the cytoplasm 
through either voltage-dependent calcium chan-
nels in the plasma membrane or inositol 
1,4,5- triphosphate (IP 3 )-induced calcium release 
from endoplasmic reticulum. Following stimula-
tion, intracellular calcium increases rapidly lead-
ing to muscle contraction. Calcium pumps in 
both smooth endoplasmic reticulum and plasma 
membrane clear the cytoplasm of calcium so that 
calcium levels decrease to resting levels and the 
muscle relaxes when the activating stimulus is 
removed.   

   Nerve Tissue 
 Nerve tissues develop from embryonic ectoderm 
induced to differentiate by the underlying noto-
chord. Nerve cells, or neurons, are independent 
anatomic and functional units with complex 
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morphologic characteristics. They are responsi-
ble for the reception, transmission, and process-
ing of stimuli, and the release of neurotransmitters 
and other formational molecules. Most neurons 
consist of three parts: the dendrites, which are 
multiple elongated processes specialized in 
receiving stimuli from the environment, sensory 
epithelial cells, or other neurons; the cell body or 
perikaryon, which represents the trophic center 
for the whole nerve cell and is also receptive to 
stimuli; and the axon which is a single process 
specialized in generating or conducting nerve 
impulses to other cells. Axons may also receive 
information from other neurons; this informa-
tion modifi es the transmission of action poten-
tials to other neurons. 

 Blood–brain barrier is a functional barrier that 
prevents the passage of some substances, such as 
antibiotics and chemicals, from the blood to 
nerve tissue. The blood–brain barrier results from 
the reduced permeability that is a property of 
blood capillaries of nerve tissue.  

   Epithelial Tissue 
 Epithelial tissues are composed of closely aggre-
gated polyhedral cells with very little intracellu-
lar substance. Adhesion between these cells is 
strong, forming cellular sheets that cover the sur-
face of the body and line its cavities. The princi-
pal functions of epithelial tissues are covering 
and lining surfaces, absorption, secretion, and 
contractility. Both benign and malignant tumors 
can arise from most types of epithelial cells. 
Acarcinoma is a malignant tumor of epithelial 
cell origin. Malignant tumors derived from glan-
dular epithelial tissue are usually called 
adenocarcinomas.   

2.7.1.4     Matrix Cells 
 These connective tissues are responsible for pro-
viding and maintaining form in the body. They 
provide a matrix that serves to connect and bind 
the cells and organs and give support to the body. 
Unlike the other previous tissue types that are 
formed mainly by cells, the major constituent of 
connective tissue is its extracellular matrix, com-
posed of protein fi bers, an amorphous ground 
substance, and tissue fl uid in addition to cells. 

   Indigenous Connective Tissue Cells 
 These cells arise in connective tissue and remain 
there. These cells include fi broblasts, fat cells, 
mast cells, chondrocytes, and osteoblasts and 
arise from primitive mesenchymal cells. 

   Fibroblasts 
 These are spindle shaped, with an oval fl attened 
nuclei. They synthesize and secrete most of the 
macromolecules of the extracellular matrix. In 
response to tissue damage, fi broblasts proliferate 
and migrate into the wound where they synthesize 
new matrix to restore the integrity of the tissue.  

   Mast Cells 
 These are secretory cells that mediate immediate 
hypersensitivity reactions. Mast cells distribute 
along the blood vessels within connective tissue. 
A variety of stimuli such as mechanical trauma, 
heat, x-rays, toxins, and others can induce secre-
tion of the contents of their granules, mainly his-
tamine. The most specifi c stimulus operates 
through plasma membrane receptors for immu-
noglobulins of the immunoglobulin E (IgE) class. 
Histamine which can induce contraction in all 
smooth muscles binds to its receptors.  

   Fat Cells 
 Fat cells (adipocytes) are round cells with differ-
ent sizes. These cells take up fatty acids and glyc-
erol from blood after a meal and synthesize 
triglycerides for storage in the lipid droplet. 
During fasting, these triglycerides are hydrolyzed 
and the fatty acids are released back into the blood 
to provide energy for organs. Fat cells also secrete 
a hormone called leptin, which binds receptors in 
the brain that modulate appetite to avoid obesity. 
There are two types of fat cells which have differ-
ent locations, structure, and color. White fat cell, 
which is common, contains one large central 
droplet of white or yellow fat in the cytoplasm. 
Brown fat is less abundant than white fat. It con-
tains numerous lipid droplets, vascular blood ves-
sels, and abundant brown mitochondria giving it 
its color. In cold weather the sympathetic nervous 
system stimulates brown fat to generate heat by 
fatty acid oxidation. Anaerobic glycolysis there-
fore becomes the main source of ATP production 
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instead of lipid metabolism and then glucose turn 
over within brown fat increases. This is behind the 
prominent FDG uptake by brown fat that mimics 
tumors uptake. Unlike white fat tissue which is 
present throughout the body, brown adipose tissue 
has a more limited distribution. In animals ending 
their hibernation period, or in newborn mammals 
(including humans) who are exposed to cold envi-
ronment, nerve impulses liberate norepinephrine 
into the tissue. This neurotransmitter activates the 
hormone lipase, promoting hydrolysis of triglyc-
erides to fatty acids and glycerol. Liberated fatty 
acids are metabolized producing heat, elevating 
the temperature of the tissue, and warming the 
blood passing through it. Heat production is 
increased, because the mitochondria in the cell 
have a transmembrane protein called thermogenin 
in their inner membrane. White fat cell can gener-
ate very common benign tumors called lipomas. 
Malignant adipocyte-derived tumors (liposarco-
mas) are among the more common tumors of con-
nective tissue. Tumors of the brown adipose cells 
(hibernomas) are relatively rare.  

   Bone Cells 
 Bone is a specialized connective tissue composed 
of intracellular calcifi ed material, the bone matrix 
and three cell types: osteocytes, which are found 
in cavities within the matrix; osteoblasts, which 
synthesize the organic components of the matrix; 
and osteoclasts, which are multinucleated cells 
involved in the resorption and remodeling of 
bone tissue. Since metabolites are unable to dif-
fuse through the calcifi ed matrix of bone, the 
exchanges between osteocytes and blood capil-
laries depend on communication through the 
canaliculi, which is thin cylindrical spaces that 
perforate the matrix.  

   Cartilage Cells 
 Cartilage is characterized by an extracellular 
matrix enriched with glycosaminoglycans and 
proteoglycans. These macromolecules interact 
with collagen and elastic fi bers. Cartilage sup-
ports soft tissues. Since it is smooth surfaced and 
resilient, the cartilage is a shock-absorbing and a 
sliding area for joints. Cartilage is also essential 
for the development and growth of long bones. 

Cartilage consists of cells, chondrocytes, and an 
extensive extracellular matrix composed of fi bers 
and ground substance. Chondrocytes synthesize 
and secrete the extracellular matrix, and cells 
themselves are located in matrix cavities called 
lacunae. Collagen, hyaluronic acid, proteoglycans, 
and small amounts of several glycoproteins are the 
principal macromolecules present in all types of 
cartilage matrix.   

   Immigrant Cells 
 These cells travel transiently through blood or 
lymph and enter connective tissue as needed. The 
blood contains many cells with a specialized 
function. All blood cells are derived from pluri-
potential stem cells. These stem cells are also 
responsible for restoring blood cell production. 
Destruction of stem cells, for example, by chlor-
amphenicol, leads to aplastic anemia. These cells 
include erythrocytes (red blood cells), granulo-
cytes, monocytes, lymphocytes, plasma cells, 
and platelets (see Chap.   5    ).    

2.7.2     Malignant Growth 

 Social control genes regulate cell division, prolif-
eration, and differentiation under normal condi-
tions. The uncontrolled growth of an abnormal 
cell will give rise to a tumor or neoplasm that can 
be either benign or malignant. A tumor is regarded 
as cancer only if it is malignant. Transformation 
is the process by which a normal cell becomes a 
cancer cell. Cancer cells are characterized by 
anaplasia, or loss of differentiation, and become 
more like embryonic undifferentiated cells. 
Tumors are graded according to their degree of 
differentiation. 

 Cancer cells differ according to the cell type 
from which they are derived. The common char-
acteristics of cancerous tissue include local 
increase in cell population, loss of normal 
arrangement of cells, variation of cell shape and 
size, increase in nuclear size and density of 
staining, increase in mitotic activity, and abnor-
mal mitoses and chromosomes [ 7 – 9 ]. Progressive 
infi ltration, invasion, and destruction of the sur-
rounding tissue accompany the growth of cancer. 
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Metastases are tumor implants discontinuous 
with the primary tumor. A number of cell surface 
changes occur in cancer cells, resulting in 
decreased communication or signaling between 
cells and altered membrane transport or perme-
ability. Cells become anchorage independent 
and are allowed to metastasize. Cancer cells 
produce a number of substances known as tumor 
cell markers, such as hormones, enzymes, gene 
products, and antigens, that are found on tumor 
cell plasma membrane or in the blood, spinal 
fl uid, or urine. 

 An interesting observation regarding the tis-
sue origin of cancer is worth noting. In children 
up to age 10, most tumors develop from hemato-
poietic 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 epithelial origin [ 10 ]. 

2.7.2.1     Molecular Basis of Cancer 
(See Also Chap.   11    ) 

 Carcinogenesis is a multistep process at both the 
phenotypic and the genetic level. The genetic 
hypothesis of cancer implies that cancer results 
from the clonal expansion of a single progenitor 
cell. In the fi rst step (initiation), the cell has 
incurred genetic damage in its DNA caused by a 
point mutation, gene deletion, or gene rearrange-
ment. In the second step (promotion), the initi-
ated cell becomes cancerous. In the third step 
(progression), the cancerous cell becomes bio-
logically defective or undifferentiated. The prin-
ciple targets of genetic damage are three classes 
of normal regulatory genes: oncogenes, anti- 
oncogenes, and genes that regulate apoptosis. 
Damage to DNA repair genes may also be 
involved in carcinogenesis. 

 Oncogenes, or cancer-causing genes, derived 
from proto-oncogenes, are present in the human 
genome and are a necessary part of normal cell 
growth. Many oncogene products and oncopro-
teins are part of a cell’s signal transduction path-
way (Table  2.6 ). Some oncogenes code for 
proteins that are either growth factors or growth 
factor receptors. Some oncoproteins are trans-
membrane signal molecules, such as tyrosine 

kinases. The activation of a mutated oncogene 
can greatly affect a cell’s growth potential by 
increasing the production of growth factors, by 
increasing the growth factor receptor expression 
on the cell surface, or by encoding a protein that 
binds to DNA and stimulates cell division.

   In a normal cell, the physiologic function of 
anti-oncogenes or cancer-suppressor genes is to 
regulate cell growth and not to prevent tumor for-
mation. The loss of these genes, however, is a key 
event in many human tumors. Tumor suppressor 
genes encode for proteins that act as negative 
transducers of growth factor stimulation. The p53 
gene is an excellent example of a tumor suppres-
sor gene that encodes a 53-kd protein that binds 
in the nucleus and, at high levels, causes the cell 
to undergo apoptosis. A mutated p53 gene in a 
cancer cell may encode a mutant form of p53 
protein without the ability to induce apoptosis. 
Mutations of the p53 gene are the most common 
DNA abnormality in more than 50 % of cancers. 
Some cancers in which loss of function of tumor 
suppressor genes may be involved are summa-
rized in Table  2.6 .  

2.7.2.2     Tumor Angiogenesis 
 Blood supply is the most important factor that 
can modify the rate of tumor growth. Perfusion 
supplies nutrients and oxygen, as well as growth 
factors. Beyond 1–2 mm in diameter, the tumor 
fails to proliferate because hypoxia induces apop-
tosis. Angiogenesis is a necessary biological cor-
relate of malignancy. Tumor-associated 
angiogenic factors such as vascular endothelial 
growth factor (VEGF) and basic fi broblast growth 
factor may be produced by tumor cells or derived 
from infl ammatory cells. A number of antiangio-
genesis molecules may be produced by tumor 
cells themselves (such as thrombospondin-1) or 
may induce the production of these factors (angi-
ostatin, endostatin, and vasculostatin) by other 
cells. The balance between the angiogenic and 
antiangiogenic factors controls tumor growth.  

2.7.2.3     Tumor Antigens 
 Most tumor cells synthesize many proteins or 
glycoproteins that are antigenic in nature. These 
antigens may be intracellular, or expressed on 
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the cell surface, or shed or secreted from the cell 
into extracellular fl uid or the circulation. These 
tumor-associated antigens (TAA) such as CEA, 
TAG-72, PSA, and PSMA may also be expressed 
in small amounts in normal cells, but tumor 
cells typically produce them in large amounts. 
Based on the source and origin of the antigen, 
TAAs can be categorized into fi ve different 
groups.
    1.    Oncofetal antigens: These are derived from 

epitopes that were expressed in fetal life and 
appear on tumor cells as a result of an undif-
ferentiated growth process associated with the 
malignant process. These antigens are not 
expressed in completely differentiated cells. 
Some of these antigens, such as carcinoem-
bryonic antigen (CEA) and alpha-fetoprotein 
(AFP), are expressed on the cell surface and 
are also present in the circulation.   

   2.    Epithelial surface antigens: These are derived 
from cell surface structural components that 
are exposed due to an architectural disruption 
of the malignant tissue. Antigens such as epi-
thelial membrane antigen (EMA) and human 
milk fat globule (HMFG) are excluded from 
the blood by biological barriers and are pres-
ent in the tumor tissue only.   

   3.    Tumor-derived antigens: These epitopes 
are expressed mainly by tumor tissue, and 
in certain tumors, there is even increased 
expression. The antigen tumor-associated 

glycoprotein-72 (TAG-72) is expressed on 
the tumor cell surface in a variety of adeno-
carcinomas such as those of the colon, breast, 
and ovary. Prostate-specifi c antigen (PSA) 
and prostatic acid phosphatase (PAP) are 
secreted by prostate carcinoma cells and are 
present in tumor tissue and in the circulation. 
Prostate- specifi c membrane antigen (PSMA) 
is an integral transmembrane glycoprotein 
with intra- and extracellular epitopes.   

   4.    Receptor antigens: Tumor cells express regu-
lator receptors that promote interaction with a 
number of growth factors. The increased 
expression of receptor proteins on tumor tis-
sues may be regarded as receptor antigens. 
The human epidermal growth factor receptor 
(EGF-r) is a transmembrane glycoprotein that 
contains extracellular and cytoplasmic epit-
opes for EGF binding. EGF-r overexpression 
has been found in a variety of malignant epi-
thelial tumors arising in the breast, colon, 
lung, and bladder.   

   5.    Viral antigens: These epitopes are present in 
certain tumor cell membranes where the 
induction of malignancy is associated with 
the presence of transforming genes carried by 
DNA viruses. Epstein–Barr virus (EBV)-
positive malignancies (such as Burkitt’s lym-
phoma) developed from congenital or 
acquired immunodefi ciency are examples of 
receptor antigens.        

    Table 2.6    Oncogenes and anti-oncogenes   

 Gene  Gene product  Biologic function  Cancer 

  Oncogenes: cancer-causing genes  
  sis   PDGF-β chain  Heparin binding GF  Astrocytoma, Osteosarcoma 
  int -- 2       Fibroblast GF    Platelet - derived GF    Breast cancer ,  melanoma  
  erb - B -2   EGF receptor    GF receptor    Breast ,  ovarian ,  and lung cancer  
  fms   CSF-1 receptor  GF receptor  Leukemia 
  abl   Tyrosine kinase  Intracellular signaling  Chronic myeloid leukemia 
  ras   GTP-binding protein  intracellular signaling  Many cancers 
 c- myc   Transcription factor  Binds DNA  Burkitt’s lymphoma 
 L- myc   Transcription factor  Binds DNA  Small cell carcinoma of lung 
  Anti-oncogenes: Tumor suppressor genes  
  Rb   Transcription factor  Regulation of cell cycle  Retinoblastoma, osteosarcoma 
 p53  Transcription factor  Regulation of cell cycle and apoptosis  Most human cancers 
 NF-1 protein  GTPase activating  Inhibition of  ras  signal transduction  Schwannoma, neurofi broma 
 WT-1  Nuclear transcription factor  Binds DNA  Wilms’ tumor 
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2.8     Cell-to-Cell Communication 

 Cells in the human body are programmed to com-
municate with each other and to respond to a spe-
cifi c set of signals in order to regulate their 
growth, replication, development, and organiza-
tion into tissues and to coordinate their overall 
biochemical behavior. Cells communicate with 
each other in three ways: (a) through physical 
contact with each other by forming cell junctions, 
(b) by secreting chemical signaling molecules 
that help communication at a distance, and (c) by 
cellular receptors which bind to specifi c signal-
ing molecules and respond by generating intra-
cellular messengers. 

2.8.1     Cell–Cell Interaction 

 Cells in tissues are in physical contact with neigh-
boring cells and extracellular matrix at specialized 
contact sites called cell junctions (communicating, 
occluding, and anchoring), which allow transport 
of molecules between cells or provide a barrier to 
passage of molecules between cells. Gap or com-
municating junctions are composed of clusters of 
channel proteins that create an intercellular gap 
(1.5 nm wide) to allow small molecules to pass 
directly from cell to cell. Cells connected by gap 
junctions are electrically and chemically coupled, 
since the cells share ions and small molecules. 
Occluding or tight junctions exist primarily in epi-
thelial sheets. The tight junctions form a continu-
ous, impermeable, or semipermeable barrier to 
diffusion and play an important part in maintain-
ing the concentration differences of small hydro-
philic molecules across epithelial sheets and 
restricting the diffusion of membrane transport 
proteins. Anchoring junctions such as maculae 
adherens, desmosomes, and hemidesmosomes are 
most abundant in tissues that are subjected to 
severe mechanical stress; they connect the cyto-
skeletal elements (actin or intermediate fi laments) 
of a cell to those of another cell or to the extracel-
lular matrix. To form an anchoring junction, cells 
must fi rst adhere. Such a selective cell adhesion or 
tissue- specifi c recognition process is mediated by 
two distinct classes of cell–cell adhesion mole-

cules (CAMs). Cadherins, the transmembrane 
glycoproteins, mediate Ca 2+ -dependent cell–cell 
adhesion, while the neural cell adhesion molecule, 
N-CAM, mediates the Ca 2+ -independent cell–cell 
adhesion systems. 

 A substantial part of the tissue volume is the 
extracellular space that is fi lled by extracellular 
matrix, composed of proteins and polysaccha-
rides secreted locally by the cells in the matrix. 
The extracellular matrix not only binds the cells 
together but also infl uences their development, 
polarity, and behavior. The two main classes of 
macromolecules that make up the matrix are gly-
cosaminoglycans (GAGs) and fi brous proteins.  

2.8.2     Cell Signaling and Cellular 
Receptors 

 Cells communicate by means of hundreds of 
kinds of intercellular signaling molecules that 
include amino acids, peptides, proteins, steroids, 
nucleotides, fatty acid derivatives, and dissolved 
gases. The four primary modes of chemical sig-
naling are endocrine, paracrine, autocrine, and 
synaptic. Endocrine signaling involves special-
ized endocrine cells that secrete the signaling 
molecules (hormones) into the blood stream; 
these are transported to distant target cells dis-
tributed throughout the body in order to produce 
a response in different cells and tissues. In para-
crine signaling, signal molecules that a cell 
secretes may act as local mediators, affecting 
only the neighboring cells. In autocrine signal-
ing, the signal molecules secreted by a cell act on 
the same cell that generates them. In synaptic sig-
naling, the signal molecules secreted by a cell 
(neuron) bind to the receptors on a target cell at 
specialized cell junctions called synapses. 

 The cellular receptors are very specifi c protein 
molecules on the plasma membrane, in the cyto-
plasm, or in the nucleus that are capable of recog-
nizing and binding the extracellular signaling 
molecules, also called ligands. As a consequence 
of ligand–receptor interaction, the cell may gen-
erate a cascade of intracellular signals that alter 
the pattern of gene expression and the behavior 
of the cell. One of the fi nal steps in the signal 
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transduction pathway is the phosphorylation of 
an effector protein by a protein kinase. Through 
cascades of highly regulated protein phosphory-
lation, elaborate sets of interacting proteins relay 
most signals from the cell surface to the nucleus, 
thereby altering the cell’s pattern of gene expres-
sion and, as a consequence, its behavior. Small 
hydrophobic signal molecules including the thy-
roid and steroid hormones diffuse into the cell 
and activate receptor proteins that regulate gene 
expression. Some dissolved gases, such as nitric 
oxide and carbon monoxide, activate an intracel-
lular enzyme (guanyl cyclase) which produces 
cyclic GMP in the target cell. Most of the extra-
cellular signal molecules are hydrophilic and 
activate transmembrane receptor proteins on the 
surface of cell membrane. The ligands that bind 
with membrane receptors include hormones, 
neurotransmitters, lipoproteins, antigens, infec-
tious agents, drugs, and metabolites. 

 Generally, receptors are classifi ed on the basis 
of their location and function. Three main fami-
lies of cell surface receptors (Table  2.7 ) have been 
identifi ed. Following binding of a specifi c signal, 
ion-channel-linked receptors open or close briefl y 

to allow transport of molecules into the cell. 
G-protein-linked receptors activate or inactivate 
plasma membrane-bound enzymes or ion chan-
nels via trimeric GTP-binding proteins 
(G-proteins). Some G-protein-linked receptors 
activate or inactivate adenyl cyclase and alter the 
intracellular concentration of cyclic AMP, while 
others generate inositol triphosphate (IP 3 ), which 
increases intracellular Ca 2+  levels. A rise in cyclic 
AMP or Ca 2+  levels stimulates a number of 
kinases and phosphorylates target proteins on ser-
ine or threonine residues. Enzyme-linked recep-
tors such as protein kinases phosphorylate specifi c 
proteins in the target cell. There are fi ve known 
classes of enzyme-linked receptors (Table  2.7 ). 
Among these, receptor tyrosine kinases and tyro-
sine kinase-associated receptors are by far the 
most common. Most of the mutant genes ( Ras , 
 Src ,  Raf ,  Fos ,  and Jun ) that encode the proteins in 
the intracellular signaling cascades activated by 
tyrosine kinases were identifi ed as oncogenes in 
cancer cells, since their inappropriate activation 
causes a cell to proliferate excessively. By con-
trast, the normal genes are therefore sometimes 
referred to as proto-oncogenes.

    Table 2.7    Cell surface receptors   

 Receptor family  Enzyme  Second messenger  Signaling molecule 

  Ion-channel linked  
 G-protein linked  Activate adenyl cyclase  Increase cyclic AMP  TSH, ACTH, LH, adrenaline, 

glucagon, vasopressin, glucagon 
 Inhibit adenyl cyclase  Decrease cyclic AMP  Cholera toxin, pertussis toxin 
 Activate phosphoinositide- 
specifi c phospholipase C 

 Inositol triphosphate (IP3) 
(increases Ca 2+ ) 

 Vasopressin, acetylcholine, 
thrombin 

 Activate or inactivate ion 
channels 

 Acetylcholine (nicotinic Ach 
receptors) 

  Enzyme linked  
 Receptor guanylyl 
cyclases 

 Activate guanylyl cyclase  Increase cyclic GMP  Atrial natriuretic peptides (ANPs) 

 Receptor tyrosine 
kinases 

 Activate tyrosine kinase  Phosphorylate specifi c 
tyrosine residues 

 Growth factors (PDGF, FGF, 
VEGF, M-CSF), insulin 

 Tyrosine kinase-
associated receptors 

 Receptor dimerization  Same as above  Cytokines, interleukin-2, growth 
hormone, prolactin 

 Receptor tyrosine 
phosphatases 

 Activate tyrosine 
phosphatase 

 Remove phosphate groups 
from tyrosine residues and 
extracellular antibodies 

 Receptor serine/
threonine kinases 

 Phosphorylate serine and 
threonine residues 
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2.9         Cellular Metabolism 

2.9.1     Role of ATP 

 The chemical reactions involved in maintaining 
essential cellular functions are referred to 
together as cellular metabolism. The life pro-
cesses are driven by energy; anabolism requires 
energy while catabolism releases energy. Atoms 
can store potential energy by means of electrons 
at higher energy levels. Energy is stored in chem-
ical bonds when atoms combine to form mole-
cules. Cells extract the chemical energy from 
nutrients and transfer the energy to a molecule 
known as adenosine triphosphate (ATP). Each 
molecule of ATP has two high-energy phosphate 
bonds, and each of the phosphate bonds contains 
about 12,000 cal of energy per mole of ATP under 
physiological conditions. Oxidative cellular 
metabolism and oxidative phosphorylation reac-
tions result in the formation of ATP that is used 
throughout the cell to energize all the intracellu-
lar metabolic reactions. The function of ATP is 
not only to store energy but also to transfer it 
from one molecule to another. The phosphate 
bond in the ATP molecule is very labile and is 
broken down to form adenosine diphosphate 
(ADP) and a phosphoric acid radical with the 
release of energy. ATP is used to promote three 
major categories of cellular function: membrane 
transport of ions such as Na + , K + , Ca 2+ , Mg 2+ , and 
Cl – ; synthesis of biochemicals such as proteins, 
enzymes, and nucleotides; and mechanical work 
such as muscle contraction.  

2.9.2     Production of ATP 

 The catabolism of nutrients can be divided into 
three different phases. Phase 1 represents the pro-
cess of digestion that happens outside the cells 
where proteins, polysaccharides, and fats are 
 broken down into their corresponding smaller 
subunits: amino acids, glucose, and fatty acid. 
In phase 2, the small molecules are transported 
into the cell, where the major catabolic processes 
take place with the formation of acetyl coenzyme 
A (acetyl-CoA) and a limited amount of ATP and 

NADH. Finally, in phase 3, the acetyl-CoA mol-
ecules are degraded in mitochondria to CO 2  and 
H 2 O with the generation of ATP. 

 Cellular oxidation–reduction reactions play a 
key role in energy fl ow within a cell, and elec-
trons transfer the energy from one atom to another 
either by oxidation (loss of electrons) or by 
reduction (gain of electrons). In a biological sys-
tem, oxidation refers to the removal of a hydro-
gen atom (proton plus electron) from a molecule, 
while reduction involves gain of a hydrogen atom 
by another molecule. In many of these enzyme- 
catalyzed oxidation–reduction reactions involv-
ing the formation of ATP, cells employ coenzymes 
(cofactors) that shuttle energy, as hydrogen 
atoms, from one reaction to another. One of the 
most important coenzymes is nicotinamide ade-
nine dinucleotide (NAD + ), which can accept an 
electron and a hydrogen atom and gets reduced to 
NADH. 

2.9.2.1     Glycolysis 
 The most important process in phase 2 of catabo-
lism is the degradation of glucose in a sequence 
of ten biochemical reactions known as glycolysis, 
or oxidative cellular metabolism. Glycolysis can 
produce ATP in the absence of oxygen. Each glu-
cose molecule is converted into two pyruvate 
molecules with a net generation of six ATP mol-
ecules. If oxygen is absent, or signifi cantly 
reduced within the cell, the pyruvate is converted 
to lactic acid, which then diffuses into extracel-
lular fl uid. In many of the normal cells, glycoly-
sis accounts for less than 5 % of the overall ATP 
generation within the cell.  

2.9.2.2    Oxidative Phosphorylation 
 Phase 3 begins in mitochondria with a series of 
reactions called the citric acid cycle (also known 
as the tricarboxylic acid cycle or the Krebs cycle) 
and ends with oxidative phosphorylation. 
Following glycolysis, in the presence of oxygen, 
pyruvate molecules enter mitochondria and are 
converted to acetyl groups of acetyl-CoA. The 
amino acid and fatty acid molecules are also con-
verted to acetyl-CoA. 

 The citric acid cycle begins with the interac-
tion of acetyl-CoA and oxaloacetate to form the 
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tricarboxylic acid molecule called citric acid, 
which subsequently is oxidized to generate two 
molecules of CO 2  and oxaloacetate. The energy 
liberated from the oxidation reactions is utilized 
to produce three molecules of NADH and one 
molecule of reduced fl avin adenine nucleotide 
(FADH 2 ). Oxidative phosphorylation is the last 
step in catabolism, in which NADH and FADH 2  
transfer the electrons to a series of carrier mole-
cules such as cytochromes (the electron-transport 
chain) on the inner surfaces of the mitochondria 
with the release of hydrogen ions. Subsequently, 
molecular oxygen picks up electrons from the 
electron-transport chain to form water, releasing 
a great deal of chemical energy that is used to 
make the major portion of cellular ATP. The 
energy released in the electron-transfer steps 
causes the protons to be pumped outward. The 
resulting electrochemical proton gradient across 
the inner mitochondrial membrane induces the 
formation of ATP from ADP and phosphoric acid 
radical. The aerobic oxidation of glucose results 
in a maximal net production of 36 ATP mole-
cules, all but four of them produced by oxidative 
phosphorylation.    

2.10     Transport Through 
the Cell Membrane 

 About 56 % of the adult human body is fl uid. 
One third of the fl uid is outside the cells and is 
called extracellular fl uid, while the remainder is 
intracellular fl uid. The extracellular fl uid (the 
internal environment) is in constant motion 
throughout the body and contains the ions 
(sodium, chloride, and bicarbonate) and nutri-
ents (oxygen, glucose, fatty acids, and amino 
acids) needed by cells to maintain life. Cells 
secrete various intracellular signal molecules 
and expel metabolites and waste products into 
the extracellular fl uid. The cellular intake or out-
put of different molecules occurs by different 
transport mechanisms of the plasma membrane, 
depending on chemical and biochemical charac-
teristics of the solute molecule. 

 The cell membrane consists of a lipid bilayer 
that is not miscible with either the extracellular 
fl uid or the intracellular fl uid and provides a bar-

rier for the transport of water molecules and 
water-soluble substances across the cell mem-
brane. Water and small molecules diffuse through 
the membrane via gaps or transitory spaces in the 
hydrophobic environment created by the random 
movement of fatty acyl chains of lipids. 

 The transport proteins within the lipid bilayer, 
however, provide different mechanisms for the 
transport of molecules across the membrane. 
Membranes of most cells contain pores or specifi c 
channels that permit the rapid movement of solute 
molecules across the plasma membrane. Examples 
are plasma membrane gap junctions and nuclear 
membrane pores. Channels are selective for spe-
cifi c inorganic ions, whereas pores are not selec-
tive. Voltage-gated channels such as the sodium 
channel control the opening or closing of some 
channels by changes in the transmembrane poten-
tial. Chemically regulated channels such as the 
nicotinic acetylcholine channel open or close 
based on the binding of a chemical to the channel. 

 Plasma membranes contain transport systems 
(transporters) that involve intrinsic membrane 
proteins and actually translocate the molecule or 
ion across the membrane by binding and physi-
cally moving the substance. Transporters have an 
important role in the uptake of nutrients, mainte-
nance of ion concentrations, and control of metab-
olism. Some carrier proteins transport a single 
solute or molecule across a membrane, and these 
are called uniporters. With some other carrier pro-
teins (coupled transporters), transfer of one solute 
depends on the simultaneous or sequential trans-
fer of a second solute, either in the same direction 
(symport) or in the opposite direction (antiport). 
Transporters are classifi ed on the basis of their 
mechanism of translocation of substance and the 
energetics of the system. Transporters have speci-
fi city for the substance to be transported, have 
defi ned reaction kinetics, and can be inhibited by 
both competitive and noncompetitive inhibitors. 
Membranes of all cells contain highly specifi c 
transporters for the movement of inorganic anions 
and cations (Na + , K + , Ca 2+ , Cl – , HCO 3  – ) and 
uncharged and charged organic compounds 
(amino acids, sugars). 

 Transport through the lipid bilayer or through 
the transport proteins involves simple diffusion, 
passive transport (facilitated diffusion), or active 
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transport mechanisms. Certain macromolecules 
may also be transported by vesicle formation 
involving either endocytosis or exocytosis mecha-
nisms. The major transport systems in mammalian 
cells are summarized in Table  2.8 .

2.10.1       Transport of Water 
and Solutes 

2.10.1.1    Diffusion 
 Body fl uids are composed of two types of sol-
utes: electrolytes, which ionize in solution and 
exhibit polarity (cations and anions), and non-
electrolytes such as glucose, creatinine, and urea 
that do not ionize in solution. The continual 
movement of solute molecules among each other 
in liquids or in gases is called diffusion. The sol-
ute molecules in the extracellular fl uid or in the 
cytoplasm can spontaneously diffuse across the 
plasma membrane. However, the direction of 
movement of solutes by diffusion is always from 
a higher to a lower concentration, and Fick’s fi rst 
law of diffusion describes the rate. The overall 

effect of diffusion is the passive movement of 
molecules down a concentration until the con-
centration in each side is at chemical equilibrium. 
Diffusion through the cell membrane is divided 
into two separate subtypes known as simple dif-
fusion and facilitated diffusion (Fig.  2.6a ).

   Simple diffusion can occur through the cell 
membrane, either through the intermolecular 
interstices of the lipid bilayer or through transport 
proteins (watery channels). The diffusion rate of a 
solute depends on its size (diffusion coeffi cient) 
and its lipid solubility. In addition, the diffusion 
rate is infl uenced by the differences in electrical 
potential across the membrane. Diffusion of small 
uncharged molecules (water, urea, glycerol) and 
hydrophobic molecules such as gases (O 2 , N 2 , 
CO 2 , NO) occurs rapidly and depends entirely on 
the concentration gradient. Uncharged lipophilic 
molecules (fatty acids, steroids) diffuse relatively 
rapidly, but hydrophilic substances (glucose, 
inorganic ions) diffuse very slowly. Osmosis is a 
special case of diffusion in which free passage of 
water molecules across a cell membrane is permit-
ted, but not that of solute molecules.  

   Table 2.8    Transport mechanisms across plasma cell membrane   

 Mechanism  Transport process  Examples 

  Nonspecifi c processes  
 Simple diffusion  Direct through the membrane and dependent on 

concentration gradient 
 Oxygen movement into cells 

 Osmosis  Direct and via diffusion of water molecules across a 
semipermeable membrane 

 Movement of water into cells 
when placed in hypotonic solution 

  Endocytosis  
 Phagocytosis  Particles are engulfed by membrane through vesicle 

formation 
 Ingestion of bacteria or particles 
by leukocytes 

 Pinocytosis  Fluid is engulfed by membrane through vesicle 
formation 

 Transport of nutrients by human 
egg cells 

 Exocytosis  Extrusion of material from a cell involves membrane 
vesicles 

 Secretion of proteins by cells via 
small membrane vesicles 

  Specifi c processes  
 Facilitated diffusion 
(passive diffusion) 

 Transport of molecules into the cells involves protein 
channels or transporters and is dependent on 
concentration gradient 

 Movement of glucose into most 
cells 

 Primary active 
transport 

 Transport of molecules against concentration gradient 
involves carrier protein and requires energy derived 
from hydrolysis of ATP 

 Na + , K + , Ca 2+ , H + , and Cl –  ions 

 Secondary active 
transport (cotransport) 

 As a consequence of primary active transport, diffusion 
energy sodium ions can pull other solutes into the cell 

 Glucose and amino acids 

 Receptor- mediated 
endocytosis 

 Endocytosis is triggered by the binding of a molecule 
to a specifi c receptor on the cell surface, followed by 
internalization of vesicles 

 Cholesterol (LDL) and transferrin 
uptake by cells 
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2.10.1.2    Facilitated Diffusion 
(Carrier-Mediated Diffusion) 

 Passive transport or facilitated diffusion involves 
translocating a solute through a cell membrane 
down its concentration gradient as in simple diffu-
sion, without expenditure of metabolic energy. 
However, facilitated diffusion requires the interac-
tion of a carrier protein (transporter) with the sol-
ute molecules. Upon entering the protein channel, 
the solute chemically binds to the transporter and 
induces a conformational change in the carrier 
protein, so that the channel is open in the intracel-
lular side and releases the molecule (Fig.  2.6a ). 

The rate of diffusion is dependent on the concen-
tration gradient and approaches a maximum, 
called  V  max , as the concentration of solute 
increases. It is important to recognize that in 
facilitated diffusion, the transporters are very 
specifi c for a solute and exhibit saturation kinet-
ics. Transport of  d -glucose is facilitated and a 
family of transporters (glucose permeases or 
GLUT 1–6) have been identifi ed. Similarly, an 
anion transporter (Cl − –HCO 3  −  exchanger) in 
erythrocytes involves antiport (two molecules in 
opposite directions) movement of Cl −  and 
HCO 3  −  ions.  
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  Fig. 2.6    ( a ) Membrane 
transport mechanisms of 
small molecules. Simple 
diffusion is dependent purely 
on concentration gradient. 
Facilitated diffusion involves 
either channel proteins or 
carrier proteins within the 
plasma membrane. While 
diffusion of molecules occurs 
spontaneously, active 
transport also requires an 
input of metabolic energy 
(Reprinted with permission 
from Alberts et al. [ 13 ]). ( b ) 
The sodium–potassium 
pump. For every molecule of 
ATP hydrolyzed, the Na+/
K+-ATPase carrier protein in 
the plasma membrane 
actively pumps three sodium 
Na+ ions out of and two K+ 
ions into the cell against their 
electrochemical gradients 
(Reprinted with permission 
from Raven and Johnson [ 8 ]). 
( c ) Voltage-gated cation 
channels are present on the 
plasma membrane of all 
electrically excitable cells. 
An action potential is 
triggered by a depolarization 
of the plasma membrane. 
When the membrane is at rest 
(highly polarized) the 
channel is closed, but when 
the membrane is depolarized, 
the channel may exist in an 
open state (sodium ions move 
into the cell) or in an 
inactivated state (Reprinted 
with permission from Alberts 
et al. [ 13 ])       
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2.10.1.3    Active-Mediated Transport 
 Active transport systems, or pumps, move the sol-
ute molecules through a cell membrane against its 
concentration gradient, and this requires the 
expenditure of some form of energy (Fig.  2.6a ). As 
a result, the concentration of solute molecules on 
either side of the plasma membrane is not equal. 
For example, the concentration of Na +  ions in the 
extracellular fl uid is ten times more than the con-
centration of Na +  ions in the cytoplasm, while the 
converse is true with K +  ions. In active transport, 
the transporters are very specifi c for a solute and 
exhibit saturation kinetics. In addition, the carrier 
protein imparts energy to the solute to move 
against electrochemical or concentration gradient. 
If the energy source is removed or inhibited, active 
transport mechanism is abolished. Most of the 
ions, amino acids, and certain sugars are actively 
transported across the plasma membrane. 

 In primary active transport, the energy is 
derived directly from the hydrolysis of ATP to 
ADP. The best-known active transport system is 
the Na + /K + -ATPase pump (Fig.  2.6b ), found in 
virtually all mammalian cells. The transporter 
protein is an enzyme ATPase. When three sodium 
ions bind on the inside and two potassium ions 
bind on the outside, the ATPase function of the 
transporter is activated. Following hydrolysis of 
one molecule of ATP, the liberated energy causes 
a conformational change in the carrier protein, 
releasing the sodium ions to the outside and 
potassium ions to the inside. The process leads to 
an electrical potential, with the inside of the cell 
more negative than the outside. The excitable tis-
sues (muscle and nerve), kidneys, and salivary 
glands have a high concentration of the Na + /K + -
dependent ATPase pump. The other important 
primary active transport pumps are for the trans-
port of Ca 2+  and H +  ions. 

 Secondary active transport represents a phe-
nomenon called cotransport, in which molecules 
are transported through the plasma membrane 
from the energy obtained not directly from the 
hydrolysis of ATP, but from the electrochemical 
gradient across the membrane. When sodium 
ions are transported out of the cells, an electrical 
potential develops which provides energy for the 
sodium ions to diffuse into the interior. This dif-
fusion energy of sodium ions can pull other 

molecules into the cell. Glucose and many amino 
acids are transported into most cells via the 
sodium cotransport system. Following binding of 
sodium and glucose molecules to specifi c sites on 
the sodium–glucose transport protein, a confor-
mational change is induced, and both the mole-
cules are transported into the cell.   

2.10.2     Transport by Vesicle 
Formation 

 Transport of macromolecules such as large pro-
teins, polysaccharides, nucleotides, and even other 
cells across the plasma membrane is accomplished 
by a unique process called endocytosis, which 
involves special membrane-bound vesicles. The 
material to be ingested is progressively enclosed 
by a small portion of the plasma membrane, which 
fi rst invaginates and then pinches off to form an 
intracellular vesicle. Many of the endocytosed 
vesicles end up in lysosomes, where they are 
degraded. Endocytosis is subcategorized into two 
types; pinocytosis involves ingestion of fl uid and 
solutes via small vesicles, while phagocytosis 
involves ingestion of large particles such as micro-
organisms via large vesicles called phagosomes. 

 Specialized cells that are professional phago-
cytes, such as macrophages and neutrophils, mainly 
carry out phagocytosis. For example, more than 10 11  
senescent red blood cells are phagocytosed by mac-
rophages every day in a human body. In order to be 
phagocytosed, particles must bind to specialized 
receptors on the plasma membrane. Phagocytosis is 
a triggered process that requires the activated recep-
tors to transmit signals to the interior of the cell to 
initiate the response. The Fc receptors on macro-
phages recognize and bind the Fc portion of antibod-
ies that recognize and bind microorganisms. 

 Most cells continually ingest bits of their 
plasma membrane in the form of small pinocytic 
(endocytic) vesicles that are subsequently returned 
to the cell surface. The plasma membrane has 
highly specialized regions called clathrin- coated 
pits that provide an effi cient pathway for taking 
up macromolecules via a process called receptor-
mediated endocytosis. Following binding of mac-
romolecules to specifi c cell surface receptors in 
these clathrin-coated pits, the macromolecule-
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receptor complex is internalized. Most receptors 
are recycled via transport vesicles back to the cell 
surface for reuse. More than 25 different receptors 
are known to participate in receptor-mediated 
endocytosis of different types of molecules. Low-
density lipoprotein (LDL) and transferrin are the 
most common macromolecules that are trans-
ported into the cell via receptor- mediated 
endocytosis. 

 The reverse of endocytosis is exocytosis, which 
involves transport of macromolecules within vesi-
cles from the interior of the cell to a cell surface or 
into the extracellular fl uid. Proteins and certain 
neurotransmitters can be secreted from the cells by 
exocytosis in either a constitutive or a regulated 
process. For example, insulin molecules stored in 
intracellular vesicles are secreted into the extracel-
lular fl uid following fusion of these vesicles with 
plasma membrane. By contrast, neurotransmitter 
molecules stored in synaptic vesicles of a presyn-
aptic neuron are released into synapse only in 
response to an extracellular signal.  

2.10.3     Transmission of Electrical 
Impulses 

 Nerve and muscle cells are “excitable”; this 
implies that they are capable of self-generation of 
electrochemical impulses at their cell membranes. 
These impulses can be employed to transmit sig-
nals such as nerve signals from the central ner-
vous system to many tissues and organs throughout 
the body. There is a difference in the ionic compo-
sition of extracellular fl uid (ECF) and intracellu-
lar fl uid (ICF). Whenever ion channels open or 
close, there is a change in the movement of ions 
across a cell membrane. Movement of electrical 
charges is called a current. The fl ow of current 
refl ects the charge separation across the mem-
brane, i.e., its voltage or membrane potential, and 
is a measure of electrical driving force that causes 
ions to move. When cells are excited, there is a 
change in current or voltage, and information 
passes along the nerves as electrical currents and 
associated voltage changes (impulses). 

 All body cells are electrically polarized, with 
the inside of the cell more negatively charged 
than the outside. The difference in electrical 

charge, or voltage, is known as the resting mem-
brane potential and is about −70 to −85 mV. The 
resting membrane potential is the result of the 
concentration gradient of ions and differences in 
the relative permeability of membrane for differ-
ent ions. The concentration of K +  is higher inside 
the cell than outside, whereas the concentration 
of Na +  is low inside cells and high outside. This 
difference in concentration is maintained by the 
Na + /K + -ATPase pump. In addition, the cell mem-
brane is more permeable to K +  than to other ions 
such as Na +  and Cl – , and K +  can diffuse easily 
from ICF to ECF. Within the cell, there is an 
excess of anions due to negatively charged pro-
teins that are impermeable. 

 When a cell such as a neuron is stimulated 
through voltage-regulated channels in sensory 
receptors or at synapses, ion channels for sodium 
open, and, as a result, there is a net movement of 
Na +  into the cell and the membrane potential 
decreases, making the cell more positively 
charged (Fig.  2.6c ). The decrease in resting mem-
brane potential is known as depolarization. At the 
point where the rapid change in the resting mem-
brane potential reverses the polarity of the cell, it 
is referred to as an action potential or simply a 
nerve impulse. Immediately following an action 
potential, the membrane potential returns to the 
resting membrane potential. The increase in 
membrane potential is known as repolarization, 
which results in the negative polarity of the cell as 
the voltage-gated sodium channels close and 
potassium channels open. The Na + /K + -ATPase 
pump moves K +  back into the cell and Na +  out of 
it. The absolute refractory period is the period of 
time during which it is impossible to generate 
another action potential, while the relative refrac-
tory period is the period of time in which a second 
action potential can be initiated by a stronger-
than-normal stimulus. 

 Depolarization, i.e., the opening of sodium 
ion channels, generates a nerve impulse and is 
propagated along the nerve, because the opening 
of sodium ion channels facilitates the opening of 
other adjacent channels, causing a wave of depo-
larization to travel down the membrane of a nerve 
cell. When a nerve impulse reaches the far end of 
a nerve cell, the axon tip, the wave of depolariza-
tion causes the release of a neurotransmitter. At a 

S. Vallabhajosula et al.



43

neuromuscular junction, the release of acetylcho-
line depolarizes the muscle membrane and opens 
the calcium ion channels, permitting the entry of 
calcium ions into the cell, which triggers muscle 
contraction. In an excitatory neural synapse, the 
neurotransmitter (acetylcholine) binds to the 
receptor in postsynaptic nerve fi ber and opens 
sodium ion channels that result in the depolariza-
tion and propagation of impulse. By contrast, in 
an inhibitory synapse, the neurotransmitter 
(gamma-aminobutyric acid or GABA, glycine) 
binds to the receptor in postsynaptic nerve fi ber 
and opens the potassium ion channels or chloride 
ion channels, resulting in the repolarization and 
inhibition of the impulse.   

2.11     Cell Death 

 Cell death is extremely important in the mainte-
nance of tissue homeostasis, embryonic develop-
ment, immune self-tolerance, killing by immune 
effector cells, and regulation of cell viability by hor-
mones and growth factors [ 11 – 15 ]. Deregulation of 
cell death, however, is a feature of disease including 
cancer, myocardial infarction, cerebral stroke and 
autoimmunity [ 14 ]. Based on the new recommen-
dations of the nomenclature committee for cell 
death it is classifi ed into regulated and non-regu-
lated. Regulated form is represented predominantly 
by apoptosis but also includes other forms (Table 
 2.9 ). See also Chap.   11     

2.11.1     Imaging of Cell Death 

 Detection of cell death is an important as it 
can be valuable in clinical developments 
particularly in cancer therapy. This can be 
achieved by molecular imaging including MRI 
and by several molecular probes for SPECT 
and PET imaging. These probes include 
Annex-v which can detect phosphatedylserine 
which is exposed within few hours of apop-
totic stimulus [ 15 ]. Annex-v is now in clinical 
trials. Phosphatedylserine targeted peptides 
have been used for detecting response of mela-
noma and lymphoma to therapy in murine 
models for example. Other molecular probes 

deect mitochondrial and plasma membrane 
depolarization as features of cell death [ 15 ].      
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 1. Regulated (programmed, non-infl ammatory) 
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 2. Non-regulated (infl ammatory, accidental) 
  Necrosis 
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3.1            Radiopharmaceuticals 

 Biochemical reaction    is the language of health and 
disease because the body is a vast network of inter-
acting molecules and if the defi nition of the disease 
is currently molecular, diagnosis becomes “molec-
ular” [ 1 ]. Because the treatment of many diseases 
involves biochemical reactions, it becomes more 
and more appropriate that biochemistry be the 
basis of diagnosis and of the planning and moni-
toring of treatment [ 2 ]. Nuclear medicine, in the 
simplest terms, is the medical specialty based on 
radionuclide imaging of the regional biochem-
istry in the living human body. In the 1920s, 
Georg DeHevesy coined the term “radioindicator” 
(radiotracer) and introduced the “tracer principle” 
to the biomedical sciences [ 2 ]. One of the most 
important characteristics of a true tracer is the 
ability to study the components of a homeostatic 
system without disturbing their function (i.e., does 
not elicit a pharmacodynamic action). 

 Since the physiological approach defi nes a dis-
ease in terms of the failure of a normal physiolog-
ical or biochemical process, the nuclear medicine 
diagnostic procedures involve four types of mea-
surement: (a) regional blood fl ow, transport, and 
cellular localization of various molecules; (b) 
metabolism and bioenergetics of tissues; (c) phys-
iological function of organs; and (d) intracellular 
and intercellular communication. 

 A number of radiopharmaceuticals (Table  3.1 ) 
have been designed and developed over the past 
several decades to image the structure and func-
tion of many organs and tissues.
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   Table 3.1    Radiopharmaceuticals for diagnostic imaging studies   

 Radiopharmaceutical  Application  Indication for imaging 

  Radiolabeled particles  
  99m Tc-MAA, 10–50 μm  Capillary blockade  Lung perfusion 
  99m Tc-DTPA, aerosol, 1–4 μm  Sedimentation in bronchioles  Lung ventilation 
  99m Tc-Sulfur colloid, 0.1–1.0 μm  Reticuloendothelial function  Liver, spleen, and bone marrow 
  99m Tc-SC, fi ltered 0.1–0.3 μm  Lymphatic drainage  Breast cancer and melanoma 
  99m Tc-HSA (nanocolloid), 0.02 μm  Lymphatic drainage  Breast cancer and melanoma 
  99m Tc-Antimony sulfi de colloid, 0.1 μm  Lymphatic drainage  Breast cancer and melanoma 
  Radiolabeled gases  
  133 Xe,  127 Xe,  81m Kr  Alveolar    transit–capillary diffusion  Lung ventilation 
  99m Tc-Technegas, 0.004–0.25 μ  Alveolar transit–capillary diffusion  Lung ventilation 
  Radiolabeled chelates  
  99m Tc-MDP, HDP  Bone formation  Metastatic bone disease, 

neuroblastoma, osteosarcoma 
  99m Tc-DTPA  Blood–brain barrier disruption  Brain tumors 

 Renal function glomerular fi ltration  Renal blood fl ow and renogram 
  99m Tc-MAG3  Renal function, tubular secretion  Renogram 
  99m TcIII-DMSA  Binding to renal parenchyma  Renal scan 
  99m TcV-DMSA  Tumor cell uptake  Medullary carcinoma of thyroid 
  99m Tc-Disofenin and mebrofenin  Hepatobiliary function  Hepatobiliary imaging 
  99m Tc-Ceretec and Neurolite  Blood fl ow  Brain imaging 
  99m Tc-sestamibi and tetrofosmin  Blood fl ow  Myocardial perfusion 
  99m Tc-sestamibi, and tetrofosmin  Tumor viability and multidrug 

resistance, MDR (Pgp expression) 
 Breast cancer, parathyroid adenoma, 
brain tumor 

  111 In-DTPA  CSF fl ow  Cisternogram 
  111 In-oxine  Radiolabeling white cells  Labeled leukocyte thrombus imaging 
  67 Ga-citrate  Tumor viability, capillary leakage  Tumor and infection imaging 
  Radiotracers as ions  
  99m Tc-pertechnetate (TcO 4  – )  Thyroid function (trapping)  Thyroid imaging 
  123 I, 131 I-sodium iodide (I – )  Thyroid function (trapping)  Thyroid uptake, imaging therapy 
  82 Rb-chloride, Rb +   Blood fl ow  Myocardial perfusion 
  201 Tl-thallous chloride, Tl(OH) 2  +   Blood fl ow  Myocardial perfusion 

 Tumor viability  Tumor imaging (brain, parathyroid, 
thyroid) 

  Radiolabeled cells  
  111 In-leukocytes  Cell migration and phagocytosis  Infection imaging 
  111 In-platelets  Cell incorporation in thrombus  Thrombus imaging 
  51 Cr-RBCs  Dilution in blood compartment  RBC mass and blood volume 
  99m Tc-RBCs  Cardiac function  Cardiac ejection fraction, wall motion 

 Blood pool  Hemangioma, GI bleeding 
  99m Tc-RBC (heat denatured)  Spleen  Accessory splenic tissue 
  Receptor binding radiotracers  
  111 In-pentetreotide, Octreoscan  Somatostatin receptors  Neuroendocrine tumors 
  99m Tc-P829, NeoTect  Somatostatin receptors  Lung cancer, NE tumors 
  99m Tc-P280, Acutect  GP IIb/IIIa receptors  Thrombus imaging, DVT 
  99m Tc-TRODAT-1  Dopamine transporter  Brain imaging-dopamine D2 receptors 
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   Radiopharmaceutical agents exhibit a huge 
range of physical and chemical properties and 
may be classifi ed into different categories. The 
most important factors that infl uence the trans-
port, uptake, and retention of radiopharmaceuti-
cals in different organs and tissues include the 
chemical and biochemical nature of the carrier 
molecule transporting the radionuclide of choice 
to the targeted area. 

 The use of radiopharmaceuticals to deliver 
therapeutic doses of ionizing radiation has been 

extensively investigated. Targeted radionuclide 
therapy by systemic administration of a radio-
pharmaceutical provides a potential to treat 
widely disseminated cancer tissue. A number of 
radiopharmaceuticals (Table  3.2 ) are now avail-
able for the treatment of different malignancies 
or palliation of pain due to bony metastases. 
Tumor-specifi c radiopharmaceuticals that are 
clinically useful for noninvasive imaging of 
tumors are being modifi ed for radionuclide ther-
apy of tumors.

 Radiopharmaceutical  Application  Indication for imaging 

  123 I-VIP  VIP receptors  Gastrointestinal tumors 
  131 I-NP-59  LDL receptor, cholesterol 

metabolism 
 Adrenal carcinoma, adenoma, 
Cushing’s syndrome 

  123 I- or  131 I-MIBG  Presynaptic adrenergic receptors  Myocardial failure 
 Adrenergic tissue uptake  Tumor imaging (pheochromocytoma, 

neuroendocrine, neuroblastomas) 
 [ 11 C]Raclopride  Dopamine D2 receptors  Brain imaging-dopamine D2 receptors 
  123 I-IBZM  Dopamine D2 receptors  Brain imaging-dopamine D2 receptors, 

tumor imaging, malignant melanoma 
 [ 18 F]fl uoro-estradiol (FES)  Estrogen receptors  Breast tumor imaging 
  Radiolabeled monoclonal antibodies  
  111 In-OncoScint, B72.3 IgG  TAG-72 antigen  Colorectal and ovarian cancer 
  111 In-ProstaScint, 7E11-C5.3 IgG  PSMA (intracellular epitope)  Prostate cancer 
  99m Tc-CEA-Scan, IMMU-4 Fab’  CEA  Colorectal cancer 
  99m Tc-Verluma, NR-LU-10 Fab’  Cell surface GP as antigen  Small-cell lung cancer 
  99m Tc-fanolesomab (CD15)  Granulocyte antigen CD15  Appendicitis 
  111 In-antimyosin  Antimyosin  Acute myocardial infarction, heart 

transplant rejection 
  Radiolabeled metabolic substrates  
  18 F-fl uorodeoxyglucose, FDG  Tumor viability and metabolism  Tumor imaging 

 Glucose metabolism  Brain and cardiac imaging 
  18 F-fl uorothymidine  Cell proliferation  Tumor imaging and monitoring 

treatment 
  11 C-choline  Cell proliferation  Brain tumors 
 [ 11 C] or  123 I-methyltyrosine  Protein synthesis, protein 

upregulation 
 Brain tumors 

  11 C-methionine  Amino acid transport  Brain and pancreatic tumors 
 [ 11 C]-thymidine  DNA synthesis, cell proliferation  Brain tumors 
 [ 18 F] and  123 I-fatty acids  Myocardial metabolism  Cardiac imaging 
 [ 57 Co]-vitamin B 12   Vitamin B 12  absorption  Pernicious anemia 
  18 F-fl uoromisonidazole  Hypoxia and oxidative metabolism  Tumors selected for radiotherapy 
  18 F-fl uoroethyltyrosine(FET)  Amino acid transporter  Brain tumors 

Table 3.1 (continued)

3 Basis of Radiopharmaceutical Localization



48

3.2        Mechanism(s) of 
Radiopharmaceutical 
Localization 

 The uptake and retention of radiopharmaceuti-
cals by different tissues and organs involve 
many different mechanisms, as summarized in 
Table  3.3 . The pharmacokinetics, biodistribution, 
and metabolism of the radiopharmaceutical are 
very important to understanding the mecha-
nisms of radiopharmaceutical localization in the 
organ or tissue of interest. Injury to a cell or tis-
sue signifi cantly alters the morphology and 
molecular biology compared with that of nor-
mal tissue or organs.

   The mechanisms of radiopharmaceuti-
cal localization may be substrate nonspecifi c 
(not participating in any specifi c biochemical 
reaction) or substrate specifi c (participating 
in a specifi c  biochemical reaction), depend-
ing upon the chemistry of the molecule. Many 
radiopharmaceuticals were designed to take 
advantage of the pathophysiology in order to 
increase the specifi city of the nuclear medicine 
imaging techniques. Since some radiophar-
maceuticals are not specifi c for a particular 

disease, the cellular uptake might include a 
combination of different mechanisms, as in 
the case of 67Ga-citrate. However, the unique 
chemistry of each radiopharmaceutical may 
determine the manner in which it is transported 
and retained within a specifi c tissue or organ. 
   It is very important to recognize that since 
the radiopharmaceutical may undergo signifi -
cant metabolism and degradation in vivo, the 
observed biodistribution and tissue localization 
may represent the behavior of only radiolabeled 
metabolic product and not necessarily that of 
the intact parent radiopharmaceutical as exem-
plifi ed by  99m Tc l,l- ECD. For the radiopharma-
ceuticals that do not undergo biotransformation 
the biodistribution and tissue localization rep-
resent the behavior of the parent radiopharma-
ceuticals such as  99m TcMDP,  99m Tc colloids, and 
gaseous radiopharmaceuticals. 

 In addition, the patient’s medication, physical 
status, and other factors may signifi cantly alter 
the biodistribution and tissue localization and 
retention characteristics of a radiopharmaceutical. 
The different mechanisms of localization are dis-
cussed below, using specifi c examples of the 
more common radiopharmaceuticals. 

    Table 3.2    Radiopharmaceuticals for therapy   

 Radiopharmaceutical  Application  Specifi c tumors 

  131 I-sodium iodide  Thyroid function  Differentiated thyroid carcinoma 
  131 I-MIBG  Adrenergic tissue  Colorectal cancer metastatic to liver and 

bladder cancer 
  131 I-anti-B1 antibody  Anti-CD22 antigen  Lymphoma 
  90 Y-MXDTPA-anti-B1 antibody  Anti-CD22 antigen  Lymphoma 
  32 P-chromic phosphate (colloid)  Cell proliferation and protein synthesis  Peritoneal metastases, recurrent malignant 

ascites 
  32 P-orthophosphate  Cell proliferation and protein synthesis  Polycythemia vera 
  89 Sr chloride  Exchanges with Ca in bone  Palliation of pain due to bony metastases 
  153 Sm-EDTMP  Binds to hydroxyapatite  Palliation of pain due to bony metastases 
  117m Sn-DTPA  Binds to hydroxyapatite  Palliation of pain due to bony metastases 
  186 Re-HEDP  Binds to hydroxyapatite  Palliation of pain due to bony metastases 
  90 Y-DOTA-Tyr 3 -octreotide  Somatostatin receptors  Neuroendocrine tumors 
  90 Y-DOTA-lanreotide  Somatostatin receptors  Neuroendocrine tumors 
  90 Yb-ibritumomab  Lymphocyte antigen CD20  Lymphoma 

  A number of these therapeutic radionuclides also have gamma rays which are used for imaging. These radiopharmaceu-
ticals are referred to as theranostic, and they include the following radionuclides, 68Ga (a PET imaging radionuclide) 
 131 I,  153 Sm,  186/188 Re, and  117m Sn  
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3.2.1     Isotope Dilution 

 The dilution principle is based on the concept of 
“diluting” a radiotracer (or tracer) of known activ-
ity (or mass) in an unknown volume. By measur-
ing the degree to which the radiotracer was diluted 
by the unknown volume, one can determine the 
total volume (or mass) of the unknown volume. 
The dilution principle is currently used for a quan-

titative determination of RBC volume (mass), 
plasma volume, and total blood volume. 

 It is very important that the radiotracer remain 
only in the blood volume to be measured. 
Nondiffusible intravascular agents such as 
51Cr-RBCs are used to measure RBC mass, 
while 125I-HSA is used to measure plasma vol-
ume. There is no specifi c mechanism involved 
other than simple dilution of the radiotracer.  

    Table 3.3    Mechanisms of radiopharmaceutical localization   

 Mechanism  Radiopharmaceutical 

 1. Isotope dilution   125 I-HSA,  51 Cr-RBC, and  99m Tc-RBC 
 2. Capillary blockade   99m Tc-MAA 
 3. Physicochemical adsorption   99m Tc-MDP, HDP 
 4. Cellular migration   111 In- and  99m Tc-leukocytes,  111 In-platelets 
 5. Cell sequestration  Heat denatured  99m Tc-RBC 
 6. Simple diffusion   133 Xe,  81m Kr,  99m Tc-pertechnegas 
  Diffusion and mitochondrial binding   99m Tc-sestamibi and tetrofosmin 
  Diffusion and intracellular binding   99m Tc-Ceretec and Neurolite 
  Diffusion and increased capillary permeability   67 Ga-citrate 
 7. Facilitated diffusion and transport, protein upregulation  [ 18 F]-FDG, radiolabeled amino acids 
 8. Active transport  Radioiodide,  99m TcO 4  – ,  201 Tl thallous cation 

 [ 18 F]-FDG, radiolabeled amino acids 
  Na + /K +  ATPase pump   201 Tl thallous cation 
 9. Phagocytosis   99m Tc-colloids in RES and lymph nodes 

 10. Increased vascular permeability and capillary leakage   67 Ga-citrate, radiolabeled proteins 
 11. Cell proliferation  [ 11 C]-thymidine, [ 124 I]-iododeoxyuridine (IudR), 

 18 F-fl uorothymidine (FLT) 
 12. Metabolic trapping  [ 18 F]-FDG,  99m Tc-pertechnetate 
 13. Metabolic substrates   123 I and  131 I as sodium iodide,  123 I-fatty acids 
 14. Tissue hypoxia and acidic pH  [ 18 F]fl uoromisonidazole,  67 Ga-citrate 
 15. Specifi c receptor binding 
  Somatostatin receptors  Octreoscan, NeoTect 
  VIP receptors   123 I-VIP 
  Transferrin receptors   67 Ga-citrate 
  Estrogen receptors  16α-[ 18 F]fl uoro-17β-estradiol (FES) 
  Dopamine D2 receptors  [ 123 I]-IBZM,  99m Tc-TRODAT 
  LDL receptors   131 I-6β-iodomethyl-19-norcholesterol (NP-59) 
  Presynaptic adrenergic reuptake  [ 131 I or  123 I]-MIBG 

 16. Specifi c binding to tumor antigens 
 17. PSMA  ProstaScint 
  CEA  CEA-Scan 
  TAG-72  OncoScint 
  Cell surface 40-kd glycoprotein  Verluma 
  CD22  Bexaar 
  CD15   99m Tc-fanolesomab 
  Antimyosin   111 In-antimyosin 
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3.2.2     Capillary Blockade 

 The technique most commonly used to determine 
the perfusion to an organ depends on trapping the 
radiolabeled particles (microembolization) in the 
capillary bed of an organ such as lung, heart, or 
brain. Following intravenous injection,  99m  Tc- MAA 
particles are physically trapped in the arteriocap-
illary beds of the lung and block the blood fl ow to 
the distal regions. Therefore, the mechanism of 
localization of particles in lungs is purely a 
mechanical process, called capillary blockade.  

3.2.3     Physicochemical Adsorption 
and Ion Exchange 

 Bone scanning with  99m Tc-labeled phosphonates 
(MDP, HDP) is extensively used in nuclear medi-
cine to evaluate benign and malignant bone dis-
eases. The  99m Tc-phosphonates accumulate in the 
hydroxyapatite (HA) crystal (containing Ca 2+  and 
phosphate ions) matrix or in the amorphous 
(noncrystalline) calcium phosphate (ACP). 

 The principal uptake mechanism of the radio-
tracer appears to be simply “physicochemical 
adsorption.” However, the exact mechanisms 
involved in the extraction of the radiotracer from 
the blood through the endothelial cells, extracel-
lular fl uid, and fi nally to HA are not known. 
In contrast to the P–O–P bond in phosphates, the 
P–C–P bond in phosphonates is not a substrate 
for alkaline phosphatase and is very stable in 
vivo. 

 Primary bone tumors such as osteogenic sar-
comas avidly accumulate bone agents because of 
the production of bone matrix in extraosseous 
tissue. Metastatic deposits that produce a vigor-
ous osteoblastic response will appear as hot spots 
in a bone scan, while the lesions that generate 
osteolytic reactions may not accumulate the bone 
agent [ 3 ]. The bone scanning agents may also be 
taken up occasionally in soft tissues. The pri-
mary underlying factor responsible for the uptake 
of these tracers is excess calcium in soft tissue. 
Cell hypoxia and cell death would lead to 
increased deposition of calcium phosphates in 
the extracellular fl uid. The uptake of  99m Tc-phos-
phonates in the soft tissues is believed to be due 

to chemisorption on the surface of calcium salts 
such as in myocardial infarction. 

 The localization of bone-seeking radiotracers 
in increased amounts at the tumor–bone interface 
provides the basis for the use of radionuclides in 
the treatment of bone pain. Several radiopharma-
ceuticals (Table  3.3 ) are indicated for relief of 
pain (bone pain palliation) in patients with con-
fi rmed osteoblastic bone lesions. The exact 
mechanism of action of relieving the pain of bone 
metastases is not known, however. 

 For the ion exchange mechanism in the use of 
 18 F-NaF, the fl uoride ion exchanges with the 
hydroxyl ion in the hydroxyapatite crystal of 
bone to form fl uorapatite [ 4 ]. It is therefore con-
ceivable that in addition to imaging primary and 
metastatic tumors  18 F can be used for studying 
bone metabolism.  

3.2.4     Cellular Migration 
and Sequestration 

  111 In-oxine- or  99m Tc-HMPAO-labeled autolo-
gous mixed leukocytes (predominantly neutro-
philic polymorphonuclear leukocytes, PMNs) are 
routinely used to image various infl ammatory 
diseases and infectious processes. The infl amma-
tory reaction is a well-described sequence of 
events (see Chap.   4    ) in response to an infection. 

 In an acute infection, the predominant cells 
infi ltrating a site of infection are the PMNs. 
Following intravenous administration of radio-
labeled leukocytes, the labeled cells migrate to 
the site of infection, similar to the circulating 
leukocytes because they are attracted by the 
immediately generated chemotactic factors, 
such as complement subcomponents. 

 In a similar manner,  111 In-platelet localization 
at the site of active thrombus formation also 
involves simple cellular migration, since platelets 
play a major role in thrombus formation. 
Accessory splenic tissue can develop after sple-
nectomy. Heat-damaged  99m Tc-RBCs are more 
specifi c for the detection of accessory splenic 
 tissue. Following intravenous administration, the 
spleen sequesters the heat-damaged RBCs in the 
same way that old and damaged circulating RBCs 
are normally removed. Hence, the heat-damaged 
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 99m Tc-RBCs can be used to visualize the spleen 
when  99m Tc colloid fails to do so [ 5 ,  6 ].  

3.2.5     Membrane Transport 

 Transport through the lipid bilayer or through the 
transport proteins may involve simple diffusion, 
passive transport (facilitated diffusion), or active 
transport mechanisms. Certain macromolecules 
may also be transported by vesicle formation, 
involving either endocytosis or exocytosis 
mechanisms. 

3.2.5.1     Simple Diffusion 
 The mechanism of localization of many radio-
pharmaceuticals in target organs involves a sim-
ple diffusion process. The direction of movement 
of the radiotracers by diffusion is always from a 
higher to a lower concentration, and the initial 
rate of diffusion is directly proportional to the 
concentration of the radiotracer. A net movement 
of molecules from one side to another will con-
tinue until the concentration on each side is at 
chemical equilibrium. The gases used for venti-
lation studies, such as 133Xe, 127Xe, and 
81mKr, are inert lipophilic gases. Following 
their administration through inhalation, these 
gases are distributed within the lung air spaces 
by diffusion, proportional to ventilation. The dis-
tribution, however, is interrupted in obstructive 
airways. The gases pass from the lungs into the 
pulmonary venous circulation and are released 
through the lungs by the mechanism of alveolar 
capillary diffusion. Similarly, distribution of 
 99m Tc-Technegas within the lung also involves 
diffusion. By contrast, the irregular distribution 

of  99m Tc-DTPA aerosol preparation within the 
lung is due mostly to gravity sedimentation 
depending on particle size. 

   Simple Diffusion and Intracellular 
Biotransformation 
 The blood–brain barrier (BBB) plays an impor-
tant role in the mechanism of localization of 
many radiopharmaceuticals in the brain. The 
endothelial cells of the cerebral vessels form a 
continuous layer without gap junctions, prevent-
ing diffusion of water-soluble molecules. 

 In certain pathological conditions, the BBB is 
disrupted, allowing water-soluble molecules to 
diffuse from the blood into brain tissue. 
Traditionally, brain scan was performed with 
such radiopharmaceuticals as  99m  Tc- pertechnetate 
and  99m Tc-DTPA that diffuse freely in the extra-
cellular fl uid and can accumulate in lesions with 
defects in BBB. The intact BBB does allow the 
transport of small molecules across the plasma 
membrane of the neuron by facilitated diffusion. 
Some small, neutral molecules, however, can 
cross the BBB depending on their relative lipid 
solubility. Brain perfusion-imaging agents such 
as  99m Tc-HMPAO and  99m Tc-ECD are lipophilic 
radiotracers that cross the BBB via passive diffu-
sion. The extraction of these tracers by the brain 
tissue is proportional to regional cerebral blood 
fl ow (rCBF). The retention of these tracers within 
the neuronal tissue following diffusion and 
extraction is assumed to be due to intracellular 
biotransformation to polar metabolites or charged 
complexes that cannot be washed out of the cell 
by back-diffusion as exemplifi ed by the cellular 
retention of  99m Tc-ECD (Fig.  3.1 ) and  99m Tc 
HMPAO.

Membrane

99mTc I,I-ECD(COOH2CH3)2 99mTc I,I-ECD(COOH2CH3)2

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

esterase

BrainBlood
  Fig. 3.1    With the labeling of 
red blood cells (RBCs) with 
 99m Tc whether in vitro or in 
vivo, the  99m TcO 4  freely 
diffuses in and out of the 
RBCs, but in the presence of 
stannous ion it is reduced 
intracellularly, where it reacts 
with hemoglobin (HB) to form 
 99m Tc-Hb. The  99m Tc-Hb does 
not diffuse out of the RBCs as 
shown in Fig.  3.2        
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   For  99m TC-ECD the radiotracer freely diffuses 
into the brain tissue, where it is hydrolyzed by the 
action of esterase to a carboxylic acid which is 
trapped in the brain tissue. 

 For  99m TcHMPAO, it is presumed that the 
tracer is protonated to form a positively charged 
molecule (the so-called secondary  99m Tc HMPAO) 
that    is trapped in the brain tissue. 

 Similarly, in vivo labeling of ROCs with  99m Tc 
pertechnetate occurs by independent simple diffu-
sion of  99m Tc pertechnetate and stannous ion into 
the red blood cell where the stannous ion reduces 
the pertechnetate and the reduced  99m Tc binds to 
Hgb to form  99m Tc Hgb that does not diffuse out of 
the red cell (Fig.  3.2 ).

      Simple Diffusion and Mitochondrial 
Binding 
 A number of lipophilic, cationic  99m Tc radiophar-
maceuticals (sestamibi, tetrofosmin, and furifos-
min) have been developed for imaging myocardial 
perfusion. Although  99m Tc-sestamibi is cationic, 
similar to  201 Tl+, the transport of this agent 
through the cell membrane involves only passive 
diffusion since the transport process is tempera-
ture dependent and nonsaturable [ 7 ]. 

 The myocardial cell uptake of  99m Tc-sestamibi 
is due to intracellular binding of  99m Tc-sestamibi 
associated mainly with mitochondria. The cellular 

entry of  99m Tc-sestamibi is related to the mitochon-
drial metabolism and the negative inner membrane 
potential of the mitochondria [ 8 ]. Hematochondrial 
retention of  99m Tc-sestamibi, however, is not organ 
or tumor specifi c, but appears to be a mechanism 
common to most types of tissue. The intracellular 
levels of Ca 2+  in normal cells are signifi cantly low. 
However, with irreversible ischemia, extracellular 
calcium enters the cell and is sequestered in the 
mitochondria, resulting in mitochondrial destruc-
tion. The increased calcium concentration in 
mitochondria blocks  99m Tc-sestamibi binding to 
mitochondria. 

  99m Tc lipophilic cationic complexes are also 
used for diagnostic imaging of parathyroid ade-
nomas, osteosarcomas, and tumors of the brain, 
breast, lung, and thyroid. The mechanisms of 
uptake of sestamibi and tetrofosmin in tumors are 
different from that of thallium-201 [ 9 ]. While the 
 99m Tc agents are associated with mitochondria, 
 201 Tl remains in the cytoplasmic compartment. 

 There are signifi cant differences between ses-
tamibi and tetrofosmin regarding intracellular 
localization based on in vitro studies. While 90 % 
of total sestamibi was associated with mitochon-
dria, most of the tetrofosmin accumulated in the 
cytosolic fraction [ 9 ]. 

 The transport of the tracer out of the tumor 
cell is mediated by P-glycoprotein (Pgp), a 17-kd 

Red cell membrane

+Hgb

IntracellularExtracellular

99mTcO4
- 99mTcO4

-+Sn2+

99mTcHgb

Extracellular

  Fig. 3.2    Intracellular binding 
of  99m TcO 4  to Hgb       
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plasma membrane lipoprotein encoded by the 
human multidrug resistance (MDR) gene. 
Piwnica-Worms et al. [ 10 ,  11 ] demonstrated that 
sestamibi is a transport substrate for Pgp and is 
useful for imaging Pgp expression.  

   Simple Diffusion and Increased Capillary 
and Plasma: Membrane Permeability 
 67Ga-citrate has been shown to localize in a 
variety of tumors and infl ammatory lesions. 
There is still no general agreement on the exact 
mechanisms of localization in tumors [ 12 ,  13 ]. 
Following intravenous administration of carrier- 
free 67Ga as gallium citrate, 67Ga is bound 
exclusively to the two specifi c metal-binding 
sites of iron transport glycoprotein, transferrin in 
normal plasma, and is transported to normal tis-
sues and tumor sites predominantly as 67Ga–
transferrin complex [ 14 ]. 

 The mechanisms involved in the uptake of 67Ga 
by tumor cells are very complex, since a variety of 
factors appear to affect transport and retention of 
67Ga within the tumor tissue. Based on in vivo 
studies, Hayes et al. [ 15 ] concluded that the initial 
entry of 67Ga into tumor tissue involves simple 
diffusion of the unbound or loosely bound form of 
67Ga, whereas its uptake by normal soft tissues is 
strongly promoted by its binding to transferrin. 
There is increased transferrin concentration within 
the interstitial fl uid of the tumors. The increased 
permeability of the tumor cell membrane com-
pared with normal cells may also account for 
increased diffusion of non-transferrin-bound gal-
lium species into cells. The accumulation of 67Ga 
within tumor cells is very much dependent upon 
the intracellular binding of 67Ga to iron-binding 
proteins such as lactoferrin and ferritin or other 
higher-molecular-weight molecules which can 
chelate gallium with greater affi nity, thereby pre-
venting back-diffusion of free gallium species [ 13 ].   

3.2.5.2     Facilitated Diffusion 
 Facilitated diffusion is also called carrier- 
mediated diffusion because a substance trans-
ported in this manner usually cannot pass through 
the membrane without a specifi c carrier protein 

allowing    its entry. That is, the carrier facilitates 
the diffusion of the substance to the other side. 
However, the carrier protein transports a specifi c 
molecule partly but not all the way through the 
membrane. The molecule to be transported enters 
the channel and then becomes bound. Then in a 
fraction of a second a conformational change 
occurs in the carrier protein so that the channel 
now opens to the opposite side of the membrane. 
This mechanism allows the transported molecule 
to diffuse in either direction through the mem-
brane as shown in Fig.  3.3 .

      18 F-fl uorodeoxyglucose (FDG) 
 The glucose analog deoxyglucose, which has one 
oxygen atom less than the glucose molecule 
(Fig.  3.4 ), is transported into the cell in the same 
way as glucose. The uptake of glucose by human 
cells can take place however through two mecha-
nisms of transport. The fi rst method involves the 
facilitative glucose transport (GLUT) and the 
second method is the active transport.

   Six isoforms of facilitative glucose transporters 
have been identifi ed so far: GLUT-1 to GLUT-5 
and GLUT-7 (Table  3.4 ). These isoforms share the 
same transmembrane topology, but they differ in 
kinetic properties, tissue location, sugar specifi ci-
ties, and regulation in states of imbalanced glucose 
homeostasis [ 16 ].

   GLUT-1. This transporter is widely expressed 
at the membranes of many different cells in the 
human body. The highest concentrations are 
found in fetal tissue and placenta. Insulin, 
insulin- like growth factor 1, growth hormone, 
and thyroid hormone induce a higher expression 
of GLUT-1 [ 16 ]. It has been suggested that 
GLUT-1 belongs to the family of glucose-regu-
lated proteins, which are expressed in situations 
of cellular stress [ 17 ]. 

 GLUT-2. This low-affi nity transporter can be 
found in the    intestine, kidney, liver, q cells of the 
pancreas, and brain. Together with the glycolytic 
enzyme glucokinase, it constitutes a glucose- 
sensing system, which signals the differences in 
glycemia to the liver and the q cells of the pan-
creas [ 18 ]. 
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 GLUT-3. High affi nity of this transporter for 
glucose ensures a constant glucose supply to neu-
rons in the brain, even at low extracellular glucose 
concentrations [ 19 ]. In the brain, glucose is trans-
ported across the blood–brain barrier by GLUT-1 
and, once it reaches the neurons, GLUT-3 is the 
most effi cient transporter in the hypoglycemic con-
ditions of the cerebral interstitial space. 

 GLUT-4. Expression of this transporter is high 
in brown and yellow adipose tissue and in skele-
tal and cardiac muscle. In hyperglycemic states, 
glucose transport can be increased up to 30 times 
in response to insulin. Insulin stimulates GLUT-4 
transporter [ 20 ]. 

 GLUT-5. This transporter is only 40 % identi-
cal to the other isoforms. It is the main transporter 
of fructose and expressed in the small intestine. 

 GLUT-7. The sequence of GLUT-7, cloned in 
rat liver, resembles that of GLUT-2. It has a role 
in the dephosphorylation process of glucose-6- 
phosphate inside the endoplasmic reticulum [ 16 ]. 

     18 F-2-deoxy-2-fl uoro- d -glucose ( 18 FDG) sim-
ilar to  d -glucose is transported into the cell by 
facilitated diffusion and is phosphorylated by 
hexokinase to FDG-6-phosphate (Fig.  3.5 ). 

   Table 3.4    Facilitative glucose transporters and their tissue 
locations   

 Transporter  Site of highest concentration 

 GLUT-1  Fetal tissue and placenta 
 GLUT-2  Intestine, kidney, liver and β-cells 

of pancreas, brain 
 GLUT-3  Neurons in the brain 
 GLUT-4  Brown and yellow adipose tissue 

and skeletal muscle 
 GLUT-5  Small intestine 
 GLUT-7  Endoplasmic reticulum 

Glucose

Binding point

Carrier protein

Release of binding

  Fig. 3.3    A postulated 
mechanism for facilitated 
diffusion       
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  Fig. 3.4    [18F]2-deoxy-2-fl uoro- d -glucose (FDG). In FDG 
the hydroxyl group in the 2-position of  d -glucose is 
replaced by  18 F       
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In the next step of glycolysis, the enzyme 
glucose-6- phosphate isomerase does not react 
with FDG-6- phosphate due to very strict struc-
tural and geometric demand that the fl uorine 
atom be substituted at the 2-position, hence 
2-deoxy-2-fl uoro- d -glucose.

   As a result, the very polar FDG-6-phosphate is 
trapped in the cytoplasm [ 21 ]. This process is 
commonly referred to as metabolic trapping. 
FDG-6-phosphate may be converted back to 
FDG, but the enzyme glucose 6-phosphatase, 
which is responsible for this reaction, is either at 
very low levels or absent in cancer tissue 
(Fig.  3.6 ). Hence, the biotransformation of  18 FDG 
to  18 FDG-6-PO4 and its subsequent retention in 
the tissue make it a good analog for the in vivo 
study of glucose metabolism or utilization. FDG/
PET is now being extensively used for an increas-
ing number of clinical indications at different 
stages of cancer, e.g., diagnosis, staging, moni-
toring of response to therapy, and fi nally detec-
tion of recurrence. In addition, FDG accumulates 
in granulomatous tissue and macrophages infi l-
trating the areas surrounding necrotic tumor tis-
sue [ 22 ] and also has a role to play in imaging 
areas of infection/infl ammation.

      Hepatobiliary Agents 
 Evaluation of hepatocyte function using radio-
pharmaceuticals that are excreted via biliary 

secretion is another example of a carrier- mediated 
transport mechanism. Lipophilic organic anions 
with nonpolar groups (favoring plasma protein 
binding) having molecular weights in the range 
of 600–1,000 are predominantly removed from 
the body via biliary excretion. Following intrave-
nous administration,  99m Tc-disofenin (Hepatolite) 
and  99m Tc-mebrofenin (Choletec) diffuse through 
pores in the endothelial lining of the sinusoids 
and bind to the anionic membrane-bound car-
riers on the hepatocyte. The hepatic uptake is 
facilitated by carrier-mediated, non-sodium- 
dependent, organic anionic pathways similar to 
that of bilirubin [ 23 ,  24 ]. 

 Subsequent biliary excretion of the radiotracer 
is relatively passive following the fl ow of bile 
through the biliary tree. The bile may be stored 
and concentrated temporarily in the gallbladder 
or excreted directly into the intestine. Since bili-
rubin is excreted by the same hepatocyte trans-
port system, higher serum bilirubin levels may 
have a signifi cant effect on the biodistribution 
and hepatic excretion of radiopharmaceuticals. 

Membrane

hexokinase

TissueBlood

18FDG 18FDG

18FDG-6-PO4

  Fig. 3.5    Intracellular phosphorylation of  18 FDG to 
 18 FDG-6- PO 4  by hexokinase       
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  Fig. 3.6    Glucose and FDG are transported into the cell 
and phosphorylated, but FDG does not undergo further 
metabolism and accumulates in proportion to glucose uti-
lization (increase    in tumors, macrophages, and ischemic 
myocytes   )       
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Of the  99m Tc-iminodiacetate (IDA) derivatives, 
 99m Tc-mebrofenin combines the best characteris-
tics of high hepatic uptake, low urinary excretion, 
and fast blood clearance and hepatocellular transit 
and has the highest degree of resistance to the 
competitive effects of bilirubin as measured in 
isolated hepatocytes [ 25 ].   

3.2.5.3     Active Transport 
 Active transport involves translocating a solute 
molecule through a cell membrane against its 
concentration gradient and requires the expendi-
ture of some form of energy. Active transport 
is driven by either hydrolysis of ATP to ADP 
(primary active transporters) or utilization of an 
electrochemical gradient of Na+ or H+ (second-
ary active transporters) across the membrane. 
If the energy source is inhibited or removed, the 
transport system will not function. 

  Radioiodide and    99m   Tc-Pertechnetate Anions . 
Thyroid tissue selectively traps certain anions, 
such as I–, TcO 4– , and ClO 4– , by an active trans-
port mechanism using the same pathway; hence, 
they are the competitive inhibitors of each other. 
The clinical implication is that iodinated contrast 
agents or iodine containing medications may 
interfere with the accumulation of  99m TcO4 in the 
thyroid, thereby leading to poor image quality. 

 In the thyroid only iodide is oxidized to iodine 
bound to tyrosine, which is transformed to the 
thyroid hormones: 3,5,3′-triiodothyronine (T3) 
and thyroxine (T4). The other anions diffuse out 
of the gland.  In addition to thyroid tissue ,  the 
salivary glands ,  stomach ,  bowel ,  and genitouri-
nary tract show signifi cant uptake  ( secretion )  of 
radioiodide and pertechnetate . Also it has been 
shown that radioiodine crosses the placenta and 
accumulates in the fetal thyroid [ 26 ]. 

   201   Thallous Chloride . Since thallous ion 
(Tl(OH) 2  +) acts as an analog of the K+ ion,  201 Tl 
has been used to image myocardial perfusion in 
order to evaluate the extent of myocardial isch-
emia and/or infarction. Positron emitter 82Rb – a 
monocation, like potassium – is also useful for 
imaging myocardial perfusion. The myocardial 
uptake of thallium and rubidium involves active 
cation transport mechanisms including both pas-
sive diffusion and ATP or energy-dependent 
pathways [ 27 ]. 

  201 Tl has also been used for tumors such as 
brain tumors, osteosarcomas, low-grade lympho-
mas, Kaposi sarcomas, and parathyroid tumors. 
   Accumulation of     201 Tl in the tumor is a function 
of blood fl ow to tumor, increased cell-membrane 
permeability, and an active transport system 
involving the Na+/K+ ATPase pump within cell 
membranes. It has been demonstrated that dem-
onstrated that the cellular uptake of  201 Tl is inhib-
ited by ouabain, digitalis, and furosemide, which 
block the Na+/K+ pump [ 28 ,  29 ]. 

  Renal Agents . Glomerular fi ltration (GFR) 
provides the best estimate of functioning renal 
tissue. The measurement of GFR requires a 
molecule such as inulin that has a stable plasma 
concentration and is freely fi ltered in the glom-
erulus and not secreted or reabsorbed by the 
tubule. The radiotracers most commonly used 
for measurement include 125I-iothalamate, 
 99m Tc-DTPA, or 51Cr-EDTA, since they meet 
the necessary requirements for glomerular fi l-
tration. No specifi c transport mechanisms are 
involved in the fi ltration process, and the GFR is 
determined by the sum of hydrostatic and colloid 
osmotic forces across the glomerular membrane. 
Radiopharmaceuticals such as radioiodinated 
hippuran and  99m Tc-mercaptoacetyltriglycine 
(MAG3) are partly fi ltered in the glomerulus but 
mostly excreted by tubular secretion. Compared 
with radioiodinated hippuran (30 % by glomer-
ular fi ltration), most of  99m Tc-MAG3 is bound 
to plasma proteins and only about 10 % may 
undergo glomerular fi ltration. These carboxylate 
substrates are actively transported by the renal 
hippurate anionic transport system of the proxi-
mal convoluted tubule cells [ 30 ].  

3.2.5.4     Phagocytosis 
 Most of the  99m Tc-sulfur colloid (SC) particles 
are in the range of 0.1–1.0 μm. The cells of the 
reticuloendothelial system (RES) engulf the col-
loid particles and remove them from circulation. 
Kupffer’s cells (macrophages in liver sinusoids) 
and reticular cells (macrophages in spleen) accu-
mulate the particles by phagocytosis. Cold 
lesions identifi ed on a liver scan with  99m Tc-SC 
may be due to an intrahepatic tumor displacing 
the usual distribution of RES cells. Similarly, 
radiation damage in liver and bone marrow is 
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seen as cold areas due to decreased RES 
function. 

  99m Tc-SC has been used extensively in lympho-
scintigraphy in order to identify a “sentinel node” 
(fi rst lymph node to receive lymphatic drainage 
from a tumor site) in patients with breast cancer 
and melanoma [ 31 ]. If radiocolloid is introduced 
into the interstitial fl uid, it drains into the lym-
phatic vessels and then into regional lymph nodes. 
Colloid particles smaller than 0.1 μm show rapid 
clearance from the interstitial space into lymphatic 
vessels and signifi cant retention in lymph nodes. 
While normal lymph nodes appear as hot spots, 
cancerous nodes if signifi cantly replaced by tumor 
tissue do not sequester colloids, resulting in lack of 
visualization.    Because of their small particle size, 
 99m  Tc- antimony sulfi de colloid (0.002–0.015 μm) 
and  99m  Tc- human serum albumin, or nanocolloid 
(0.01–0.02 μm), are ideal for lymphoscintigraphic 
studies. Since these agents are not available in the 
United States, fi ltered (using a 0.2-μm fi lter)  99m Tc-
SC preparation is being used for sentinel node 
detection [ 31 ].  

3.2.5.5     Receptor-Mediated Endocytosis 
 There are three main types of endocytosis that are 
distinguished by the size of the vesicle formed 
and the cellular machinery involved. Phagocytosis 
(literally, cell eating) is the process by which 
cells ingest large objects, such as bacteria, 
viruses, or the remnants of cells which have 
undergone apoptosis. The membrane invaginates 
enclosing the wanted particles in a pocket and 
then engulfs the object by pinching it off, and the 
object is sealed off into a large vacuole known as 
a phagosome.    Pinocytosis (invagination) is the 
process concerned with the uptake of solutes and 
single molecules such as proteins. Both phagocy-
tosis and pinocytosis are non-receptor- mediated 
forms of endocytosis and may result in the cell 
engulfi ng nonspecifi c or unwanted particles. 
Receptor-mediated endocytosis is a more specifi c 
active event where the cytoplasm membrane 
folds inward to form coated pits. In this case, pro-
teins or other trigger particles lock into receptors/
ligands in the cell’s plasma membrane. It is then 
and only then that the particles are engulfed. 
These inward budding vesicles bud to form cyto-
plasmic vesicles. This process may also result in 

engulfi ng of unwanted particles, however not to 
the extent of pinocytosis/phagocytosis. 

 Receptor-mediated endocytosis is a process 
by which cells internalize molecules or viruses. 
As its name implies, it depends on the interaction 
of that molecule with a specifi c binding protein in 
the cell membrane called a receptor. It allows 
cells to take up specifi c macromolecules called 
ligands, such as proteins that bind insulin (a hor-
mone), transferrin (an iron-binding protein), or 
low-density lipoprotein cholesterol carriers.   

3.2.6     Metabolic Substrates 
and Precursors 

 Cancer cells have an altered metabolism com-
pared with normal cells. As a result, cancer cells 
use more glucose than normal cells. Due to the 
increased rate of cell proliferation, the protein 
and DNA synthesis is augmented and the cancer 
cells need to transport increased amounts of 
precursors such as amino acids and nucleotides. 
A number of radiopharmaceuticals were devel-
oped based on the increased demand of metabolic 
substrates of tumor cells. 

3.2.6.1     Metabolic Trapping of FDG 
 All cells use glucose to generate metabolic 
energy. For brain tissue, glucose is the primary 
source of energy, but in the heart glucose becomes 
the primary source of energy for ischemic myo-
cardium. Glucose is transported into the cell 
across the plasma membrane by facilitated diffu-
sion, mediated by members of the glucose trans-
porter    (GLUT) protein family [ 32 ]. 

 Similar to glucose, FDG is also transported 
into normal and malignant cells by facilitated dif-
fusion as described earlier. 

   Radiolabeled Amino Acids 
 Since amino acids are the biological building 
blocks of proteins, radiolabeled amino acid 
uptake within tumors may refl ect the increased 
protein synthesis rate of proliferating tumor cells 
or simply an increased rate of amino acid trans-
port across the tumor cell membrane [ 33 ]. 
Methionine has been the most widely used amino 
acid tracer, in the form of l-[methyl- 11 C]methio-
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nine. The predominant mechanism of methionine 
tumor uptake refl ects the increased rate of active 
membrane transport process rather than the rate 
of protein synthesis [ 34 ]. Since tyrosine refl ects 
the protein synthesis rate, radiolabeled tyrosine 
and a number of tyrosine analogs have been 
introduced including l-[1- 11 C]tyrosine, l-[2-18F]
fl uorotyrosine, l-4-[18F]fl uoro-m-tyrosine, and 
l-[3-18F]-a-methyltyrosine (FMT) [ 35 ]. 

 More recently, the tyrosine analog L- O –[2-18F]
fl uorethyltyrosine (FET), which is not incorpo-
rated into proteins but nevertheless transported by 
an active transport mechanism, was developed 
[ 36 ]. FET is stable in vivo with fast brain and 
tumor uptake kinetics, and the biodistribution 
refl ects that of an unnatural amino acid [ 36 ].    

3.2.7     Radiopharmaceuticals for 
Tissue Hypoxia: Imaging 

 Hypoxia may result from either insuffi cient 
regional perfusion (acute or transient hypoxia), 
as in myocardium, or insuffi cient oxygen diffu-
sion (chronic hypoxia), as in tumors. Since 
hypoxia cannot be predicted, noninvasive tech-
niques for identifying hypoxic regions in tumor, 
myocardium, and brain tissue are being devel-
oped. The compound 2-nitro in misonidazole 
(MISO) is transported into the cell by diffusion. 
In the cytoplasm, the nitro group (NO2) 
 undergoes one electron enzymatic reduction to 
the free radical anion [ 37 ]. 

 In normoxic cells, this reaction step is reversed 
by intracellular oxygen and the oxidized mole-
cule diffuses out of the cell. In hypoxic tissue, the 
free radical is further reduced to a reactive spe-
cies, hydroxylamine, and then to an amine [ 37 ]. 
Free radicals are attached irreversibly to cellular 
macromolecules and are retained within the cell. 
Reduction of these molecules occurs in all tissue 
with viable enzymatic processes, but retention 
occurs only in those tissues with low oxygen 
tension. 

 A number of radiolabeled compounds incor-
porating a 2-nitroimidazole moiety to image 
tumor hypoxia have been developed. 
 18 F-fl uoromisonidazole (FMISO) is probably the 

most extensively studied hypoxia-selective 
radiopharmaceutical [ 38 ]. In order to develop 
PET tracers for hypoxia imaging, radiolabeled 
agents of copper have been investigated, since 
copper has an amenable coordination and elec-
trochemistry that would lend itself to redox-
mediated trapping in cells. 

 One of these compounds,  64 Cu-diacetyl 
 bis -(N4-methylthiosemicarbazone) ( 64 Cu-ATSM), 
has been shown to be selectively trapped in 
hypoxic tissue but rapidly washed out of normoxic 
cells [ 39 ]. 

 Among the iodinated compounds, successful 
imaging of tumor hypoxia has been reported 
using a sugar containing the MISO derivative 
 123 I-iodoazomycin arabinoside (IAZA) [ 40 ]. 
Signifi cant in vivo deiodination, however, limits 
the clinical usefulness of this compound. 

 A  99m Tc-labeled hypoxic imaging agent, a pro-
pylene amine oxime (PnAO) derivative of 2-nitro-
imidazole also known as BMS181321, showed 
hypoxia selectivity in tumor models but has slow 
clearance due to high lipophilicity [ 41 ]. It was 
recently reported that a complex of core ligands 
without the nitroimidazole group labeled with 
 99m Tc also showed very high tumor hypoxia selec-
tivity. A prototype formulation of one of these 
compounds,  99m Tc-HL91 (4,9-diaza- 3,3,10,10-
tetramethyldodecan-2,11-dione dioxime), has 
demonstrated uptake in a variety of tumors [ 42 ]. 

  Hypoxia and Tumor pH . Increased glucose 
metabolism of tumor cells was initially recog-
nized in 1925 by Warburg [ 43 ], who observed 
that tumor cells have increased rates of anaerobic 
and aerobic glycolysis compared with most nor-
mal tissues. In glucose metabolism, the initial 
reaction sequence, known as glycolysis, takes 
place in the cytoplasm where glucose is con-
verted to two molecules of pyruvate. Under 
anaerobic conditions (hypoxia), this mechanism 
is unavailable; pyruvate is converted to lactic acid 
by lactate dehydrogenase (LDH) and accumu-
lates. Consequently, the pH of the tumor tissue is 
lightly acidic [ 43 ], compared with normal tissue 
pH of 7.4. The acidic pH of the tumor tissue may 
possibly play a signifi cant role in the mechanism 
of 67Ga localization in tumors. The stability of 
the 67Ga–transferrin complex is very much 

S. Vallabhajosula and A. Owunwanne



59

dependent upon bicarbonate concentration and 
pH; decreasing either bicarbonate or pH would 
help more 67Ga to dissociate from transferrin 
[ 44 ] and would help to generate more free gal-
lium species. The pH of the interstitial fl uid of 
tumors is slightly acidic compared with the nor-
mal tissue, and reducing tumor pH by enhancing 
anaerobic glycolysis in tumor-bearing rats actu-
ally increased 67Ga uptake by tumors [ 44 ].  

3.2.8     Cell Proliferation 
Radiopharmaceuticals 

 In normal tissue, there is a balance between cell 
growth and cell death. Within a tumor, growth is 
favored. Most benign tumors grow slowly over a 
period of years, but most malignant tumors grow 
rapidly, sometimes at an erratic pace. The num-
ber of cells in the S-phase of cell cycle is also 
higher compared with normal cells. As a result, 
there is an increased requirement of substrates 
(nucleotides) for DNA synthesis. Nucleotide 
incorporation into DNA in tumor tissue deter-
mined in vitro using [3H]-thymidine (thymidine 
labeling index) is a measure of tumor prolifera-
tion [ 45 ]. 11C-thymidine has been used for many 
years as a PET tracer to image tumors of the head 
and neck [ 46 ]. Due to the rapid metabolism of 
this tracer in blood, however, the tumor uptake of 
11C-thymidine is not optimal for imaging studies 
and quantitation is diffi cult. 125I-5-iodo-2’-
deoxyuridine (IudR), an analog of thymidine 
(TdR), has recently been developed by replacing 
the 5-methyl group with an iodine atom [ 47 ]. 
Within the tumor cell, IudR is phosphorylated 
and incorporated in DNA [ 48 ]. 

  18 F-fluoro-3′-deoxy-3′-l-fluorothymidine 
(FLT) was developed for imaging cell prolifera-
tion [ 44 ]. Similar to thymidine,  18 FLT is trans-
ported into the cell by both passive diffusion and 
facilitated transport by Na+-dependent carriers, 
where it is phosphorylated by thymidine kinase 1 
(TK1) into  18 FLT-monophosphate that is trapped 
in the cell (Fig.  3.7 ).

   Using 3H-FLT, it has been shown that FLT is 
not incorporated into DNA because it acts as a 
chain terminator due to absence of the 3’-hydroxyl 

group (Fig.  3.7 ).  18 F-FLT is currently being inves-
tigated (a) for imaging malignant tumors. 
However, the uptake of  18 F-FLT has been shown 
to be less than that of  18 F-FDG, resulting in a 
lower sensitivity. Probable explanations include 
the fl uorine substitution in the 3’-position of 
FLT that results in a decreased affi nity for the 
pyrimidine transporter compared to thymidine 
[ 49 ]. The affi nity of FLT for TK is lower than that 
of thymidine. (b)  18 F-FLT is also being investi-
gated as a proliferation tracer because it is phos-
phorylated by TK, and TK activity is very high 
throughout the cell cycle in malignant tumors. 
Hence, FLT can be regarded as a tumor-specifi c 
PET tracer. (c) Finally,  18 F-FLT is undergoing 
evaluation and measurement of the response of 
anticancer therapy.  

3.2.9     Specifi c Receptor Binding 

 The term receptor is generally used to denote a 
specifi c cellular binding site for a small ligand, 
such as peptide hormones and neurotransmitters. 
In the case of antigen-antibody interactions, anti-
gen expressed on a cell may be regarded as a 
receptor for a specifi c antibody. Antigen molecules 
may be present either in or on cells but may be also 
secreted into the extracellular fl uid and circulation. 
Since the mechanism of localization of receptor- 
binding radiopharmaceuticals is specifi c and 
depends on receptor or antigen expression of the 
tumor tissue, multiple factors representing many 
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  Fig. 3.7    Intracellular phosphorylation of  18 FLT to  18 FLT 
monophosphate by thymidine kinase 1       

 

3 Basis of Radiopharmaceutical Localization



60

characteristics of the radiopharmaceutical will 
infl uence the uptake of radiotracer in the target 
tissue, the image quality, and ultimately the clini-
cal utility of these agents. The major factors 
include (a) blood clearance, (b) specifi c activity, 
(c) affi nity of the tracer, (d) immunoreactivity or 
the relative biological potency, (e) in vivo stability, 
(f) nonspecifi c binding, and (g) blood fl ow and 
perfusion of the tumor tissue. 

3.2.9.1     Radiolabeled Peptides 
  Somatostatin Receptors . There are two naturally 
occurring bioactive somatostatin (SST) products, 
a 14-amino-acid (SST14) and a 28-amino-acid 
(SST28) form. SST is secreted throughout the body 
and has multiple physiological functions includ-
ing the inhibition of secretion of growth hormone, 
glucagon, insulin, gastrin, and other hormones by 
the pituitary and gastrointestinal tract. The diverse 
biological effects of SST are mediated through a 
family of G-protein-coupled receptors, of which 
fi ve subtypes have been identifi ed by molecular 
cloning [ 50 ]. Human SST receptors (SSTR) have 
been identifi ed on many cells of neuroendocrine 
origin as well as on lymphocytes. In addition, most 
neuroendocrine tumors, small-cell lung cancers, 
and medullary thyroid carcinomas express SSTRs 
in high density [ 51 ,  52 ]. The expression of SSTR 
subtypes in human tumor tissues, however, seems 
to vary with tumor type. A number of somatosta-
tin analogs (seglitide, octreotide, Somatuline, or 
lanreotide) with greater biological stability than 
SST14 have been synthesized. 

 These derivatives consist of hexapeptide and 
octapeptide molecules, which incorporate the 
biologically active core of SST14 [ 53 ]. It is 
important to recognize that SST14 binds to all 
fi ve SSTR subtypes with comparable affi nity. By 
contrast, octreotide binds with higher affi nity to 
SSTR 2, 3, and 5, while lanreotide and RC-160 
bind to SSTRs    1 and 4 with comparable affi nity. 
None of the synthetic peptides show high-affi nity 
binding to SSTR 1. 

  Radiolabeled SST Analogs . 111In-DTPA-d- 
Phe1-pentetreotide or Octreoscan (Mallinckrodt 
Inc, St. Louis), with a high specifi c activity 
(5–6 mCi of 111In/10 μg octreotide), was devel-
oped. Following intravenous administration, 
Octreoscan is rapidly cleared from the circulation 

via the kidneys (about 50 % within 5 h), provid-
ing an image with less intestinal activity than 
123I-Tyr3-octreotide. The prolonged residence 
time of 111In activity in the kidneys suggests that 
following glomerular fi ltration, part of the radio-
labeled peptide is actively reabsorbed in the renal 
tubules [ 53 ]. Octreoscan binds to SSTR 2 and 5 
subtypes with greater affi nity than the unlabeled 
octreotide. 

 Because 111In has limited radionuclide prop-
erties and availability and is fairly costly, attempts 
were made to develop  99m Tc-labeled somatostatin 
analogs. Although  99m Tc depreotide showed good 
NET uptake, it was not as good as 111In-DTPA- 
octreotide [ 54 ]. Later  99m Tc-HYNIC-TATE/TOC 
were developed and they were shown to have bet-
ter image quality and detected    more lesions than 
111In-DTPT-octreotide [ 55 ]. However,  99m  Tc-
HYNIC - TATE appeared to be better than  99m  Tc-
HYNIC - TOC in detection of lymph node and 
liver metastases probably due to its higher hydro-
philicity [ 56 ]. Ambrosini et al. in a detailed 
review of radiolabeled somatostatin analogs con-
cluded that  99m Tc-labeled somatostatin analogs 
were better than 111In-DTPA-octreotide because 
they offered better images, are readily available, 
and have higher sensitivity and lower radiation 
absorbed dose [ 57 ]. 

 Due to the very specifi c localization of octreo-
tide analogs in neuroendocrine tumors, radiola-
beled SST analogs were also developed for the 
therapy of neuroendocrine tumors. Structure–
activity studies suggest that substitution of Tyr 
amino acid residue for the Phe3 position in the 
octreotide molecule provides favorable SSTR 
binding affi nity of the octreotide molecule [ 58 ]. 

 Based on these chemical and pharmaco-
logical advantages, 90Y-DOTA-Tyr3-octreotide 
(DOTATOC) was developed. Similar to 
Octreoscan, 111In- or 90Y-labeled DOTATOC 
also binds with nanomolar affi nity to tumor cells 
expressing the SSTR 2 subtype [ 58 ,  59 ]. Since 
lanreotide binds to SSTR 2–5 subtypes with equal 
or slightly higher affi nity than octreotide, radio-
labeled lanreotide analogs have been developed 
for therapy. Unlike Octreoscan, 111In-DOTA-
lanreotide binds to SSTR 2–5 subtypes with high 
affi nity ( K d 1–10 n M ) and to SSTR1 with low 
affi nity ( K d 200 n M ) [ 60 ]. 99Y-   DOTATOC has 
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been evaluated for treatment of gastroentero-
pancreatic neuroendocrine tumors (GEPNET); 
however, 90Y radionuclide does not emit accom-
panying gamma ray(s) for imaging therapeutic 
effi cacy [ 56 – 59 ]. 177LuDOTATOC has also 
been evaluated for treating GEPNET and 177Lu 
emits gamma ray that can be used for post-thera-
peutic monitoring [ 61 – 64 ]. 68GaDOTATOC and 
   DOTATATE may be the radiopharmaceuticals of 
choice for peptide receptor radionuclide therapy 
(PRRT) principally due to the fact that 68Ga is a 
positron-emitting radionuclide that can be used 
in PET/CT imaging [ 65 – 67 ]. 

  VIP Receptors . Vasoactive intestinal peptide 
(VIP) is a 28-amino-acid neuroendocrine media-
tor with a broad range of biological activity in 
diverse cells and tissues. In addition to being a 
vasodilator, VIP promotes the growth and prolif-
eration of normal and malignant cells. Cell- 
membrane VIP receptors are widely distributed 
throughout the gastrointestinal tract, but they are 
also found on various other cell types. Increased 
VIP receptor expression has been seen on adeno-
carcinomas, breast cancers, melanomas, neuro-
blastomas, and pancreatic carcinomas [ 68 ]. 

  123I-VIP . High-specifi c-activity 123I-VIP 
(150–200 MBq/μg) was prepared by Virgolini 
et al. [ 69 ]. In clinical studies they were able to 
demonstrate specifi c uptake in primary tumors as 
well as in liver, lung, and lymph node metastases 
of pancreatic adenocarcinoma, colon adenocarci-
noma, or gastrointestinal neuroendocrine tumors. 
In vitro receptor studies with cloned VIP recep-
tors clearly demonstrated that 123I-VIP bound to 
VIP receptors as well as the unlabeled VIP [ 70 ]. 
In addition, they observed interaction between 
VIP and SST on various cell types, including pri-
mary tumor cells.  

3.2.9.2     Steroid Hormone Receptors 
 Sex steroid hormones – estrogen, progesterone, 
and testosterone – bind with high affi nity to 
intracellular receptors. The majority of breast 
cancers are hormone dependent, as indicated by 
increased expression of intracellular estrogen or 
progesterone receptors. Noninvasive quantitative 
imaging of estrogen or progesterone receptor 
content in breast cancer may be useful for pre-
dicting the responsiveness of hormonal therapy. 

Various steroid and nonsteroid estrogen analogs 
have been radiolabeled with positron-emitting 
radionuclides, 77Br and  18 F. Among these trac-
ers, 16-[ 18 F]fl uoro-17q-estradiol (FES) showed 
high affi nity and selectivity to estrogen receptors 
and has shown a potential for detecting estrogen 
receptor-positive metastatic foci [ 71 ]. Similarly, 
21-[ 18 F]fluoro-16a-ethyl-19-norprogesterone 
(FENP) has shown a potential for imaging pro-
gesterone receptors [ 66 ]. Recently, 123I-labeled 
 cis  -11q-methoxy-17a-iodovinylestradiol 
(Z-[123I]MIVE) was introduced as a radioligand 
to image estrogen receptor expression in breast 
cancers [ 72 ]. These radiotracers are transported 
into the cell by passive diffusion and bind to ste-
roid receptors within the nucleus.  

3.2.9.3     Adrenergic Presynaptic Receptors 
and Storage 

 Tumors arising from the neural crest share the 
characteristic of amine precursor uptake and 
decarboxylation (APUD) and contain large 
amounts of adrenaline, dopamine, and serotonin 
within the secretary granules in cytoplasm. 
Tumors of the adrenergic system include pheo-
chromocytomas (arise in adrenal medulla) or 
paragangliomas (extra-adrenal tissue). Meta- 
iodobenzylguanidine (MIBG) is an analog of 
noradrenaline, originally developed by Wieland 
et al. [ 73 ]. 131I-MIBG was initially used to 
image pheochromocytoma. It has since been 
used for imaging neuroblastoma, medullary thy-
roid carcinoma, retinoblastoma, melanoma, and 
bronchial carcinoma. Jaques et al. [ 74 ] observed 
that 131IMIBG accumulated in the chromaffi n 
cells of the adrenal medulla. Since MIBG is 
structurally similar to noradrenaline, MIBG is 
believed to be transported into the cell by the 
reuptake pathways of the adrenergic presynaptic 
neurons [ 74 ]. Within the cells, MIBG is trans-
ported into the catecholamine-storing granules 
by means of the ATPase-dependent proton 
pump. The major difference between MIBG and 
noradrenaline is that MIBG does not bind to 
postsynaptic adrenergic receptors. Reduced 
131I-MIBG uptake by the tumors is seen in 
patients using drugs such as labetolol, calcium 
channel blockers, and antipsychotic and sympa-
thomimetic agents.  
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3.2.9.4     LDL Receptors 
 Plasma low-density lipoprotein (LDL) carries 
cholesterol to the adrenal glands. Cholesterol 
is the substrate for adrenal steroid hormone 
(cortisol and aldosterone) synthesis. 131I-6q- 
iodomethyl-19-norcholesterol (NP-59) is the 
agent of choice for imaging patients with adre-
nal cortical diseases [ 75 ]. Two other analogs, 
131I-6-iodocholesterol (Ioderin) and    75Se-β-
iodomethyl-19-norcholesterol (Scintadren), have 
also been proven to be clinically useful for imag-
ing the adrenal glands. NP-59 and other radio-
iodinated cholesterol analogs are transported by 
plasma LDL and are accumulated in the adrenal 
cortex via LDL receptors. Subsequently, NP-59 
is esterifi ed like cholesterol and stored intracellu-
larly without further metabolism or incorporation 
into adrenocortical steroid hormones. Normal 
adrenal glands show bilateral symmetrical uptake 
of NP-59. Bilateral increased adrenal uptake of 
NP-59 may be due to Cushing’s disease (excess 
ACTH production by a pituitary adenoma) or to 
ectopic secretion of ACTH. Adrenal adenoma 
is identifi ed as intense unilateral uptake while 
adrenal carcinoma shows no uptake of NP-59. 
Dexamethasone, which suppresses pituitary 
ACTH secretion, decreases the uptake of NP-59 
by the adrenal cortex, while intramuscular admin-
istration of ACTH increases NP-59 accumulation 
by the adrenal cortex [ 75 ].  

3.2.9.5    Radiolabeled Antibodies 
 Antibodies (Ab), also called immunoglobulins 
(Ig), are a group of glycoprotein molecules pro-
duced by B-lymphocytes in response to anti-
genic stimulation. Each antibody binds to a 
restricted part of the antigen called an epitope. 
A particular antigen can have several different 
epitopes. However, a monoclonal antibody 
(MAb) is specifi c for a particular epitope rather 
than the whole antigen molecule. IgG is the 
major immunoglobulin in human serum and may 
be thought of as a typical antibody. It has a 
molecular weight of 146,000 Da and a plasma 
half-life of 21 days. The enzyme pepsin cleaves 
the IgG molecule to yield the F(ab’)2 and Fc’ 
fragments, while the enzyme papain splits the 
IgG molecule into two Fab fragments and the Fc 
fragment. The Fab region binds to the antigen, 

while the Fc region mediates effector functions 
such as complement fi xation and monocyte bind-
ing. Almost all MAbs used in nuclear medicine 
for diagnosis and therapy belong to the IgG class. 
MAbs derived from mice are called murine 
MAbs. Since the Fc portion of the murine anti-
body is antigenic in human beings and induces 
the formation of human antimouse antibody 
(HAMA), chimeric antibodies are being devel-
oped in which murine variable regions of    Fab are 
attached to constant regions of human IgG. 

 The most important requirement in develop-
ing radiolabeled antibodies for diagnosis and 
therapy is to identify an antigen or an epitope 
specifi c to a particular type or class of cancer or 
tissue. Most tumor cells synthesize many pro-
teins or glycoproteins that are antigenic in nature. 
These tumor-associated antigens (TAA) such as 
CEA, TAG-72, PSA, and PSMA may also be 
expressed in small amounts in normal cells, but 
tumor cells typically produce them in large 
amounts. A number of radiolabeled antibodies 
and antibody fragments specifi c for TAAs have 
been developed for both diagnosis and therapy of 
tumors (Table  3.2 ). Another important require-
ment for radiolabeling antibodies is that the 
radionuclide to be used should match the phar-
macokinetics of the antibody. Thus, radionu-
clides with short half-lives such as  99m Tc and 123I 
are best suited for labeling antibody fragments 
with faster blood clearance, while 111In and 
131I, with comparatively longer half-lives, may 
be better for labeling intact antibodies. While 
123I,  99m Tc, and 111In are preferred radionu-
clides for imaging studies, a number of beta 
radionuclides such as 131I, 90Y, and 188Re are 
attached to antibodies for targeted radioimmuno-
therapy of cancer. Radiolabeling techniques have 
been designed to produce high-specifi c-activity 
radiolabeled antibodies while preserving the 
immunoreactivity of the labeled antibody. 

  Radioiodinated Antibodies .  131 I is the most 
commonly used radionuclide for both diagnostic 
and therapeutic studies. Its physical half-life of 8 
days is ideally suited for labeling the IgG mole-
cule. High-specifi c-activity (10–15 mCi/mg) 
radioiodinated antibody can be easily prepared 
using the iodogen method. Since radioiodide 
atoms label the tyrosine residues in the antibody 
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molecule, it is quite possible that tyrosine resi-
dues of the variable region of the IgG molecule 
are labeled, resulting in signifi cant loss of immu-
noreactivity and tumor localization of the radio-
labeled antibody.  131 I-anti-B1 antibody (BEXAR) 
binds specifi cally to the CD20 antigen on tumor 
cells and is being evaluated for the treatment of 
non-Hodgkin’s lymphoma [ 76 ]. 

   99m   Tc-Labeled Antibodies . Antibody molecules 
can be labeled with  99m Tc using either direct or 
indirect labeling techniques. The direct labeling 
technique involves reduction of disulfi de groups 
of the antibody molecule and subsequent labeling 
of reduced  99m Tc to the sulfi de moieties of the anti-
body. This is the technique most commonly used 
to label antibody fragments such as CEA-Scan 
and Verluma. CEA-Scan binds to a 200-kd CEA 
antigen on tumor cells and is useful for imaging 
colorectal cancer. Verluma binds to a 40-kd cell 
surface glycoprotein present in lung tumor cells; it 
is useful for imaging small-cell lung cancer. The 
indirect method involves linking  99m Tc to the anti-
body through a ligand which binds to the amino 
groups of the lysine and arginine residues of the 
antibody [ 77 – 79 ]. Depending on the ligand used 
the  99m Tc is bound either to the antibody [ 77 ] or to 
the ligand [ 78 ,  79 ]. With iminothiolane as the con-
jugate ligand, also the reducing agent, the  99m Tc is 
bound to the antibody through the –SH group[63a], 
but with N2S2 or N3S tetradentate ligands, the 
 99m Tc is bound to the ligand[63b,c]. The  99m Tc-
labeled ligand may be preformed and attached to 
the antibody as exemplifi ed by  99m Tc-diamide 
dithiolate [ 99m TcDADS   ] or    the ligand–antibody 
may fi rst be derivatized and reduced  99m Tc is 
added to form the     99m Tc–ligand–antibody.    The 
derivatization procedure lends itself to a one step 
fi nal preparation because the mixture of ligand, 
antibody and reducing agent, stannous ion can be 
lyophilized and ready for use. 

   111   In- and    90   Y-Labeled Antibodies . Indirect 
labeling of antibodies with radiometals such as 
 111 In or  90 Y requires a bifunctional chelating 
agent, which is attached covalently to the anti-
body molecule. To develop a radiolabeled anti-
body that is stable in vivo, the choice of a chelating 
agent depends on the radiometal to be complexed. 
DTPA or isothiocyanatobenzyl- DTPA chelating 
agents provide high in vivo stability to  111 In-labeled 

antibodies. However, a major disadvantage of 
111In-conjugated- antibody is the high concentra-
tion of radioactivity in the liver, spleen, bone mar-
row, and intestine, while the major advantages 
include the possibility of kit formation and rea-
sonable long physical half-life of 111In. For 
radiometals such as  90 Y and  76 Cu, however, mac-
rocyclic bifunctional chelating agents such as 
DOTA and TETA provide greater in vivo stability. 
To preserve the immunoreactivity of the antibody, 
the preferred site for conjugation of the chelating 
agent is the Fc segment (as in the case of 
ProstaScint and OncoScint) of antibody since this 
region does not participate in antigen binding. 
OncoScint binds to TAG-72 antigen on tumor 
cells and is useful for imaging colorectal and 
ovarian cancer. ProstaScint binds to an intracel-
lular epitope of prostate-specifi c membrane anti-
gen (PSMA) on prostate cancer cells and is useful 
for imaging prostate carcinoma. Even random 
attachment of the chelating agent on the antibody 
appears to provide radiolabeled antibodies with 
high specifi c activity and immunoreactivity, as in 
the case of  90 Y-IDEC- Y2B8  [ 80 ]. The localization of 
radiolabeled antibodies and antibody fragments 
in tumor tissue depends on many factors such as 
blood clearance, tumor blood fl ow, tumor mass, 
and tumor cell viability. For antibodies that are 
internalized following binding to antigen on the 
cell surface, radiolabeling with  111 In and  90 Y pro-
vides greater intracellular retention of radioactiv-
ity than radioiodinated antibodies. 

  Radiolabeling Antibodies In Vivo Using Biotin/
Streptavidin . The relatively long residence time of 
radiolabeled antibodies in circulation increases 
the background and decreases the target/back-
ground ratio, as well as increasing the radiation 
dose to bone marrow. In order to accelerate the 
clearance of radiolabeled antibodies from the 
circulation and to improve the delivery of radio-
nuclides to the tumor tissue, biotin and streptavi-
din have been used in a two- or three- step process. 
Streptavidin and avidin are proteins (60–66 kd) 
with a very high affi nity ( K  d  = 10 −15   M ) for biotin, 
a vitamin (244 D) [ 81 ]. In a two-step method, 
patients are fi rst injected with cold biotin- labeled 
antibodies [ 82 ]; 3–4 days later radiolabeled avidin 
is administered, removing the circulating antibod-
ies rapidly as well as binding to the pretargeted 
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biotin–antibody complex at the tumor site. This 
approach is very effective for both diagnosis and 
therapy. A three-step method [ 83 ], designed spe-
cifi cally for imaging studies, includes the follow-
ing steps: (a) tumor pretargeting by cold 
biotin-labeled antibody; (b) subsequent (1 or 2 
days later) administration of cold avidin to remove 
the circulating antibodies and avidinate the 
biotin– antibody complex at the tumor site; and (c) 
administration of radiolabeled biotin, which 
clears rapidly from the circulation and binds to 
the avidin–biotin–antibody complex at the tumor 
site. A number of clinical studies have demon-
strated the advantage of this approach.   

3.2.10     Imaging Gene Expression 
Mechanism 

 Following the completion of human genome 
sequencing, the discovery of molecular mecha-
nisms of carcinogenesis and the signifi cant 
advances in gene therapy, it may be possible to 
assess gene function and regulation by radionu-
clide imaging of gene expression. Radionuclide 
imaging of gene expression involves two main 
general methods: either using antisense oligonu-
cleotides targeted towards the mRNA of a par-
ticular gene or using reporter genes to track the 
expression of endogenous or exogenous genes, 
thus creating new and exciting opportunities for 
the development of radiopharmaceuticals to 
image specifi c genes and gene expression in 
tumors. Currently, new generation of positron- 
and single-photon-emitting radiotracers will be 
under intense clinical evaluation for imaging 
gene expression. 

3.2.10.1    Antisense Imaging 
 Antisense RNA and DNA techniques were devel-
oped originally to modulate the expression of 
specifi c genes based on studies using bacteria 
that showed that these organisms are able to reg-
ulate gene replication and expression by produc-
ing small complementary RNA molecules in an 
opposite direction (antisense), the rationale being 
that once one gene sequence is known, its expres-
sion can be selectively inhibited, modulated, or 

silenced by the application of synthetic single- 
strand nucleic acid segments (oligonucleotides) 
whose sequence is in the opposite direction of 
replication, transcription, splicing, transporta-
tion, or translation of the targeted mRNA of a 
particular gene. Thus, these antisense oligonucle-
otides have emerged as highly selective inhibi-
tors or modulators of gene expression. When 
labeled to an appropriate radionuclide, the anti-
sense oligonucleotide can be used for imaging or 
therapy. 

 Unfortunately, oligonucleotides are poor phar-
maceuticals because of their large size, low stabil-
ity, and poor membrane permeability.    Hence, 
chemically modifi ed oligonucleotides such as 
phosphorothioate, methylphosphonate, and pep-
tide nucleic acid oligomers have been developed 
and labeled with radionuclides.    These radiola-
beled antisense oligonucleotides ideally should be 
easy to synthesize, stable in vivo, have high 
uptake into and accumulate in the cell, and have 
minimal interaction with other macromolecules. 
For imaging the antisense radiopharmaceutical 
can be used for (a) visualization of the expression 
of specifi c genes in vivo, (b) therapeutic monitor-
ing of the effort to block the expression of the spe-
cifi c gene, and c) gene radiotherapy [ 84 ]. A few 
oligonucleotides have been labeled mostly with 
 99m Tc [ 85 ,  86 ] and 111In [ 87 ,  88 ]. The in vitro 
study of vascular smooth muscle cells has shown 
that  99m Tc-labeled antisense oligonucleotide to 
proliferating cell nucleus antigen may be useful 
for in vivo imaging of atherosclerotic plaque and 
restenosis [ 68 ]. An  111 In-labeled antisense oligo-
nucleotide (15 bases long) has demonstrated spe-
cifi c binding to isolated mRNA in vitro, thus 
indicating that it could be used to image the c-myc 
oncogene [ 75 ]. Though an attempt to label anti-
sense oligonucleotide with  18 F was successful, the 
nucleotide was not selective for inducible NO 
   synthase expressing cells [ 89 ].  

3.2.10.2    Reporter Gene Imaging 
 Molecular biologists have used reporter genes to 
study promoter/promoter elements involved in 
gene expression, inducible promoters to exam-
ine the induction of gene expression, but their 
methods are not able to invasively determine the 
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locations or magnitude of gene expression in a 
living human being [ 90 ]. However, radionuclide 
imaging offers such a possibility. For imaging, 
reporter genes can be classifi ed into two catego-
ries: (a) those that lead to the production of an 
enzyme that is capable of metabolizing or trap-
ping a reporter probe and (b) those that lead to 
the production of a protein that acts as a receptor 
for binding intracellularly or extracellularly with 
the reporter probe. 

 In imaging the herpes simplex virus type 1 thy-
midine kinase (HSV1-tk) reporter gene, various 
reporter probes such as 9-(4-18F-fl uoro-3-
[hydroxymethyl]butyl)guanine (FHBG) [ 91 ] and 
2′-fluoro2′deoxy-1B-arabinofuranosy-5-iodo- 
uracil (FIAU) [ 92 ,  93 ] have been developed in 
which the reporter probe is trapped due to 
 phosphorylation by the protein product, HSV1-TK. 
Imaging gene expression that involves receptor 
binding is exemplifi ed by using dopamine type 2 
receptor (D2R) as gene reporter and 3-(2′-18F 
fl uoroethyl)spiperone as a reporter probe 
( 18 F-FESP) [ 94 ,  95 ]. The D2R is expressed primar-
ily in the brain striatum and in the pituitary glands. 
The  18 F-FESP binds with high affi nity to D2R. 
Other reporter probes for D2R, 11C-raclopride 
and 123I-iodobenzamine, have been developed 
and tried in animals and humans. 

 The reporter gene should have ideal character-
istics as adequately reviewed by Gambhir et al 
[ 90 ]. Some of those characteristics include the 
following: (a) the presence of the reporter gene in 
mammalian cells but not expressed in order to 
prevent an immune response; (b) when expressed, 
the reporter gene protein should produce specifi c 
reporter probe accumulation only on those cells 
in which it is expressed; and (c) when not 
expressed, there should not be a signifi cant accu-
mulation of reporter probe in the cells.       
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4.1            Introduction 

 Infl ammation 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 delineation 
of the site and extent of infl ammation are crucial 
to the clinical management of infection and for 
monitoring the response to therapy [ 2 ]. 

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

 Infl ammation is a complex tissue reaction to 
injury. Injury may be caused not only by living 
microbes, i.e., bacteria, viruses, or fungi, leading 
to infection, but also by injurious chemical, phys-
ical, immunological, or radiation agents:
•    Physical agents

 –    Trauma  
 –   Heat     

•   Chemical agents
 –    Chemotherapy  
 –   Industrial accidents     

•   Immunological agents
 –    Antigen-antibody reactions     

•   Radiation
 –    Radiation therapy  
 –   Nontherapeutic radiation exposure       

 Infl ammation is fundamentally a protective 
reaction against the cause of cell injury as well as 
the consequence of such injury. However, infl am-
mation is potentially harmful and may even be 
life threatening. Since most of the essential 
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 components of the infl ammatory process are 
found in the circulation, infl ammation occurs 
only in vascularized tissue. Infl ammation is gen-
erally considered a nonspecifi c response, because 
it happens in the same way regardless of the stim-
ulus and the number of exposures to the stimulus 
[ 2 ]. This is different from the immune system, 
which has memory, and the antigens are specifi c 
and induce a specifi c response.  

4.2     Classifi cation of 
Infl ammation 

 Infl ammation may be classifi ed as acute or 
chronic. Acute infl ammation 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 infl ammation, on the other 
hand, is of longer duration and may last from 
weeks to years [ 3 ]. The distinction between acute 
and chronic infl ammation, however, depends not 
only on the duration of the process but also on 
other pathological and clinical features.  

4.3     General Pathophysiological 
Changes of Infl ammation 

4.3.1     Local Pathophysiological 
Changes of Infl ammation 

4.3.1.1     Acute Infl ammation 
 Acute infl ammation continues only until the 
threat to the host has been eliminated, which usu-
ally takes 8–10 days, although this is variable. 
Infl ammation is generally considered to be 
chronic when it persists for longer than 2 weeks 
[ 2 ]. Many regional and systemic changes accom-
pany acute infl ammation and are mediated by 
certain chemicals produced endogenously called 
chemical mediators and are behind the spread of 
the acute infl ammatory response following injury 
to a small area of tissue into uninjured sites. 
These chemical mediators include mediators 
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 coagulation fac-
tors, and the fi brinolytic system which produce 
several infl ammatory mediators [ 4 – 6 ]. Table  4.1  
summarizes the main chemical mediators of 
infl ammation.

   Acute infl ammation is characterized by the 
following major regional components: 

   Local Vascular Changes 
     1.    Vasodilation following transient vasoconstric-

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

   2.    Increased vascular permeability due to:
•    Contraction of endothelial cells with wid-

ening of intercellular gaps  
•   Direct endothelial injury, resulting in endo-

thelial cell necrosis and detachment  
•   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.  

•   Angiogenesis: With infl ammation, 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 fl uid 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  4.1  
and  4.2  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 infl am-
matory extravascular fl uid with a high protein 
content, much cellular debris, and a specifi c grav-
ity above 1.020. This is the hallmark of acute 
infl ammation, which may also be called exudative 
infl ammation. It indicates signifi cant alteration in 
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the normal permeability of the small blood ves-
sels in the region of injury. 

 The two components of exudate, fl uid and 
protein, serve good purposes. Fluid increase 
helps to dilute the toxins. Protein increase 
includes globulins that provide protective anti-
bodies, while fi brin helps to limit the spread of 
bacteria and promotes healing. Exudate varies in 
composition. In early or mild infl ammation, it 
may be watery (serous exudate) with low plasma 
protein content and few leukocytes. In more 

advanced infl ammation, the exudate becomes 
thick and clotted (fi brinous exudate). When large 
numbers of leukocytes accumulate (Fig.  4.3 ), 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 
 “transudate,” which is a fl uid with low protein 

   Table 4.1    Chemical mediators of infl ammation   

 Mediator  Characteristics and role in infl ammation 

 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 infl ammation 

 Coagulation factors  Responsible for the conversion of soluble fi brinogen into fi brin, a 
major component of the acute infl ammatory exudate 

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

4 Infl ammation



72

concentration and a specifi c gravity of less than 
1.012. Transudation is associated with normal 
endothelial permeability [ 3 ,  5 ].  

   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.  4.1 ).   

   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 
infl ammatory 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, 
basophils, and some lymphocytes, respond to 
such stimuli and aggregate at the site of 
infl ammation. The primary chemotactic fac-
tors include bacterial products, complement 
components C5a and C3a, kallikrein and plas-
minogen activators, products of fi brin degra-
dation, prostaglandins, and fi brinopeptides. 
Histamine is not a chemotactic factor but 
facilitates the process. Some bacterial toxins, 

Normal Acute inflammation

  Fig. 4.1    Vasodilation of vessels and opening of the intercellular gaps in infl ammation       

Normal

Margination

Emigration

Chemotaxis

Phagocytosis

Focus of
infection

  Fig. 4.2    Sequence of cellular changes that accompany 
infl ammation       
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particularly from gram-negative bacteria and 
streptococcal streptolysins, inhibit neutrophil 
chemotaxis [ 2 ,  3 ,  5 ].   

   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 
Infl ammation 

 Acute infl ammation has several possible local 
sequelae. These include resolution, suppuration 
(formation of pus), organization, and progression 
to chronic infl ammation. Resolution means com-
plete restoration of tissues to normal.    Organization 
of tissues refers to their replacement by granula-

tion tissue with formation of large amounts of 
fi brin, growth of new capillaries into fi brin, 
migration of macrophages into the zone, and pro-
liferation of fi broblasts resulting in fi brosis and 
consequently exudate becoming organized.  

4.3.1.3     Chronic Infl ammation 
 Acute infl ammation may progress to a chronic 
form characterized by reduction of the number of 
polymorphonuclear leukocytes but proliferation 
of fi broblasts with collagen production. 
Commonly, chronic infl ammation may be pri-
mary with no preceding acute infl ammatory 
 reaction. Chronic infl ammation, whether follow-
ing acute infl ammation or not, is characterized by 
a proliferative (fi broblastic) rather than an exuda-
tive response with predominantly mononuclear 

a b

  Fig. 4.3    ( a ) Microphotograph of acute infl ammation 
showing numerous infl ammatory cells particularly poly-
morphonuclear leukocytes, which are identifi ed better 
( arrows ) on higher power. ( b ) Microphotograph of 

chronic infl ammation illustrating the different types of 
infl ammatory cells, the mononuclear cells including lym-
phocytes ( arrow ) and plasma cells ( open arrow )       
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cell infi ltration (macrophages, lymphocytes, and 
plasma cells) (Fig.  4.3b ). Vascular permeability 
is also abnormal, but to a lesser extent than in 
acute infl ammation with formation of new 
capillaries.  

4.3.1.4     Abscess Formation 
 Abscess is defi ned as a collection of pus in tissues, 
organs, or confi ned spaces, usually caused by bac-
terial infection. The fi rst phase of abscess forma-
tion is cellulitis, characterized by hyperemia, 
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 infl ammation.   

4.3.2     Systemic Pathophysiological 
Changes of Infl ammation 

 Three major systemic changes are associated with 
infl ammation: leukocytosis, fever, and an increase 
in plasma proteins. Leukocytosis is an increased 
production of leukocytes due to stimulation by 
several products of infl ammation such as comple-
ment component C3a and colony- stimulating fac-
tors. A febrile response is due to the pyrogens. The 
increase in plasma proteins is due to the stimula-
tion of the liver by some products of infl ammation, 
leading to increased synthesis of certain proteins 
referred to as acute-phase reactants which include 
C-reactive protein, fi brinogen, and haptoglobin 
and are anti- infl ammatory [ 2 ].  

4.3.3     Pathophysiological Changes 
of Healing 

 Healing of tissue after injury is closely linked to 
infl ammation since it starts by acute infl amma-
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 infl ammation occurs fi rst 
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 fi broblasts followed by collagen 
synthesis. The maturation phase is characterized 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 Infl ammation 

4.4.1     Abdominal Infl ammation 

 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 infl ammation of the soft tissue prior to or 
without formation of an abscess; and peritonitis. 
Abscesses fall into three categories:
    1.    Intraperitoneal abscess

 –    Subphrenic  
 –   Midabdominal  
 –   Right lower quadrant  
 –   Left lower quadrant  
 –   Pelvic abscess      

   2.    Retroperitoneal abscess
 –    Anterior retroperitoneal  
 –   Perinephric      

   3.    Visceral abscess
 –    Hepatic  
 –   Pancreatic  
 –   Splenic        

 The organisms causing abscesses may reach 
the tissue by direct implantation such as penetrat-
ing trauma, may spread from contiguous infec-
tion, through hematogenous or lymphatic routes 
from a distant site, or through migration of resis-
tant fl ora 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; chemical or 
immunological irritation; and ischemia. 
Abdominal surgery (particularly of the colon, 
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appendix, and biliary tree) and trauma are the 
most common; less common are appendicitis, 
diverticulitis, and pelvic infl ammatory disease. 
The formation of fi brin in the abdominal cavity is 
a common pathophysiological pathway for 
abdominal abscess formation due to diminished 
fi brin degradation. Hyaluronan-based agents were 
found to reduce adhesion formation after surgery 
and reduce abscess formation in experimental 
peritonitis. Possible mechanisms of action of 
hyaluronan include modulation of the infl amma-
tory response and enhanced fi brinolysis [ 7 ]. Low 
pH, large bacterial inocula, poor perfusion, the 
presence of hemoglobin, and large amounts of 
fi brin (which impedes antibiotic penetration) 
make the abscess a cloistered environment that is 
penetrated poorly by many antimicrobial thera-
pies [ 8 ,  9 ]. Therefore, management of these infec-
tions 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 sur-
gical drainage should be used. Broad-spectrum 
antibiotics should be given until culture and sensi-
tivity data are obtained. Localization is crucial 
since, for example, percutaneous drainage is inap-
propriate for abscesses in certain locations such as 
the posterior subphrenic space or in the porta 
hepatis. 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 [ 10 ]. 

 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 macro-
phages). This pathophysiological change associ-
ated with the chronic state explains the better 
diagnostic accuracy of labeled leukocyte scans in 
acute as opposed to chronic abscesses. 

 Infl ammatory 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 
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 [ 11 ]. 

 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 identifi cation of the  NOD2  gene 
(now called  CARD15 ) as the fi rst gene clearly 
associated with IBD (as a susceptibility gene for 
Crohn’s disease). Studies have also provided 
strong support for IBD susceptibility genes on 
chromosomes 5 (5q31) and 6 (6p21 and 19p). 
None of these mechanisms have been implicated 
as the primary cause, but they are postulated as 
potential causes. The lymphocyte population in 
persons with IBD is polyclonal, making the search 
for a single precipitating cause diffi cult. The trig-
ger for the activation of the immune response has 
not been defi ned. However, possible triggers 
include a pathogenic organism (unidentifi ed yet), 
an immune response to an intraluminal antigen 
(e.g., cow’s milk protein), or an autoimmune pro-
cess with immune response to an intraluminal 
antigen and a similar antigen present on intestinal 
epithelial cells. In any case, activation of the 
immune system leads to infl ammation of the 
intestinal tract, both acute and chronic [ 12 – 19 ]. 

 The pathophysiology of IBD is still incom-
pletely understood and is under active investiga-
tion, but the common end pathway is infl ammation 
of the mucosal lining of the intestinal tract, caus-
ing ulceration, edema, bleeding, and fl uid and 
electrolyte loss. The infl ammation of the intesti-
nal mucosa includes both acute infl ammation 
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with neutrophilic infi ltration and chronic with 
mononuclear cell infi ltration (lymphocytic and 
histiocytic) [ 20 ]. 

 In UC, infl ammation 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 rec-
tum 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, consisting of areas of hyper-
plastic growth with swollen mucosa surrounded by 
infl amed mucosa with shallow ulcers. In severe 
UC, infl ammation and necrosis can in rare cases 
extend below the lamina propria to involve the sub-
mucosa and the circular and longitudinal muscles. 

 UC remains confi ned 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 ter-
minal ileum is infl amed in a superfi cial manner, 
referred to as backwash ileitis. Even with less than 
total colonic involvement, the disease 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 nonspecifi c granulomatous 
infl ammatory 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) dis-
ease confi ned to the small intestine, occurring in 
30 % of patients; and (3) disease confi ned to the 
colon, occurring in 25 % of patients. Rectal spar-

ing is a typical but not constant feature of CD. 
However, anorectal complications (e.g., fi stulas, 
abscesses) are common. Much less commonly, 
CD involves the more proximal parts of the GI 
tract, including the mouth, tongue, esophagus, 
stomach, and duodenum. CD causes three pat-
terns of involvement: (1) infl ammatory disease, 
(2) strictures, and (3) fi stulas. 

 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 calcium. 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 hyperoxaluria). The develop-
ment of calcium oxalate stones in CD requires an 
intact colon to absorb oxalate. Patients with ileos-
tomies do not develop calcium oxalate stones. 
Extraintestinal manifestations of IBD include iri-
tis, episcleritis, arthritis, and skin involvement, as 
well as pericholangitis and sclerosing 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 usu-
ally present with non-bloody diarrhea. Abdominal 
pain and cramping, fever, and weight loss occur in 
more severe cases. The presentation of CD is gen-
erally more insidious than that of UC. UC and CD 
are generally diagnosed using clinical, endo-
scopic, and histologic criteria. However, no single 
fi nding is absolutely diagnostic 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.  
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4.4.2     Chest Infl ammation 

 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 
infl ammatory conditions relevant to nuclear med-
icine include pneumonia, sarcoidosis, diffuse 
interstitial fi brosis, and  Pneumocystis  ( jiroveci ) 
 carinii  pneumonia (See also Chap.   12    ). 

4.4.2.1     Sarcoidosis 
 Sarcoidosis is an infl ammatory condition of uncer-
tain etiology characterized by the presence of non-
caseating granulomas involving multiple organs. 
The disease is now 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 etiological agents 
[ 21 ]. The lung is most commonly and usually the 
fi rst site of involvement, and the infl ammatory 
processes extend through the lymphatics to the 
hilar and mediastinal nodes [ 22 ]. The lung is 
involved in more than 90 % of cases. Pulmonary 
sarcoidosis starts as diffuse interstitial alveolitis, 
followed 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, mono-
cytes, and fi broblasts are present at the periphery 
of the granuloma [ 23 ]. Sarcoidosis represents a 
challenge to clinical investigation because of its 
unpredictable course, uncertain response to ther-
apy, and diversity of potential organ involvement 
and clinical presentations [ 24 ]. The diagnosis is 
based on a compatible clinical and/or radiological 
picture, histopathological evidence of noncaseat-
ing granulomas in tissue biopsy specimens, and 
exclusion of other diseases capable of producing 
similar clinical or histopathological appearances. 
Even microscopically, the noncaseating granulo-
mas are not specifi c [ 21 ]. Infection by mycobacte-
rial species other than  Mycobacterium tuberculosis  
frequently leads to the production of noncaseating 
granulomas [ 25 ]. The condition is underdiagnosed 

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. 

 Corticosteroids remain the mainstay of treat-
ment. Treatment under close clinical monitoring 
should be tailored to suit the needs of the indi-
vidual patient hence the need to evaluate disease 
activity [ 26 ]. 

 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 [ 27 ]. 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 fi brosis of the lungs and other organs  

4.4.2.2      Pneumocystis carinii  (jiroveci) 
Pneumonia 

  Pneumocystis carinii  ( jiroveci ) pneumonia (PCP) 
is a condition that may be endemic or epidemic. 
It is caused by  Pneumocystis carinii , which was 
considered as a protozoon and recently as a fun-
gus. The condition is common in premature 
infants, debilitated children, and in other immu-
nocompromised conditions, particularly the 
acquired immune defi ciency syndrome (AIDS), 
but it is also seen in congenital immunodefi -
ciency and in patients who are receiving chemo-
therapy and corticosteroids. It remains a 
signifi cant cause of morbidity and mortality in 
human immunodefi ciency virus and nonhuman 
immunodefi ciency virus-associated immunosup-
pressed patients [ 28 ]. It is the most common 
infection in AIDS patients, and it remains an 
important cause of morbidity and mortality [ 29 ]. 
The introduction of highly active antiretroviral 
therapy in industrialized nations however has led 
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to dramatic declines in the incidence of AIDS- 
associated complications, including PCP. In the 
developing countries, no decline has occurred 
[ 30 ]. Transmission is usually airborne. The path-
ological changes are predominantly in the lungs 
with an infl ammatory reaction consisting of 
plasma cells of variable amount, monocytes, and 
histiocytes. This disease has also been reported in 
immunocompetent patients, and in this case the 
presentation is more closely resembling the dis-
ease of immunocompromised patients other than 
AIDS patients [ 31 ,  32 ]. The diagnosis is cur-
rently established through identifi cation of the 
organisms in bronchial secretions obtained by 
bronchoalveolar lavage or bronchial washings 
[ 33 ]. Gallium-67 is an important imaging modal-
ity that helps in the diagnosis and evaluation of 
the activity of the disease.  

4.4.2.3     Interstitial Pulmonary Fibrosis 
 Interstitial pulmonary fi brosis, a sometimes fatal 
condition, is characterized by parenchymal 
infl ammation and interstitial fi brosis. The patho-
logical changes start with alveolitis; this is fol-
lowed by derangement of the alveolar-capillary 
units, leading to the end stage of fi brosis. There is 
a correlation between the infl ammatory activity 
and the amount of gallium-67 activity in the 
lungs [ 34 ].   

4.4.3     Renal Infl ammation 

 Urinary tract infection (UTI) is common particu-
larly in children.    There are two main varieties of 
acute renal infection: pyelitis, which is confi ned 
to the renal pelvis, and pyelonephritis, where the 
renal parenchyma is also involved. It is not 
always possible to differentiate between the two 
conditions on clinical grounds. The pathology of 
acute pyelitis is not very well understood. The 
importance of the condition, however, lies in the 
fact that recurrent subclinical attacks are believed 
to be signifi cant in the pathogenesis of chronic 
pyelonephritis [ 35 ]. 

 The number of patients with chronic kidney dis-
ease and consequent end-stage renal disease is ris-
ing worldwide [ 36 ]. End-stage kidney disease   , 

defi ned 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 chal-
lenges 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 [ 37 ]. 

 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 [ 38 ]. 

4.4.3.1     Acute Pyelonephritis 
 Acute pyelonephritis is a common medical prob-
lem. The diagnosis and management of this 
 condition is complex. Patients initially diagnosed 
with pyelonephritis typically exhibit symptoms 
and laboratory evidence suggesting infected 
urine, with signs referable to upper urinary tract 
infection. However, no consistent set of signs and 
symptoms are sensitive and specifi c for this diag-
nosis. Symptoms of acute pyelonephritis gener-
ally 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, fl ank pain and tenderness, 
unilateral 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 present. Anorexia, nausea, vomiting, and 
diarrhea may also be present. Most patients have 
signifi cant leukocytosis, 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 signifi cantly more common 
in females (higher in white than in black) com-
pared to males. Approximately 10–30 % of 
women develop a symptomatic UTI at some 
point in their lives. 
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 Acute pyelonephritis is a bacterial infection 
of the kidney with acute infl ammation of the 
pyelocaliceal lining and renal parenchyma cen-
trifugally 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.  4.4 ). The initial colonization of 
the walls of the ureter is in areas of turbulent fl ow 
which leads to paralysis of peristalsis. Dilation 
and functional obstruction result in subsequent 
pyelonephritis. Another way is by direct refl ux 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.  4.5 ). 
Frequently, the pelvis and calyces are infl amed 
and dilated. In severe infection, renal papillary 
necrosis may be present.

   Microscopically, there is intense infl amma-
tion, with infi ltration of polymorphonuclear 
leukocytes throughout the interstitial tissue 
and abscess formation. There is destruction of 
the tubules, but the glomeruli and blood ves-
sels are often unaffected. The disease remains 
essentially focal in character, with areas of 
normal tissue. Following treatment and 

   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 refl ux 
  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 immunodefi ciency 

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 

  Adapted from [ 39 ,  40 ]  

  Fig. 4.4    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 refl ux       

 

4 Infl ammation



80

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 
resulting 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 chil-
dren. Grossly, the kidney shows normal areas 
alternating with zones of scarring. Wedge-
shaped scars can be seen on the subcapsular 
surface of the kidney. The appearance differs, 
depending on the presence or absence of 
obstruction. Chronic pyelonephritis in the 
presence of intra- or extrarenal obstruction 
shows dilation    of the pelvocalyceal system 
and sometimes peripelvic fibrosis. If no 
obstruction is present, the pelvic change is in 
the form of peripelvic fibrosis rather than dila-
tion (Fig.  4.6 ).

   Microscopically, the scarred areas show 
changes in the interstitium and tubules. The 
interstitial tissue shows infiltration by pre-
dominantly lymphocytes and plasma cells. 

The tubules become atrophic and may collapse 
(Fig.  4.7 ). The glomeruli may be normal in 
some cases, while in others periglomerular 
fibrosis is present.

4.5          Pathophysiology of Major 
Skeletal Infl ammations 

 Osteomyelitis indicates an infection involving 
the cortical bone as well as the marrow (see 
Chap.   6    ). It is classified into many types based 
on several pathological and clinical factors 
[ 42 – 49 ] including route of infection, patient 
age, etiology, and onset. Hematogenous osteo-
myelitis most commonly affects children, and 
the metaphyses of long bones are the most 
common sites. Nonhematogenous osteomyeli-
tis, on the other hand, occurs as a result of 
penetrating trauma, spread of a contiguous 
soft tissue infection, or inoculation, as in drug 
addicts [ 48 – 54 ]. Many organisms have been 
encountered in the pathogenesis of osteomy-
elitis, particularly gram- positive organisms, 
the most common being  Staphylococcus 
aureus  [ 44 – 46 ]. Like many other pathological 
conditions of bone, infections cause reactive 
new bone formation which – among other fac-
tors, particularly increased blood flow – is the 
principle reason for the accumulation of 

Pale streaks with
surrounding congestion
in medullary rays

Pelvis and parenchyma
acutely congested and swollen

Streaks and
wedges of suppuration in cortex

Some tubules destroyed: abscesses formed

Patches of
suppuration in

cortex

and

medulla

Inflammation is mainly intersitial

Glomeruli usually unaffected

Other tubules filled by pus cells

  Fig. 4.5    Acute pyelonephritic changes (Modifi ed from [ 41 ] with permission)       
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 bone-seeking radiopharmaceuticals at the site 
of skeletal infections. 

 It is diffi cult to draw the line between acute 
and chronic osteomyelitis. Chronic osteomyelitis 
has been defi ned as a skeletal infection with a 
duration as short as 5 days or as long as 6 weeks. 
It is characterized by less marked infl ammatory 
cell infi ltrates 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 [ 55 ]. See Chap.   6     for more details on 
skeletal infl ammations.  

4.6     Fever of Unknown Origin 

 FUO describes an illness of several episodes of 
fever exceeding 38.3 ºC or at least 3-week dura-
tion, with no diagnosis after an appropriate inpa-
tient or outpatient evaluation. There are many 
causes of fever of unknown origin. Infection 
accounts for only about 25 % of these causes. 

Obstructive type Non-Obstructive type

Recent acute
lesion

Deep scars

Cortex
irregular
narrowed

Capsule thick and
adherent edpecially at scars

Pyramids distorted
and medulla atrophied

Pelvis ang calyces
distended and distorted

Mucosa thickened
and granular

Pelvis inflamed
but not
distended

Kidney contracted
due to fibrosis

  Fig. 4.6    Types of pyelonephritic changes based on whether obstruction is present (From [ 41 ] with permission)       

Intervening kidney
surface
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fibrous tissue
contracts

Normal renal
tissue

Round cell infiltration

Normal capsule
Thickened capsule
at site of scars

Fibrosis of
Bowman’s capsule

Only a few
atrophic subules
in scar area

  Fig. 4.7    Main pathological changes of chronic pyelonephritis (From [ 41 ] with permission)       
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Neoplasms are responsible for approximately 
15–25 %. Other etiologies include collagen vas-
cular disease, granulomatous diseases, pulmo-
nary emboli, cerebrovascular accidents, and drug 
fever [ 56 ].  

4.7     Radiopharmaceuticals for 
Infl ammation 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

 –     111 In    and  99m Tc human polyclonal IgG  
 –    111 In monoclonal IgM antibody  
 –    111 In and  99m Tc liposomes  
 –    111 In biotin and streptavidin  
 –    99m Tc nanocolloids56  
 –    111 In chloride  
 –    67 Ga citrate      

   2.    Migration of WBCs to the site of infection
 –     111 In- and  99m Tc-labeled leukocytes  
 –    99m Tc anti-WBC antibodies      

   3.    Binding to proteins at the site of infection, i.e., 
 67 Ga citrate (lactoferrin and other iron- 
containing proteins)   

   4.    Binding to WBCs at the site of infection
 –    Chemotactic peptides  
 –   Interleukins      

   5.    Binding to bacteria
 –     99m Tc-labeled ciprofl oxacin antibiotic  
 –    67 Ga citrate      

   6.    Metabolic trapping, i.e., F-18 fl uorodeoxyglucose    
  Since there are limitations to the radiopharma-

ceuticals available for imaging infection, the 
search continues for better agents with ideal 
properties [ 56 – 59 ]. 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 specifi city and sensitivity and be 

able to differentiate infection from other 
causes of infl ammation and tumors   

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

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

infl ammation
•    Transferrin (due to leakage of plasma 

proteins)  
•   Lactoferrin (secreted with lysosomal con-

tents of stimulated or dead neutrophils)  
•   Siderophores produced by bacteria      

   3.    Leukocytes: direct uptake   
   4.    Bacteria: direct uptake     

 Sfakianakis et al. [ 60 ] found that  111 In 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. On the other hand,  67 Ga imag-
ing had its highest sensitivity in long- standing 
processes, with false-negative results of 19 % in 
relatively acute infections of less than 1-week 

   Table 4.3    Radiopharmaceuticals for imaging infection 
[ 56 – 58 ]   

 Gallium-67 citrate 
 Labeled WBCs using  111 In-oxine or  99m Tc-HMPAO 
( 99m Tc-hexamethylpropyleneamine oxime) 
 Labeled particles 
  Nanocolloid 
  Liposomes 
 Labeled large protein 
  Nonspecifi c immunoglobulins 
   Specifi c immunoglobulins: polyclonal and 

monoclonal 
   Antigranulocyte monoclonal antibodies 
   Anti-E-selectin antibodies 
 Labeled receptor-specifi c small proteins and peptides 
  Chemotactic peptides 
  Interleukins 
 Labeled antibiotics: ciprofl oxacin 
  18 F-FDG 
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duration. In a comparative study of rabbits with 
experimental abscesses, Bitar et al. [ 61 ] found 
that  111 In leukocytes were clearly superior to gal-
lium for imaging early abscesses. Furthermore, 
they found that the accumulation of  111 In leuko-
cytes in experimental subcutaneous abscesses 
was inversely proportional to the age of the 
abscess. In abscesses 1–2 h, 6–8 h, 24 h, and 7 
days old, 10.4, 5.2, 3, and 0.73 % of the injected 
dose, respectively, was accumulated.  67 Ga uptake, 
on the other hand, was not signifi cantly affected 
by abscess age (Table  4.4 ). In abscesses 7 days 
old,  67 Ga accumulated to a greater extent than did 
 111 In-labeled leukocytes. Thus, Bitar et al., based 
on animal studies, and Stakianakis et al. came 
independently to the conclusion that  111 In-labeled 
WBCs are more suitable for acute infections of 
short duration, while  67 Ga labeling is better for 
infections of longer duration.

   In rats, McAfee et al. [ 62 ] showed that as 
many as 10 % of circulating neutrophils accumu-
late daily at focal sites of infl ammation. This high 
propensity of white blood cells to migrate to an 
abscess makes positive identifi cation of the 
abscess likely on an  111 In WBC image. The 
authors also showed abscess-to-muscle ratios of 

3,000 to 1 with  111 In WBCs at 24 h compared 
with 72 to 1 with  67 Ga and 7 to 1 with  111 In chlo-
ride. Accordingly, a small dose of only 500 μCi 
of  111 In leukocytes is suffi cient for positive iden-
tifi cation and localization of abscesses on an 
image. In  67 Ga imaging, a higher dose of approxi-
mately 5 mCi is needed. There is a higher radia-
tion dose to the spleen from 500 μCi of  111 In 
WBC but radiation doses to gonads, marrow, and 
the whole body are higher with 5 mCi of  67 Ga. 
 99m Tc HMPAO-labeled WBCs could provide fast 
diagnosis and localization of the abdomen (within 
2–4 h). Physiological bowel activity, however, is 
found in 7 % at 2 h and in 28 % of patients imaged 
with this agent at 4 h. Leukocytes labeled with 
 111 In or  99m Tc HMPAO are superior to those 
labeled with  67 Ga for acute infections in terms of 
sensitivity and specifi city [ 63 ,  64 ]. 

 In a recent 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 [ 65 ]. 

 Table  4.5  lists the main advantages and disad-
vantages of the major radiopharmaceuticals used 
for infl ammation imaging.

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

 Labeled antigranulocyte agents most com-
monly used are intact murine immunoglobulin 
G (IgG) antibodies against normal cross-reactive 
antigen-95 (anti-NCA-95,  99m Tc-BW250/183, 
 99m Tc-besilesomab [Scintimun®]) and the murine 

   Table 4.4    Comparison of uptake of  111 In WBC and  67 Ga 
citrate in experimental abscesses of varying age   

 Abscess age  Percent uptake  111 In WBC   67 Ga citrate 

 1–2 h  10.4  1.5 
 6–8 h  5.2  1.5 
 24 h  3  1.4 
 7 days  0.73  1.1 

  From [ 61 ]  

   Table 4.5    Advantages and disadvantages of the main available radiopharmaceuticals for infl ammation   

 Gallium-67 citrate   111 In WBC   99m Tc-HMPAO WBC 

 Advantages  Whole-body imaging  Whole-body imaging  Whole-body imaging 
 Highly specifi c for infection  Earlier diagnosis (2–4 h) 

 Better physical characteristics of 
technetium than  67 Ga and  111 In 

 Disadvantages  Results after 24 h or more  Tedious procedure  Tedious procedure 
 Physiological liver, spleen, 
and bowel activity 

 Results at 24 h  Physiological bowel activity by 2 h 

 Uptake in tumors  Physiological liver and 
spleen activity 

 Normal urinary activity 
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Fab fragment of the IgG antibody directed against 
the glycoprotein cross-reactive antigen- 90 (anti-
NCA-90,  99m Tc-sulesomab, LeukoScan®). The 
 99m Tc anti-NCA-90 Fab fragments can recog-
nize a specifi c cross-reacting antigen (NCA-90) 
(the surface antigenic glycoprotein) on granulo-
cytes, promyelocytes, and myelocytes [ 66 – 68 ]. 
LeukoScan    uptake at the site of infection is 
explained partly by the migration of circulat-
ing antibody-labeled granulocytes to the site of 
infection. Uptake is also explained by the fact 
that the greater proportion of the labeled anti-
body fragment is in a free soluble form which 
can easily cross capillary membranes, binding 
to the leukocyte 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 com-
pared with the 2 h 30 min required by a special-
ized team for labeling leukocytes. Despite the 
fact that LeukoScan involves the i.v. injection of 
mouse proteins, no anaphylactic or other hyper-
sensitivity reactions were observed. 

  99m Tc ciprofl oxacin ( Infecton ) is also being 
used to image infection. Ciprofl oxacin is a 
broad- spectrum fl uoroquinolone antibiotic that 
inhibits DNA gyrase and/or topoisomerase IV 
of bacteria. Patients receive  99m Tc ciprofl oxacin 
10 mCi, and images are obtained at 1, at 3–4, 
and, occasionally, at 24 h postinjection.  99m Tc 
ciprofl oxacin may be useful in distinguishing 
infection from infl ammation. Early images of 
noninfectious rheumatologic infl ammatory con-
ditions were positive, but activity decreased with 
time [ 69 ]. 

  111 In- and  99m Tc-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 [ 54 ]. 

 Labeled liposomes have been used for scinti-
graphic imaging of infection and infl ammation [ 70 ]. 
Boerman et al. [ 71 ] used  111 In-labeled sterically 
stabilized liposomes (long circulating) in rats 
and showed that the clearance of this agent is 
similar to that of  111 In IgG. The uptake in abscess 
was twice as high as that of IgG and the abscess 

was visualized as early as 1 h post injection. 
 99m Tc nanocolloid has also been tried but has not 
gained wide acceptance. 

 F-18 fl uorodeoxyglucose (FDG-PET) has 
emerged as an important diagnostic agent for 
infectious and noninfectious soft tissue and skel-
etal infl ammations including infl ammatory bowel 
disease, fevers of unknown origin, rheumatologic 
disorders, tuberculosis infection, fungal infec-
tion, pneumonia, abscess, postarthroplasy infec-
tions, chronic and vertebral osteomyelitis, 
sarcoidosis, and chemotherapy-induced pneumo-
nitis    [ 72 – 74 ]. Infl ammatory conditions show 
high FDG uptake which is related to increased 
glucose metabolism that is produced by stimu-
lated infl ammatory cells, macrophage prolifera-
tion, and healing [ 75 ]. While uptake of FDG 
continues to increase at malignant sites for 
 several hours, as can be shown by an incremental 
increase of the standardized uptake values (SUV), 
infl ammatory lesions peak at approximately 
60 min, and their SUV either stabilize or decline 
thereafter. This difference in the behavior of FDG 
in malignant versus infl ammatory cells can be 
explained best by the varying levels of enzymes 
that degrade deoxyglucose-6-phosphate in the 
respective cells. Glucose-6-phosphatase dephos-
phorylates intracellular FDG-6-phosphate, allow-
ing 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 [ 76 – 85 ]. For this reason, imaging at 2 time 
points after administration of FDG may prove to 
be important in differentiating between these two 
common disorders.  

4.8     Infection Imaging 

 Diagnosis and localization of infection by clini-
cal and laboratory methods is often diffi cult. 
The results frequently are nonspecifi c and imag-
ing may be needed. Imaging of infection may be 
achieved by either nuclear medicine or other 
strictly morphological methods. Several nuclear 
medicine modalities are used to diagnose and 
localize soft tissue and skeletal infections. 
These include  111 In-labeled white blood cells, 
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 67 Ga citrate, IgG polyclonal antibodies labeled 
with  111 In or  99m Tc, monoclonal antibodies such 
as antigranulocyte antibodies,  99m Tc HMPAO- 
labeled white blood cells,  99m Tc nanocolloid, 
 99m Tc-DMSA,  99m Tc-glucoheptonate,  99m Tc-
MDP multiphase bone scan,  111 In-labeled che-
motactic peptide analogs, and F-18-FDG. X-ray, 
CT, MRI, and ultrasonography are other modal-
ities useful in the diagnosis and localization of 
both soft tissue and skeletal infl ammations. 
These studies are complementary to the physio-
logical 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 
symptoms are present and the location and dura-
tion of the suspected infection.  

4.8.2     Localizing Signs Present 

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 % [ 86 – 93 ]. 
Delayed diagnosis is associated with higher 
 mortality in spite of treatment. If localizing signs 
suggest abdominal infection, morphological 
modalities, predominantly ultrasound (Fig.  4.8 ) 
and CT (Fig.  4.9 ), may be used fi rst, depending on 
the location of suspected infection in the abdomen. 

  Fig. 4.8    Ultrasonographic study of a patient with abdominal pain and malaise. The study helped make the diagnosis 
of abdominal abscess ( arrow ) and provided accurate localization       
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Standard radiographs have low sensitivity, 
although when seen, fi ndings are specifi c.

    The advantages of these modalities are numer-
ous, but most importantly, they provide quick 
results and adequate anatomic details. These 
studies can be used to guide needle aspiration and 
abscess drainage. Ultrasound can be used porta-
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 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 diffi cult. 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 [ 94 ]. For 
example, both CT and MRI are often of little 
value in distinguishing posttreatment scarring 
from recurrent tumor. 

 When the results of the morphological 
 modalities are inconclusive, nuclear medicine 
techniques may be used to detect abdominal 
infections. The ability to image the entire body is 
the major advantage of nuclear medicine modali-
ties (Fig.  4.10 ). Hence, radionuclide techniques 
are often used in cases with no localizing signs. 
In one study, 16 % of patients suspected of hav-
ing abdominal infection in fact had extra- 
abdominal infections as seen on  111 In leukocyte 
scans [ 95 ]. Accordingly, negative morphological 
modalities, when used fi rst, may be followed by 
whole-body nuclear imaging. Labeled WBC 
studies are the most specifi c for acute infections 
(Figs.  4.11  and  4.12 ). Ga-67 is more suitable for 
infection of longer duration (Fig.  4.13 ).  99m Tc 
HMPAO-labeled WBCs frequently are used in 
critically ill patients [ 39 ] after US and/or CT 
have yielded inconclusive results. It is worthy of 
note that  99m Tc HMPAO-labeled WBCs provide 
quicker results than  67 Ga- or  111 In-labeled WBCs. 
Minoja et al. [ 96 ] reported a sensitivity of 95 %, 
a specifi city of 91 %, and an accuracy of 94 % for 
 99m Tc-labeled WBC scanning in intensive care 
unit patients with occult infections. Gallium-67 
scan has been reported to have better diagnostic 
specifi city than the C-reactive protein test for 
abdominal infections [ 97 ].

      Infl ammatory 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 ultraso-
nography are best for demonstrating complica-
tions such as intra-abdominal abscesses and 
fi stulas. Evaluation of the extent of the disease 
and disease activity is often diffi cult. A wide 
variety of approaches depicting the different 
stages of the infl ammatory response have been 
 developed. Nonspecifi c radiolabeled compounds, 
such as 67Ga citrate and radiolabeled polyclonal 

a

b

  Fig. 4.9    Representative images of CT scans of the abdo-
men illustrating ( a ) periappendicular abscess ( arrow ) and 
( b ) hepatic abscess ( arrow )       
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human immunoglobulin, accumulate in infl am-
matory foci due to enhanced vascular permeabil-
ity. Specifi c accumulation of radiolabeled 
compounds in infl ammatory lesions results from 
binding to activated endothelium (e.g., radiola-
beled anti-E-selectin), the enhanced infl ux of leu-
kocytes (e.g., radiolabeled autologous leukocytes, 
antigranulocyte antibodies, or cytokines), the 
enhanced glucose uptake by activated leukocytes 
(18F-fl uorodeoxyglucose), or direct binding to 
microorganisms (e.g., radiolabeled ciprofl oxacin 
or antimicrobial peptides). Scintigraphy using 
autologous leukocytes, labeled with  111 In or 
99mTc, is still considered the “gold standard” 
nuclear medicine technique for the imaging of 
infection and infl ammation, but the range of 
radiolabeled compounds available for this indica-

tion is still expanding. Recently, positron emis-
sion tomography with 18F-fl uorodeoxyglucose 
has been shown to delineate various infectious 
and infl ammatory disorders with high sensitivity   . 
In a study [ 98 ], 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 infl ammation.  

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. 

Anterior Posterior

In-111 WBC  Fig. 4.10    Whole-body 24 h 
 111 In-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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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,  67 Ga still is 
commonly used in such cases.  111 In leukocytes 
have limited utility for chest infections. Siemon 
et al. [ 99 ] studied  67 Ga imaging in a variety of 
pulmonary disorders and found excellent sen-
sitivity and specifi city (Table  4.6 ). Gallium-67 
has also been widely used in AIDS patients to 
detect PCP (Fig.  4.14 ). It is highly sensitive 
and correlates with the response to therapy. In 
a study comparing  67 Ga, bronchial washing, 
and transbronchial biopsy in 19 patients with 
PCP and AIDS,  67 Ga and bronchial washing 
were 100 % sensitive compared with 81 % for 
transbronchial biopsy [ 101 ].  67 Ga is also valu-
able in idiopathic pulmonary fi brosis, sarcoid-
osis, and amiodarone toxicity [ 102 ,  103 ]. It is 
also useful in monitoring response to therapy 
of other infections including tuberculosis 
(Fig.  4.15 ).

      111 In WBC imaging is less helpful, as the speci-
fi city 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 [ 104 ].  

a b

  Fig. 4.11    ( a ,  b )  111 In-labeled leukocyte study ( a ) shows a large acute abdominal abscess ( arrow ) corresponding to the 
fi nding ( arrow ) on CT ( b )       

  Fig. 4.12     111 In-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       
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4.8.2.3    Imaging Renal Infections 
 The CT scan has good sensitivity and specifi city in 
the diagnosis of renal infections. Ultrasound has 
been used frequently to evaluate the kidneys with 
suspected infections, even though it is not sensi-
tive. It is used primarily to screen for obstruction 
or abscess when resolution of UTI is slower than 
expected with treatment. The sensitivity of US has 
been shown to be less than 60 % [ 105 ] and is sig-
nifi cantly inferior to that of cortical scintigraphy 

(sensitivity of 86 % and specifi city of 81 % using 
99mTc-glucoheptonate). Positive ultrasonography 
can obviate the need for DMSA; however, because 
of a large number of false-negative results with 
reported sensitivities of 42–58 % and underesti-
mation of the pyelonephritis lesions, ultrasonogra-
phy cannot replace 99mTc-DMSA [ 106 ]. To date 
99mTc-DMSA is considered the most sensitive 
method for the detection of acute pyelonephritis in 
children (Fig.  4.16 ). It also permits the photopenic 
area to be calculated as the infl ammatory 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 signifi cant. Currently US is recom-
mended as the initial imaging modalities 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 [ 107 ,  108 ]. The pathophysiological 
basis of the ability of Doppler sonography 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 

Anterior Posterior

  Fig. 4.13    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       

   Table 4.6     67 Ga fi ndings 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 [ 100 ]  
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 aggregation, or both, leading to capillary and arte-
riolar occlusion facilitating the detection of these 
hypovascular areas [ 109 ].

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 infl ammations and relevant 
scintigraphic considerations are discussed in 
detail in Chap.   5    , on the musculoskeletal system.   

4.8.3     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 (Fig.  4.17 ). 
 111 In-labeled white blood cells are the most 
specifi c for acute infections, but false- positive 
results have been reported with some tumors, 
swallowed infected sputum, GI bleeding, and 
sterile infl ammation. False-negative results have 
been reported in infections present for more than 
2 weeks. More rarely, such false-negative results 
occur for infections present for only 1 week. 
Gallium-67 is less specifi c than labeled WBCs, 
as it is taken up by many tumors and by ster-
ile infl ammation. Several radiolabeled antibody 
preparations and a radiolabeled antibacterial 
agent have been introduced and evaluated, but 
none of these have been used widely. Labeled 
antibody scintigraphy    uses antigranulocyte 
agents, most commonly intact murine immu-
noglobulin G (IgG) antibodies against normal 

  Fig. 4.14    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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cross-reactive antigen-95 (anti-NCA-95,  99m Tc-
BW250/183,  99m Tc-besilesomab [Scintimun®]) 
and the murine Fab fragment of the IgG antibody 
directed against the glycoprotein cross-reactive 
antigen-90 (anti-NCA-90,  99m Tc-sulesomab, 
LeukoScan®).  99m Tc- IgG scintigraphy is a highly 
sensitive technique for the recognition of infec-

tion but has a low specifi city PET-FDG has now 
taken the place occupied by citrate of Gallium-67. 
Visualization of infl ammatory lesions does not 
just rely on the presence of immune cells, but 
uptake requires the activation of these immune 
cells. FDG-PET reveals infectious and noninfec-
tious infl ammatory diseases as well as malignant 

a

  Fig. 4.15    ( 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         
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diseases; all are causes of fever of unknown ori-
gin. Recent studies support the use of FDG-PET 
in the patient with FUO [ 72 ,  73 ,  110 ]. FDG is 
sensitive and its short half-life does not delay the 
performance of any additional radionuclide stud-
ies 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 
infl ammatory diseases, FDG-PET has proved 
particularly helpful for the diagnosis and man-
agement of large vessels arteritis and infl amma-
tory bowel disease [ 74 ,  111 ,  112 ]. 

 Correlation with morphological modalities 
after successful radionuclide localization of infec-
tion can be of great help. For example, this corre-
lation provides anatomical information prior to 
surgical interventions. Morphological modalities 
are useful in the management of infl ammatory 
diseases particularly if localizing signs are pres-
ent. They have the very important advantages of 
better spatial resolution than nuclear medicine 
modalities. X-rays, CT, MRI, and US usually 
yield fast results but unfortunately may not distin-
guish infected from noninfected tissue. 
Figure  4.17  illustrates suggested algorithms for 
the diagnosis of soft tissue infections.   

b

Fig. 4.15 (continued)
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  Fig. 4.16    99mTc-DMSA 
study in a patient with chronic 
pyelonephritis and signifi cant 
urine outfl ow obstruction. 
Note the irregularly thinned 
cortex and the dilated 
pelvocalyceal system on the 
left affected kidney       

  Fig. 4.17    Suggested    
diagnostic algorithm for soft 
tissue infections. Note that in 
case of suspected 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 

 Many morphological and functional imaging 
modalities are available to help diagnose and 
localize infl ammation 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 
normal or altered by surgery or trauma, the dura-
tion of symptoms and signs, and the presence of 
other underlying diseases such as cancer. For 
physicians, understanding the pathophysiologi-
cal changes is crucial for deciding on an appro-
priate diagnostic strategy. Understanding 
pathophysiological changes also helps the 
nuclear physician to recognize and explain the 
scintigraphic patterns of infl ammatory conditions 
(Table  4.7  summarizes common examples). 
Further evaluation of PET in diagnosis, localiz-
ing, and follow-up of infl ammations is a current 
interest. The discovery of new radiopharmaceuti-
cals that will be ideal for more specifi c imaging 
of infl ammation is an important topic for future 
research.
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5.1  Introduction

Nuclear hematology deals with the use of 
 radionuclides or radiopharmaceutical agents in 
the study of the pathophysiology, diagnosis, 
and therapy of hematological diseases arising 
de novo in the hematopoietic tissues or as a 
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 consequence of some systemic diseases. This 
practice virtually began in 1940, when John 
Lawrence first used 32P to treat a young patient 
with chronic myeloid leukemia [1]. This was fol-
lowed by the use of 32P as a radioactive label for 
red cells to measure blood volume [2]. From 
these modest beginnings, nuclear hematology 
has come a long way and evolved into a contem-
porary discipline as a very useful and often an 
essential investigative tool in many areas of 
hematology. Radionuclides are now widely used 
to label the formed elements of the blood (ran-
dom labels) to trace their biological distribution, 
function, and life span in vivo as well as to study 
the proliferation and differentiation of hemato-
poietic progenitor and precursor cells in the bone 
marrow (cohort labels). The other major applica-
tions of nuclear hematology include the determi-
nation of spleen size, splenic sequestration of 
blood cells, and investigations relating to the 
absorption, metabolism, and utilization of hema-
topoietic nutrients such as iron, vitamin B12, and 
folate.

Many imaging techniques are being increas-
ingly employed and explored in order to deter-
mine the anatomical distribution of hematopoietic 
tissues in the bone marrow and other organs and 
to evaluate their significance in the diagnosis and 
management of various hematological disorders. 
This chapter reviews the pathophysiological 
basis of the important applications of radiophar-
maceuticals and radioisotopes in the practice of 
hematology.

5.2  Hematopoiesis and 
Hematopoietic Tissues

Hematopoiesis is a complex biological process 
which represents a unique paradigm of develop-
mental biology and ontogeny in a replicating 
mesenchymal cell system – the hematopoietic 
system. The various blood cells develop from the 
stem cells by multiplication, differentiation, 
orderly maturation, and release of mature cells 
from the bone marrow to the peripheral circula-
tion. A dynamic equilibrium is maintained 
between cell death in peripheral circulation and 

compensatory production of these cells in the 
bone marrow creating a steady state of “normal 
blood cell numbers” in physiological conditions.

The circulating blood cells, i.e., the red blood 
cells, leukocytes, and platelets, are highly spe-
cialized cells with distinctive morphology (struc-
tures) and functions. They are end-stage cells of 
their respective lineages and are destined to be 
lost from the circulation after a relatively brief 
time span of hours, days, or weeks. A steady state 
is attained, however, and the physiological range 
of their numbers is maintained by a continuous 
supply of newly formed cells (regeneration) from 
the blood-forming (hematopoietic) tissues.

5.2.1  Blood Cells

The red blood cells (mature erythrocytes), each 
approximately 8 μm in diameter, contain hemo-
globin in a reduced (ferrous) state for successful 
gaseous exchange in the tissues. They circulate in 
the vascular system as flexible biconcave disks 
maintaining osmotic equilibrium against high 
intracellular hemoglobin concentration and dif-
ferential concentration gradients of intra- and 
extracellular potassium and sodium. The energy 
required for this physicochemical stability is pro-
vided by ATP generated by the anaerobic glyco-
lytic (Embden-Meyerhof) pathway and the 
hexose monophosphate shunt pathway generat-
ing reduced coenzymes NADH and NADPH, 
respectively.

The mature leucocytes (white blood cells) 
comprise two broad groups – the granulocytes 
and monocytes (phagocytes) and the lymphocytes 
(immunocytes). Normally, only the mature leu-
cocytes are found in the circulating peripheral 
blood. These include mature granulocytes (neu-
trophilic polymorphonuclear leucocytes, eosino-
phils, and basophils) (Fig. 5.1a–c), monocytes 
(Fig. 5.2a, b), and lymphocytes (Fig. 5.3a, b). 
Both granulocytes and monocytes have phago-
cytic functions. With Romanovsky stain, poly-
morphonuclear neutrophils show faint but fine 
granules (neutral) (Fig. 5.1a), eosinophils show 
larger spherical red or pink granules (Fig. 5.1b), 
whereas basophils show many dark-staining 
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granules (Fig. 5.1c) in their cytoplasm. The 
monocytes and all of these granulocytes have 
variable degrees of phagocytic functions.

The mature neutrophils (Fig. 5.1a) contain 
several types of granules and other subcellular 

organelles. These include the primary or azu-
rophilic granules and specific granules. The 
primary granules appear at the promyelocytic 
stage, gradually decrease as the cells mature, and 
contain many antimicrobial compounds which 

a

c

b

d

Fig. 5.1 (a) Shows neutrophilic polymorphonuclear leu-
kocytes showing predominantly secondary or specific 
granules, which are fine and neither basophilic nor eosin-
ophilic (neutral). In Romanovsky stain. (b) Shows an 
eosinophil, which is a polymorphonuclear leukocyte con-
taining large eosinophilic prominent granules in the cyto-
plasm in Romanovsky stain. (c) Shows basophils, which 

are granulocytic leucocytes containing dark-colored 
(basophilic) granules in the cytoplasm in Romanovsky 
stain. (d) An electron microscopic picture of an eosino-
phil showing a large number of intracytoplasmic granules 
containing electron-dense crystalloid cores surrounded by 
lighter areas of matrix
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include myeloperoxidase, defensins, lysozyme, 
bactericidal permeability-increasing protein 
(BPI), and several serine proteases such as elas-
tase, cathepsin G, proteinase 3, and others. The 
primary granules also contain organelles such as 
lysosomes, which fuse with phagocytic vesicles 
and deliver antimicrobial contents to the ingested 
organisms. Specific granules also called second-
ary granules of the neutrophils may fuse with 

phagocytic vesicles in inflammatory processes. 
The contents of these granules include lactoferrin, 
vitamin B12 binding proteins (transcobalamins I 
and III), plasminogen activator, collagenase, etc. 
These granules also play an important part in 
promoting chemotaxis and antimicrobial activi-
ties. The main functions of neutrophils consist in 
their mounting a protective response of the host 
to microbial infections. The neutrophils adhere 

a b

Fig. 5.2 (a, b) Shows a monocyte which are generally 
larger than neutrophils and have delicate fine nuclear 
chromatin, indistinct nucleoli, and thin membrane outline. 

The cytoplasm is abundant with irregular outline, light 
blue in color yielding a ground-glass appearance

a b

Fig. 5.3 (a, b) Shows a macrophages; these are large 
mononuclear cells (15–80 μm in diameter) with irregular 
cytoplasmic membrane outline suggesting amoeboid 
mobility, finely stippled nuclear chromatin, and spongy 

vesicular nucleus; (a) one macrophage shows a phagocy-
tosed red cells; (b) a macrophage shows several phagocy-
tosed red cells (erythrophagocytosis)
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to the endothelial cells (marginate) and then 
extend their cytoplasmic membrane (pseudopo-
dia) into the endothelial cells lining the capillar-
ies and thus emigrate into the tissues at the site of 
infection; the energy for this movement is gen-
erated by the activation of anaerobic glycolysis 
in the granulocytes. The plasma membrane of 
the involved neutrophils envelops the invading 
organisms or particles by its pseudopodia, which 
fuse around the organisms (phagocytosis) form-
ing phagosomes. The phagosomes fuse with the 
contents of the azurophilic (primary) and spe-
cific (secondary) granules forming phagolyso-
somes facilitating microbicidal activities of the 
neutrophils. The phagocytosed microorganisms 
are killed and digested by synergistic oxidative 
(oxygen- dependent) and non-oxidative (oxygen- 
independent) reactions [3].

Eosinophils contain highly specialized and 
unique granules, each granule containing rectan-
gular or square crystalloid core surrounded by 
lighter matrix in electron microscopic pictures 
(Fig. 5.1d). These granules contain a major basic 
protein (MBP) in the core, several other eosino-
philic cationic proteins (ECP) in the matrix, and 
a number of proinflammatory cytokines. 
Eosinophils participate in allergic reactions, in 
defense against parasitic infections and removal 
of antigen-antibody complexes. These cationic 
proteins and proinflammatory cytokines have 
been implicated in tissue damage that occurs in 
asthma and other allergic conditions.

Basophils: Human basophils are round and 
have irregular short surface projections and many 
large dark-staining granules (Fig. 5.1c). Basophils 
are only occasionally seen in normal peripheral 
blood. The ultrastructure of these mature cells 
generally shows electron-dense cytoplasmic 
granules, prominent aggregates of cytoplasmic 
glycogen, and short, blunt irregularly distributed 
plasma membrane. There is no convincing evi-
dence that mature basophils whether in the circu-
lation or in the tissues retain mitotic capability or 
that basophils metamorphose into “mast cells” 
after entering the tissues. The dark cytoplasmic 
granules of basophils contain heparin, histamine, 
and minor quantities of other biogenic amines. 
These cells have receptors for IgE attachment.

Monocytes belong to the mononuclear 
 phagocyte system which comprises monocytes, 
macrophages, and their precursors. These cells 
have a common origin and share similar basic 
morphology and functions. Monocytes are 
released from the bone marrow into the blood 
and after a variable yet short stay of 20–40 h 
migrate to different tissues either randomly or in 
response to chemotactic stimuli. In the tissues, 
these cells transform into macrophages after 
activation by microorganisms or other foreign 
particles. Monocytes are 10–12 μm in diameter, 
generally larger than mature neutrophils. They 
have large oval or indented nucleus with delicate 
nuclear chromatin, indistinct nucleoli, and thin 
membrane. When stained by Romanovsky stain, 
the cytoplasm appears abundant often with irreg-
ular outline and gray or light-blue color giving a 
ground-glass appearance (Fig. 5.2a, b) and may 
sometimes contain numerous vacuoles and 
rarely fine lilac- colored azure granules. The 
monocytes have a strong avidity for attachment 
to glass surfaces or polystyrene beads. Like 
polymorphonuclear neutrophils, monocytes are 
capable of amoeboid movement, chemotactic 
activity, and phagocytic and bactericidal 
functions.

Macrophages represent the tissue phase of the 
monocytes and are believed to arise by differen-
tiation and transformation of emigrated blood 
monocytes in the tissues. Macrophages are large 
cells (15–80 μm in diameter) and irregular in 
shape with active amoeboid mobility of the cyto-
plasm which may contain many vacuoles. The 
nuclear chromatin is finely stippled and spongy 
and often appears vesicular. They are highly 
active cells with intensely powerful phagocytic 
and microbicidal activities. The phagocytic 
activity is often manifested by the presence of 
ingested red cells inside the phagocytes 
(Fig. 5.3a, b).

Lymphocytes tend to offer protection to the 
host by more subtle processes and are also known 
as immunocytes. These cells are formed from 
lymphoid stem cells in the primary lymphoid 
organs (i.e., thymus and bone marrow in postna-
tal life and yolk sac, liver, and spleen in prenatal 
life) independent of any antigenic stimulation but 
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under the influence of several nonspecific 
 cytokines. They are also formed in secondary or 
reactive lymphopoietic sites such as lymph 
nodes, spleen, lymphoid follicles of the 
 alimentary and respiratory tracts, and other 
 diffuse lymphoid tissues in response to antigenic 
challenges. The majority of the blood lympho-
cytes are small cells (8–10 μm in diameter) and 
have condensed nuclear chromatin occupying 
almost the whole of the cell. No nucleolus is usu-
ally visible (Fig. 5.4a). The cytoplasm is scanty 
and may appear as a bluish or moderately baso-
philic narrow rim in a small lymphocyte but more 
abundant in large lymphocytes. When stained by 
Romanovsky stain, the small lymphocytes show 
scant or no granules, but in large lymphocytes a 
small number of lilac-colored granules (azuro-
philic granules) may be seen; these granules are 
more numerous in the large granular lympho-
cytes (LGL). The latter cells are larger in size 
(10–12 μm in diameter), have pale blue more 
abundant cytoplasm containing peroxidase nega-
tive (azurophilic) granules, and constitute 
10–12 % of the peripheral blood lymphocytes.

The lymphocytes contain some mitochondria 
(visible under electron microscopy) for basic 

energy requirement of the resting cells 
(Fig. 5.5a). The lymphocytes in the peripheral 
blood are generally resting cells with mild or 
poor metabolic activities which are multiplied 
severalfold when these cells encounter an anti-
gen, a mitogen, or an infection to which they 
respond by active transformation into a blastoid 
form – the “transformed lymphocytes” or “ acti-
vated lymphocytes.” These latter cells are as 
large as lymphoblasts and show intense pyronin-
ophilia (strongly basophilic in Romanovsky 
stain), prominent nuclear chromatin, and one or 
more nucleoli (Fig. 5.6).

Lymphocytes (immunocytes) are functionally 
heterogeneous. The different subpopulations of 
immunologically competent lymphocytes have 
evolved in order to meet the requirements of 
diverse immune functions such as antigen 
 recognition (self/nonself discrimination), clonal 
selection for antibody production, cell-mediated 
immune functions, immunological memory, and 
self-regulation. Broadly, B- and T-lymphocytes 
evolved to subserve these diverse immunologi-
cal and biological activities. The various 
 subpopulations of lymphocytes are identified 
and  categorized by the presence of specific cell 

a b

Fig. 5.4 (a) Shows a B-lymphocyte which is a relatively 
small round mononuclear cell (8–10 μm in diameter) and 
a nucleus occupying almost the whole of the cell usually 
with no nuclei, which has a bluish or moderately baso-

philic narrow rim of cytoplasm. (b) Shows a T-lymphocyte, 
which contains dense but uneven prominent chromatin 
structure with a shallow intranuclear indentation
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 surface receptors (CD, cluster of differentiation 
antigens), which are detected by fluorescence-
tagged specific monoclonal antibodies in a flow 
cytometer. B-lymphocytes are capable of synthe-
sizing immunoglobulin (Ig) molecules which in 
the resting phase of the lymphocytes remain 
attached to the cell membrane and are used as 
identification markers. The B-lymphocytes are 
believed to arise from the bone marrow stem 
cells in the human, whereas in the avian species, 
these cells originate in the bursa of Fabricius; an 
equivalent organ in the human remains 
unidentified.

T-lymphocytes also originate in the bone mar-
row stem cells; the prothymocytic T-lymphocytes 
acquire CD7 antigen on their cell surface and 
then emigrate to the thymus, where epithelial and 
dendritic cells provide a microenvironment for 
their further induction and maturation. A mature 
T-lymphocyte often contains a dense but uneven 
prominent nuclear chromatin structure with one 
or more intranuclear indentation (Fig. 5.4b). The 
mature helper T-lymphocytes express CD4 and 
suppressor cells express CD8; other subpopula-
tions of T-lymphocytes develop many other CD 
antigens. T-lymphocytes express cell surface 
receptors, αβ or γδ. Transmission electron 
microscopy of these cells reveals prominent 

a b

Fig. 5.5 (a) Transmission electron microscopic picture 
of a B-lymphocyte. The cell shows a small rim of cyto-
plasm, condensed nuclear chromatin, and several mito-
chondria in the cytoplasm. (b) Transmission electron 

microscopic picture of a T-lymphocyte, showing dense 
heterochromatin along the nuclear membrane and euchro-
matin in the remaining nuclear surface. The nucleus also 
shows deep indentations

Fig. 5.6 This shows the morphological features of “trans-
formed lymphocytes” that were generated by phytohe-
magglutinin stimulation of peripheral blood lymphocytes 
in short-term culture for 72 h. These lymphocytes turned 
larger, developed cytoplasmic basophilia, and revealed 
prominent nuclear chromatin and nucleoli
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basophilic cytoplasm, dense heterochromatin in 
the nucleus along the nuclear membrane, and 
euchromatin in the remaining area of the nucleus. 
There are also one or more deep nuclear 
 indentations (Fig. 5.5b).

Plasma cells are a progeny of B-lymphocytes 
and actively synthesize immunoglobulins under 
appropriate antigenic stimuli during which they 
undergo morphological transformation. They can 
be morphologically distinguished from lympho-
cytes by their distinctive features. These cells are 
spherical or ellipsoidal in shape (5–25 μm in 
diameter) with diffusely basophilic deep blue 
cytoplasm but may sometimes have fine granular 
appearance. The nucleus is round or oval, often 
eccentrically placed, and has dense prominent, 
aggregated chromatin giving a “cartwheel” 
appearance. These cells have a well-defined peri-
nuclear halo (clear zone) that contains the Golgi 
apparatus (Fig. 5.7a). The ultrastructure of 
plasma cells shows well-developed endoplasmic 
reticulum and perinuclear space with the Golgi 
apparatus (Fig. 5.7b).

5.2.2  The Bone Marrow

The bone marrow is the principal hematopoietic 
tissue in the adult human being and contains the 
great majority of the hematopoietic stem cells 
and the hematopoietic inductive microenviron-
ment that induces differentiation of the stem cells 
into each blood cell type, characteristic of the 
diverse cell lineages such as myeloid (granulo-
cytic, monocytic, and erythroid cell) and lympho-
cytic series of cells. Considerable changes are 
known to occur in the site and nature of hemato-
poiesis at different stages of development from 
the embryo to the adult.

In the embryo, blood cell formation starts in 
the yolk sac mesoderm as primitive “blood 
islands” comprising a cluster of specialized 
 mesodermal cells. These cells align themselves 
into peripheral endothelial cells and centrally 
located cells that produce a short-lived first line of 
primitive hematopoietic cells, the primitive 
 erythroblasts at 2–3 weeks of prenatal life. By 
the 10th week of prenatal life, a second set of 

a b

Fig. 5.7 (a) Shows the light microscopic morphology of 
a plasma cell in Romanovsky stain. The mature plasma 
cell shows strongly basophilic cytoplasm, eccentrically 
placed nucleus showing aggregated nuclear chromatin 
suggesting a “cartwheel” appearance. (b) Transmission 

electron microscopic picture of a plasma cell showing 
well-developed endoplasmic reticulum, eccentrically 
placed nucleus with condensed chromatin, and perinu-
clear zone with the Golgi apparatus
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 hematopoietic cells develop predominantly in the 
liver and the spleen from the stem cells that have 
presumably migrated from the yolk sac meso-
derm and then constitute the definitive line of 
hematopoietic cells (predominantly erythropoi-
etic cells). At this point, the fetal liver becomes 
the main site of blood formation, where erythro-
poiesis continues and granulopoiesis begins to 
appear (Fig. 5.8). The spleen is also an important 
organ for prenatal hematopoiesis, although it 
makes a much smaller contribution than the liver. 
Spleen and liver continue to produce blood cells 
until about 2 weeks before birth and make an 
important contribution to lymphopoiesis. From 
20 weeks of fetal life on, the bone marrow 
becomes increasingly active in blood cell forma-
tion, and it constitutes the main hematopoietic 
organ at birth. During the first 2–3 postnatal 
years, the bone marrow shows very active hema-
topoiesis in all bones in the body. During child-
hood, there is a gradual replacement of active, 
hematopoietic (red) marrow by relatively inac-
tive, fatty (yellow) marrow. This change starts in 
the diaphyses of long bones and extends toward 
the epiphyses (Fig. 5.9). In early adulthood, active 
hematopoietic marrow is confined to the epiphy-
ses of the long bones and all areas of the flat bones 
(axial skeleton) such as the sternum, ribs, cra-
nium, vertebrae, and pelvis. Even in these “active” 

hematopoietic tissues, fat cells constitute approx-
imately half of the total marrow tissues (Fig. 5.10). 
The red and yellow marrow each constitutes half 
of the bone marrow weight. Since half of the red 
marrow is fatty, 75 % of the total bone marrow in 
the adult human is virtually adipose tissue [4]. 
The hematopoietic cells in the red marrow gradu-
ally recede with advancing age from about 60 % 
in the first decade to about 30 % in the eighth 
decade of life [5]. When there is an increased 
need for blood cell formation in response to a 
hematological stress (e.g., hemolytic anemias), 
there is an expansion of active hematopoietic tis-
sues to the areas containing predominantly fatty, 
yellow marrow and sometimes to the liver and the 
spleen causing “extramedullary hematopoiesis.” 
The hematopoietic cells in the extramedullary 
hematopoietic foci develop from the stem cells 
which migrate to those sites from the bone mar-
row via the circulating blood [6].

Bone marrow weighs approximately 3,000 g 
in normal adult men and 2,600 g in women. There 
is a dual blood supply to the bone marrow con-
sisting of a periosteal capillary network and a 
nutrient artery that penetrates the bony shaft and 
divides into multiple branches in the marrow tis-
sue. The blood flow through the bone marrow has 
been estimated to be about 10 ml/min/100 cm2 in 
normal volunteers, as assessed with positron 
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emission tomography using a 15O-labeled CO2 
steady-state technique. The blood flow was 
shown to be 2.5–3.5 times higher in patients with 
polycythemia vera (26.9 ± 4.6), chronic myeloid 
leukemia (25.2 ± 3.9), and myelofibrosis 
(35.1 ± 7.3) [6]. Blood flow was found to be in the 
normal range, however, in patients with aplastic 
anemia, chronic hemolysis, or chronic lymphatic 
leukemia which would suggest that there is no 
direct correlation between blood flow and bone 
marrow cellularity [7].

5.2.3  Hematopoietic Growth 
Factors

The development of hematopoietic cells depends 
on both (a) the genetically programmed innate 
cellular processes such as proliferation and 
 maturation and (b) the induction and regulation 
of these processes by hematopoietic growth 
 factors. A large number of these growth factors 
have been identified and chemically character-
ized and their amino acid sequences analyzed. 

Fig. 5.10 Histological 
section of a bone marrow 
biopsy from an adult human 
being. At least 50 % of the 
marrow tissue shows fat cells 
and approximately 50 % 
hematopoietic cells. H & E

Birth 7 years 14 years 18 years 25 years

Fig. 5.9 Bone marrow 
distribution in long bones of 
the lower extremity 
illustrating changes during 
development over the years 
until the adult pattern is 
reached by about 25 years of 
age. (a) Birth, (b) 7 years 
old, (c) 14 years old, (d) 18 
years old, and (e) 25 years 
old
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The chromosomal locations of the responsible 
genes for most of them have been identified and 
cloned. While a comprehensive description of the 
cytokines is beyond the scope of this review, 
some general characteristics of these factors are 
relevant and useful to understand the functioning 
of the hematopoietic system. The hematopoietic 
growth factors (cytokines) are all glycoproteins, 
behave and function as hormones, and share a 
number of common properties.

T-lymphocytes, cells of the monocyte- 
macrophage system, endothelial cells, and 
fibroblasts are the major cellular sources of 
these growth factors in the body except for 

 erythropoietin, which is produced predomi-
nantly in the  kidneys. The biological functions 
of these growth factors are mediated through 
specific receptors on their target cells (hemato-
poietic cells and their precursors). They may act 
locally at the site of production or after they are 
absorbed into the circulating blood. One growth 
factor may act at one or more stages of hemato-
poietic cell maturation, and multiple factors may 
act on more than one stage of cell development. 
Several growth factors appear to exert synergistic 
action at multiple stages of development in the 
same lineage or even in more than one lineage 
but in a hierarchical manner (Fig. 5.11). The 
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growth factors not only promote the prolifera-
tion, maturation, and functions of hematopoietic 
target cells but also inhibit the apoptosis of the 
target cells. The latter (i.e., apoptosis) represents 
a genetically programmed process of cell death 
that normally balances the rate of blood cell pro-
duction and helps maintain a steady state. A large 
number of these cytokines are now available as 
recombinant DNA products for therapeutic and 
experimental applications.

5.2.4  Hematopoiesis and 
Hematopoietic Stem Cells

The factors or processes that induce the undiffer-
entiated mesoderm to be committed to the devel-
opment of multiple lineages of hematopoietic 
cells have only recently begun to be understood 
in some measure. The hematopoietic cells consti-
tute a highly efficient system of hierarchical 
development of multilineage blood cells with 
specialized structural and functional characteris-
tics (Fig. 5.11). The pluripotent stem cells con-
ceptually develop from the undifferentiated 
mesodermal cells and are characterized by their 
capacity for proliferation, self-maintenance, or 
self-renewal. A replicate population of these 
stem cells gives rise to progenitor cells which 
become irreversibly committed to differentiation 
along one or the other hematopoietic cell lin-
eages. These processes of cellular proliferation 
and differentiation appear to occur in a sequential 
manner and also possibly as overlapping events 
under the influence of a large number of hemato-
poietic growth factors. The flexibility inherent in 
these processes provides for enormous amplifica-
tion of the cell systems on demand. The spleen 
colony-forming unit (CFU-S), a murine self- 
renewing transplantable stem cell described by 
Till and McCullough [8], is conceptually closest 
to the pluripotent stem cells. The successful 
development of in vitro colony-forming units in 
agar- or methylcellulose-based tissue culture 
media supplemented by biological fluids (which 
contain hematopoietic growth factors) has pro-
vided a very useful system for studying the stem 
cells. These technical developments led to the 

identification of several colony-forming units 
such as CFU-GEMM, CFU-GM, CFU-G, CFU- 
M, and CFU-E. These committed stem cells, in 
turn, generate the earliest morphologically recog-
nizable cells in different hematopoietic cell lines 
(lineages) such as myeloblasts in the granulo-
cytic, proerythroblasts in the erythroid cells (red 
blood cells), and promegakaryocytes in the plate-
let series. These progenitors, precursors, and 
other more mature cells are held in the hemato-
poietic microenvironment of the stroma by 
numerous adhesive molecules for which appro-
priate receptors are present in the hematopoietic 
cells and also in the stromal cells (Fig. 5.12). The 
microenvironment plays an important and 
 perhaps essential function in sustaining hemato-
poiesis. It is believed that damage to the microen-
vironment of the bone marrow causes irreversible 
impairment of growth and proliferation of hema-
topoietic cells and may be responsible for bone 
marrow failure in a subset of patients with aplas-
tic anemia and myelofibrosis.

As the hematopoietic cells progressively grow 
and mature, the receptors for the adhesive protein 
molecules are downregulated, and the cells 
become less adherent and more mobile. 
Interestingly, the development of lineage speci-
ficity of the hematopoietic cells is associated with 
loss of some receptors and acquisition of others. 
Many CFU-S, though multipotent, do not appear 
to have long-term repopulating capability [9]. A 
cell or a group of cells that provide long- term 
hematopoietic reconstitution of radiation- ablated 
bone marrow including repopulation of all 
myeloid and lymphoid cell lineages are referred 
to as long-term hematopoietic repopulating units. 
These cells correspond to the totipotent or plu-
ripotent stem cells conceptually or operationally. 
An in vitro assay system for hematopoietic stem 
cells can identify and quantify the cells in a test 
population that are capable of initiating long-term 
hematopoiesis in culture after seeding them onto 
irradiated stromal cell monolayers [10, 11]. These 
cells are referred to as long-term culture- initiating 
cells (LTC-IC) [10] and have been shown to grow 
and sustain production of multilineage progeni-
tors of both myeloid and lymphoid series for 
many weeks in the presence of appropriate 
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 hematopoietic growth factors [10, 11]. Some 
recent reports indicate that human LTC-IC can be 
expanded substantially in vitro over a culture 
period of several weeks [12, 13].

5.2.5  Hematopoietic Cell Lineages

The bone marrow is normally the principal or the 
only site of blood cell formation in childhood and 
adult life in the human being. The developing 
hematopoietic cells grow in the stromal microen-
vironment outside the sinusoids in the bone mar-
row and when mature are released into the 
sinusoidal space (microcirculation of the bone 
marrow) and then into the general circulation. 
The hematopoietic cells comprise at least four 
lineages: (a) the granulocytic and monocytic, (b) 
the erythroid, (c) the megakaryocytic, and (d) the 
lymphoid cell lines. All of these cells apparently 

originate from a common stem cell (totipotent/
pluripotent stem cell) which is believed to divide 
and differentiate initially into the multipotent 
stem cell, CFU-GEMM (common stem cell for 
granulocytic, erythroid, monocytic, and mega-
karyocytic series), and the lymphoid stem cell 
(Fig. 5.11). Further division and maturation of 
these progenitor cells follow, and these cells 
become irreversibly committed to differentiation 
along the morphologically and functionally dis-
tinctive lines of different blood cells under the 
influence of a number of hematopoietic growth 
factors and nutrients.

5.3  Erythropoiesis

The formation of mature red blood cells in the 
bone marrow occurs in different stages starting 
with the first stem cell progeny committed to 

Fig. 5.12 The hematopoietic microenvironment provided by a stromal matrix on which stem cells and other hemato-
poietic progenitors and precursor cells divide and grow (Modified with permission from [110])
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 erythroid differentiation and ending with the 
release of red cells into the circulation. The whole 
mass of erythroid tissue is conceived as a func-
tional unit and is often referred to as the erythron 
comprising the mature red blood cells, the mor-
phologically recognizable erythroid precursor 
cells, and their functionally defined (as erythroid 
colony- forming units) progenitors in the bone 
marrow. This functional concept of the erythron 
has contributed significantly to the understanding 
of the physiology and pathology of normal and 
abnormal erythropoiesis, respectively [9]. The 
earliest recognizable erythroid precursor cell in 
the bone marrow is the proerythroblast (pronor-
moblast in the normal bone marrow), which in 
the widely used Romanovsky stain appears as a 
large cell with dark-blue cytoplasm, a central 
nucleus, and prominent nuclei. This cell under-
goes several divisions (usually four) and progres-
sive maturation to give rise to the basophilic, the 
polychromatic, and the orthochromatic normo-
blasts, respectively. As these cells mature, they 
become smaller, the nuclear chromatin becomes 
more condensed, and the cytoplasm appears 
increasingly more hemoglobinized. The nucleus 
is finally extruded from the normoblast at the 
orthochromatic stage, and a reticulocyte is 
formed, which contains some ribosomal RNA 
and can still synthesize hemoglobin. The reticu-
locytes spend about 1–2 days in the bone marrow 
before they are released into the circulation, 
where they spend another 1–2 days mainly in the 
spleen to mature into red cells. A mature red cell 
is devoid of RNA and can no longer synthesize 
hemoglobin.

Normal human peripheral blood contains 
about 1–2 % reticulocytes (i.e., 25–75 × 109/l) 
and no normoblasts. Under physiological condi-
tions, erythropoiesis is a well-balanced process in 
which the rate of red cell production is regulated 
so as to maintain a steady state and a relatively 
constant red cell mass. The glycoprotein hor-
mone – erythropoietin which is a highly glyco-
sylated polypeptide of 165 amino acids – is the 
major humoral regulator of erythropoiesis. 
Erythropoietin has been established as the major 
regulatory growth factor for erythropoiesis and is 
known to act on the committed erythroid stem 

cell – CFU-E – as well as on the other erythroid 
precursor cells, whereas the early stages of 
 erythropoiesis up to the stage of BFU-E (burst- 
forming unit-erythroid) are independent of eryth-
ropoietin or are minimally influenced by this 
hormone. As cells in the CFU-E proliferate and 
differentiate into the red cell precursors giving 
rise to morphologically recognizable normo-
blasts of various stages (with Romanovsky stain), 
a number of biochemical events occur in these 
cells. These include increased synthesis of RNA, 
induction of globin gene transcription (mainly 
alpha and beta globin genes), increased uptake of 
calcium and glucose, synthesis of transferrin 
receptors, increased iron uptake, and synthesis of 
red cell membrane proteins [9, 14]. Hemoglobin 
synthesis continues throughout all stages of mat-
uration of erythroblasts and also persists at a very 
low rate in the reticulocytes after the extrusion of 
the nucleus.

The process of differentiation of committed 
erythroid cell – the colony-forming unit- erythroid 
(CFU-E) – into the various stages of erythroid 
precursors (i.e., pronormoblasts and basophilic, 
polychromatic, and orthochromatic normoblasts, 
reticulocytes) is associated with activation of 
genes for hemoglobin synthesis. Thus, this pro-
cess involves genes for at least three different 
biochemical pathways corresponding to the three 
essential components of the hemoglobin mole-
cule – globin chains, protoporphyrin, and iron.

5.3.1  Globin Chain Synthesis

There are two distinct unlinked gene clusters for 
the two groups of globin polypeptide chains of 
hemoglobin in the human. The β-gene cluster 
(50 kb) (containing the linked genes ∈, Gγ, Aγ, δ, 
and β) is located on the long arm of chromosome 
11, whereas the ζ, α2, α1, gene cluster is located 
on the short arm of chromosome 16. Like most 
mRNAs in the eukaryotic cells, the globin 
mRNAs are synthesized in a precursor form 
which is about three times as long as the finally 
processed template for protein synthesis. These 
precursor molecules undergo further processing 
in order to be converted to the final mRNA 
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 template including “capping” at the 5′ end of the 
molecule, polyadenylation at the 3′ end, and 
“splicing”; the latter process removes the 
 intervening sequences or introns. The finally 
 processed mRNA for globin chain synthesis con-
tains 675–750 nucleotides [15]. The rate of glo-
bin chain synthesis has been shown to be regulated 
in a significant measure by heme [16, 17]. The 
presence of heme is known to stimulate globin 
chain synthesis in reticulocytes in vivo and in 
cell-free systems, and this is executed by a major 
effect exerted on the chain-initiation step in trans-
lation and to a smaller extent in transcription of 
globin mRNA or its processing [18]. In condi-
tions associated with an absence or a deficiency 
of heme (e.g., iron deficiency), an inhibitor of 
globin chain synthesis accumulates in the system, 
which slows down or inhibits the rate of globin 
chain synthesis and functions as a rate-limiting 
factor [19–21].

5.3.2  Heme Synthesis

Heme is a ferrous complex of protoporphyrin IX, 
which is a tetrapyrrole ring compound and syn-
thesized in the body in several sequential steps 
starting with the condensation of glycine and 
succinyl coenzyme A to yield δ-aminolevulinic 
acid (ALA) under the action of the enzyme ALA- 
synthase (ALAS) with pyridoxal-5-phosphate 
(vitamin B6) as a coenzyme. The enzyme ALAS 
is encoded by a gene located in chromosome 3; in 
erythroid cells, ALA synthesis is catalyzed pre-
dominantly by the erythroid-specific ALAS, 
which is coded by a gene located in the X chro-
mosome. In the next step, two molecules of ALA 
undergo further condensation to form porphobi-
linogen, the primary building block for all natural 
tetrapyrroles. Four molecules of porphobilinogen 
condense through several steps of enzymatic 
reactions to form protoporphyrin IX in the mito-
chondrion, where protoporphyrin IX again com-
bines with ferrous iron to yield ferrous 
protoporphyrin IX (i.e., heme). The latter reac-
tion is catalyzed by the enzyme heme synthase 
(ferrochelatase) in the presence of the cofactor 
pyridoxal-5-phosphate (vitamin B6).

5.3.3  Essential Hematopoietic 
Nutrients

The hematopoietic cells constitute a cell renewal 
system, which produces a large number of cells 
daily to maintain the steady state of normal blood 
cell numbers and to meet the additional demands 
of increased cell production during stress. The 
biological processes of proliferation and matura-
tion depend on a succession of carefully regu-
lated biochemical events in the cells, which 
include turnover of DNA, RNA, and protein. 
These processes require a number of cofactors 
such as vitamin B12, folate, and vitamin B6 and 
also minerals such as iron, cobalt, copper, and 
manganese. While vitamin B12, folate, and vita-
min B6 are required for the synthesis of DNA and 
RNA and for interconversions of amino acids, 
iron is an essential constituent of hemoglobin and 
is necessarily for erythropoiesis. Iron is also an 
important component of many enzyme systems 
including nucleotide diphosphate reductase, 
which converts the substrate nucleotide diphos-
phate to deoxynucleotide diphosphate in the 
pathway for thymine-DNA synthesis.

5.3.4  Iron Metabolism and 
Erythropoiesis

Iron metabolism is intimately related to hemoglo-
bin synthesis and thus to erythropoiesis. Iron is 
the most abundant mineral micronutrient present 
in the human body. Although iron is one of the 
most common elements in the earth’s crust, yet 
iron deficiency anemia is the most common type 
of anemia all over the world. The total body iron 
content in normal adult men is approximately 
50 mg/kg body wt., and in women, this is about 
35 mg/kg body wt. Two-thirds of the total body 
iron exists as hemoglobin in the erythrocytes. 
Plasma iron is derived mainly from the reticu-
loendothelial (RE) cells and the macrophages 
which acquire iron by engulfing senescent and 
effete erythrocytes at the end of their life span 
(erythrophagocytosis) (Fig. 5.3a, b). The iron so 
obtained as a degradation product of hemoglo-
bin by the RE cells generally becomes deposited 
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as ferritin and hemosiderin (siderotic granules). 
Although monocytes lack transferrin receptors, 
these cells express these receptors, when they 
are transformed into macrophages. It is impor-
tant to mention, however, that a small proportion 
of plasma iron comes from dietary sources after 
their absorption through the duodenum and jeju-
num. The plasma iron pool is the most important 
source of iron supply to the various body cells. 
Iron in the blood plasma is bound almost exclu-
sively to the specific binding protein transferrin, 
a β−globulin which is synthesized in the liver and 
has a half-life of 8–10 days. Transferrin is the 
exclusive transport protein for iron delivering it 
to the cells of the erythroid series and to a smaller 
extent to other cells. Each molecule of transfer-
rin can bind two atoms of iron and is normally 
one-third saturated with iron (i.e., transferrin 
saturation 33 %). Normal plasma contains 2.0–
4.0 g transferrin per liter. In an average normal 
subject, the plasma iron concentration is approxi-
mately 18 μmol/l (100 μg/dl), and total iron bind-
ing capacity (TIBC) is approximately 56 μmol/l 

(300 μg/dl). The total transferrin- bound iron in 
the plasma amounts to approximately 4 mg; this 
cycles seven times each day to provide about 
28 mg of transferrin-bound iron to be reutilized 
over and over again for hemoglobin synthesis and 
thus complete the internal iron cycle (Fig. 5.13). 
Transferrin delivers iron to the red cell precursors 
(proerythroblasts, early or basophilic normo-
blasts, intermediate or polychromatic normo-
blasts, late or orthochromatic normoblasts and 
reticulocytes) and to a smaller extent to other 
cells by binding to a specific cell surface recep-
tor (transferrin  receptor, CD71) (Fig. 5.14). Like 
many other receptors, the transferrin receptor 
is also a disulfide-linked transmembrane gly-
coprotein. This is encoded by a gene located in 
chromosome 3q26-qter [22]. Transferrin recep-
tors can bind two types of transferrin molecules: 
diferric transferrin with a high affinity and mono-
ferric transferrin with a somewhat lower affinity. 
As a result,  diferric transferrin has a competitive 
advantage in delivering iron to the erythrocyte 
precursors [23]. During erythroid maturation, the 
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number of transferrin receptors on the cell sur-
face increases reaching a peak in the polychro-
matic or intermediate normoblasts. Only a few 
are found on BFU-E and a few more on CFU-E. 
The early or basophilic normoblasts are reported 
to have about 300,000 receptors on each cell 
increasing to about 800,000 at the polychromatic 
or  intermediate stage. This number decreases 

further to about 100,000 on the reticulocytes, 
but with considerable variability depending on 
the degree of maturation of an individual reticu-
locyte. The rate of iron uptake by the erythroid 
cells is related to the number of transferrin recep-
tors on their surface. The mature erythrocytes 
have very few or no transferrin receptor on their 
surface and, therefore, cannot take up iron from 
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the plasma. The erythroid precursor cells appear 
to shed their receptors gradually as they mature 
possibly by proteolytic cleavage [24]. The shed 
(free) transferrin receptors appear in the plasma 
in a concentration that correlates with the rate of 
erythropoiesis [25, 26]. The transferrin receptors 
in the plasma can be quantitated with consider-
able accuracy. An increase in the plasma concen-
tration of transferrin receptors is considered to be 
a sensitive indicator of iron deficiency.

The mechanism of transport of iron from the 
surface of the erythroid precursor cells to their 
interior is interesting and subtle. The transferrin 
molecules with iron bound to them form a com-
plex with the transferrin receptors on the cell sur-
face and are then interiorized by endocytosis into 
vesicles. The contents of the vesicles are then 
acidified, and the iron is released from the com-
plex leaving the iron-free transferrin still bound 
to the receptor. The iron then enters the cytosol, 
and the vesicle containing the transferrin- receptor 
complex is transported back to the surface of the 
cell, where the neutral pH causes the release of 
the apotransferrin to the plasma. Normally, 
80–90 % of the iron that enters the cell is taken 
up by the mitochondria and is incorporated into 
heme. Most of the remaining iron becomes bound 
to ferritin and remains in storage as siderotic 
granules. The overall rate of entry of iron into the 
erythroid precursor cells is intimately related to 
the rate of heme synthesis [27].

5.3.5  Intracellular Regulation  
of Iron

Intracellular iron metabolism appears to be reg-
ulated by a complex mechanism which allows 
the cells to acquire iron as they need and to 
avoid the toxic effects of excess iron. They do 
so by regulating the synthesis of transferrin 
receptors and apoferritin. Cells containing ade-
quate iron synthesize apoferritin and inhibit the 
synthesis of transferrin receptors, thereby limit-
ing the cellular entry of iron; on the other hand, 
iron-deficient cells accelerate the synthesis of 
transferrin  receptors and thus promote the 
increase of  cellular entry of iron but inhibit the 

synthesis of  apoferritin, minimizing its diver-
sion to the storage pool. This is achieved at the 
transcriptional level. The mRNAs for transfer-
rin receptors and for apoferritin contain stem-
loop structures that constitute iron-responsive 
elements (IREs); five such IREs are present in 
the mRNA for transferrin receptors and one in 
the mRNA for apoferritin. The IREs bind the 
two iron-regulatory proteins (IRPs), IRP1 and 
IRP2, respectively. This binding produces 
opposite effects on the two mRNAs. While the 
stability of mRNA for transferrin receptor 
increases with consequent increased synthesis 
of transferrin receptors, the translation of apo-
ferritin is inhibited.

5.3.6  Qualitative and Quantitative 
Aspects of Erythropoiesis

As stated earlier in this chapter, erythropoiesis 
entails a number of sequential events such as (a) 
proliferation and maturation of erythroid cells in 
the bone marrow, (b) hemoglobin synthesis in 
these cells including in the reticulocytes, and (c) 
release of mature erythrocytes into the circula-
tion. However, not all erythroid precursor cells 
develop into mature red cells to be released into 
the peripheral blood even in normal individuals. 
It has been shown that about 5–10 % of the total 
erythroid precursor cells in the normal bone mar-
row die prematurely during maturation and are 
engulfed by the macrophages giving rise to inef-
fective erythropoiesis. These processes of prema-
ture intramedullary cell death and ineffective 
erythropoiesis are significantly increased in a 
number of hematological diseases:
 1. Megaloblastic anemia due to deficiency of 

vitamin B12 and/or folate or caused by their 
metabolic inhibitors

 2. Myelodysplastic syndrome
 3. Congenital dyserythropoietic anemias
 4. Myelofibrosis
 5. Thalassemia major
 6. Hypoplastic/aplastic anemia
 7. Bone marrow infiltration by metastatic 

neoplasms
 8. Leukemias, lymphomas, and myeloma
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 9. Therapy with cytotoxic, antineoplastic drugs
 10. Anemias associated with chronic diseases

They constitute the major pathogenetic 
mechanism by which anemia and other cytope-
nias are caused. The apparent increase of cell 
mass of the erythroid precursor cells in the 
bone marrow yielding a decreased myeloid/ery-
throid ratio (often referred to as increased total 
erythropoiesis) contrasts with the decreased 
output of mature red cells into the circulation in 
most of these disorders with a few exceptions: 
For example, hypoplastic and aplastic anemias 
are characterized by a marked decrease of bone 
marrow cells involving all cell lines including 
erythroid precursor cells with a consequent 
decreased output of all mature blood cells 
including red blood cells (i.e., ineffective eryth-
ropoiesis). Although the etiology and mecha-
nism (s) of bone marrow failure in these 
disorders may vary, the final outcome is similar 
and is manifested as ineffective hematopoiesis 
(and erythropoiesis) with the development of 
pancytopenia in the peripheral blood.

There are several biochemical markers of inef-
fective erythropoiesis which often provide useful 
indications for diagnosis. These include elevated 
serum level of unconjugated bilirubin (i.e., break-
down products of hemoglobin) and high serum 
level of lactate dehydrogenase (LDH) with a pre-
ponderance of the anodic fraction (LDH1), which 
is released as a result of increased intramedullary 
destruction of red cell precursor cells. The mor-
phological examination of the bone marrow 
shows hyperplasia of erythroid precursor cells 
(erythroid hyperplasia) with a low reticulocyte 
count in the peripheral blood indicating ineffec-
tive erythropoiesis. These bone marrow changes 
explain the ferrokinetic findings of rapid plasma 
iron clearance with poor iron incorporation into 
the red blood cells. However, in hypoplastic and 
aplastic anemias, plasma iron clearance is slower 
than normal, but the fraction of injected radioac-
tive iron incorporated into the newly formed red 
cells is reduced because of the reduced quantum 
of red cells produced in the bone marrow; this 
disorder is, therefore, associated with both ana-
tomical and functional reduction and failure of 
erythropoiesis.

The metabolic cycle of iron is intimately 
related to hemoglobin synthesis and erythropoi-
esis. The use of radionuclides in studying iron 
metabolism helps in tracing the movement of 
iron in the metabolic cycle and can monitor the 
transport of iron, its uptake by hematopoietic tis-
sue in the bone marrow and other organs, and the 
site, quantum, and nature of erythropoiesis. 
Radioactive iron (59Fe) is used to study the fol-
lowing aspects of iron metabolism and the kinet-
ics of erythropoiesis (ferrokinetics):
 1. The gastrointestinal absorption of iron
 2. The distribution of 59Fe radioactivity follow-

ing intravenous injection of a standard dose of 
radioactive iron

 3. The imaging of radioactive iron uptake by the 
bone marrow and other organs

5.4  Iron Absorption

The assessment of absorption of orally adminis-
tered iron by the gastrointestinal tract constitutes 
theoretically a very important component of the 
study of iron status and iron metabolism in a 
patient. A small quantity of radioactive iron 
(59Fe) usually in the form of ferric chloride, 
mixed and diluted with nonradioactive iron 
(FeSO4, 7H2O) and a reducing agent (such as 
ascorbic acid) in a known volume of aqueous 
solution, is administered by mouth to the patient 
after an overnight fast; the patient is not allowed 
to take anything by mouth for further 3 h after the 
oral test dose of radioactive iron. The subsequent 
part of the procedure is cumbersome and involves 
collection of feces passed by the patient during 
the following 7 days or so and measuring the 
radioactivity of the radioiron excreted in the stool 
in a gamma scintillation counter against a control 
solution of 1 ml of the radioactive iron solution 
which is given to the patient to drink at the onset 
of the test. The absorption of iron is calculated as 
the difference between the intake of radioactive 
iron and its excretion in stool collected for a week 
after the test and is expressed as the percentage of 
ingested radioiron retained.

As stated earlier in this chapter, ingested iron 
is absorbed by the mucosa of the duodenum and 
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jejunum by mechanisms that are complex and 
only partially understood. The rate of absorption 
is affected by a host of factors including the 
nature of the diet; the presence of chelators, 
reducing agents, and other interacting factors; 
intestinal mobility and function; and the state of 
erythropoiesis. Because of these dietary and bio-
logical variables, the interpretation of absorption 
data based on a small test dose of soluble inor-
ganic iron is difficult in the context of deficiency 
or disorders of iron metabolism. The average 
iron absorption in normal subjects is reported to 
vary between 10 and 30 % of the ingested test 
dose; in iron-deficient states, the absorption is 
markedly increased depending on the severity of 
deficiency and perhaps the degree of transferrin 
saturation. The validity of the results of iron 
absorption tests also depends on the reliability of 
complete collection of stool samples until <1 % 
of the ingested radioactivity is excreted in 1 day’s 
collection of stool samples. For these reasons, 
the oral absorption test for iron is not considered 
to be of much clinical convenience and value, 
and it is sparingly used in clinical conditions.

5.5  Ferrokinetics

Iron turnover studies with intravenously injected 
radioiron (59Fe) provide the best obtainable indi-
cations of the movement of iron in the metabolic 
cycle, of the degree of total erythropoietic activ-
ity, and of the intensity of effective and inef-
fective erythropoiesis. However, injected iron 
is also taken up to some extent by the RE cells 
in the liver, spleen, and bone marrow, where it 
may be deposited as storage iron in the form of 
ferritin and hemosiderin, and also by the circu-
lating reticulocytes. The ferrokinetic data yield 
several types of semiquantitative and quantitative 
information:
 1. Plasma iron clearance (i.e., the clearance of 

injected radioiron from the plasma)
 2. Plasma iron turnover [28] or plasma iron 

transport rate (PIT) [29]
 3. Iron utilization by newly formed red blood 

cells (RCU)
 4. Surface counting to measure the uptake and 

turnover of iron by various structures and 
organs (i.e., sacrum, liver, and spleen)

 5. Erythrocyte (red blood cell) iron turnover 
(EIT)
In these studies, approximately 5–10 ml of 

plasma is obtained aseptically from freshly col-
lected heparinized blood of the patient. 
Radioactive iron (59Fe) in the form of ferric chlo-
ride is added to the plasma which is then incu-
bated at room temperature for about 15 min. The 
radioiron becomes bound to the plasma transfer-
rin, which is then injected intravenously into the 
patient. A 2-ml sample of blood is collected from 
the patient at 5 min, and another four to five sam-
ples are collected into heparin or EDTA at inter-
vals of 15 min for 1–2 h after the injection of 
radioiron and then one sample daily for 
10–15 days thereafter with heparin or EDTA as 
anticoagulant. The 59Fe radioactivity in the 
plasma and red cells of these samples is mea-
sured, and the plasma iron concentration and vol-
ume of packed red cells (VPRC) are determined.

5.5.1  Plasma Iron Clearance

The radioactivities of 59Fe in the plasma samples 
collected at different intervals are plotted on the 
Y-axis and the time intervals (minutes) on the 
X-axis on log-linear graph paper. The radioactiv-
ity at the time of radioiron injection is derived by 
extrapolation of the initial slope to zero. The time 
taken for the plasma radioactivity to decrease to 
half (50 %) of its initial level (T½) plasma clear-
ance is derived from this graph (Fig. 5.15). The 
plasma iron clearance rate is related largely to the 
mass of erythroid cell population in the bone 
marrow and, therefore, apparently to the total 
erythropoietic activity and to some extent to the 
activity of the RE cell system in the liver, spleen, 
and bone marrow. It has been estimated that 
approximately 90 % of all body transferrin recep-
tors are normally in the erythron and the remain-
ing 10 % are mainly in the liver. In normal 
individuals in the steady state, 59Fe plasma clear-
ance (59Fe T½) varies considerably. Our own 
studies of 25 clinically and hematologically 
 normal subjects have shown that plasma 59Fe T½ 
ranges from 55 to 125 min (Table 5.1). A rapid 
plasma 59Fe clearance (i.e., shorter plasma 59Fe 
T½) would indicate increased total erythropoietic 
activity usually associated with an increase of 
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erythroid precursor cell mass as seen in patients 
with megaloblastic anemia, myelodysplastic syn-
drome, thalassemia major, and iron-deficiency 
anemia. On the other hand, a slow or delayed 
plasma iron clearance (i.e., longer plasma 59Fe 
T½) occurs in patients with aplastic and hyper-
plastic anemias, which are characterized by 
reduced erythropoietic activity and depletion of 
erythroid precursor cell mass in the bone marrow 
with or without reduction of other cell lineages. 

In hematological neoplasias including leukemias 
and in myelofibrosis and myelosclerosis, the 
plasma iron clearance rate is variable depending 
on the degree of erythropoietic activity in the 
bone marrow and the presence or absence of 
extramedullary erythropoiesis; however, in these 
conditions, the plasma iron clearance rate is more 
often high (i.e., plasma 59Fe T½ is shorter; i.e., 
clearance is rapid) than low or normal (Das KC, 
unpublished data, 1990).
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Fig. 5.15 Plasma iron clearance. 59Fe radioactivity in plasma at 5, 10, 20, 30, and 60 min after intravenous injection of 
a dose of radioiron (59Fe). The T½ (i.e., time in which 59Fe activity declined to 50 % of the zero time radioactivity)

Table 5.1 Ferrokinetic patterns in various types of hematological disorders

Plasma 59Fe  
clearance T½ (min)a PIT (mg/day/dl) Maximum RCU (%) EIT (mg/day/dl)

Normal 55–125 (75) 0.65–0.76 (0.71) 80–90 (85) 0.51–0.66 (0.58)
Aplastic anemia 180–360 (250) 0.60–0.75 (0.60) 14–20 (14) 0.09–0.25 (0.12)
Megaloblastic anemia 30–45 (35) 4.8–7.5 (6.3) 15–30 (22) 0.95–2.0 (1.5)
Myelodysplastic syndrome 35–50 (40) 5.0–6.9 (6.2) 10–35 (25) 0.68–1.4 (1.1)
Myelofibrosis 30–47 (36) 2.5–6.2 (4.8) 14–20 (18) 0.78–1.5 (1.3)

Das KC, unpublished data
PIT plasma iron turnover, RCU red cell iron utilization, EIT erythrocyte iron turnover
aFigures in parentheses indicate average values
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5.5.2  Plasma Iron Turnover

The parameter of plasma iron turnover (PIT) is 
also referred to as the plasma iron transport rate 
[28, 29]. As mentioned above, the plasma iron 
clearance does not take into account the concen-
tration of plasma iron and at the most yields a 
semiquantitative concept of the rate of movement 
of plasma iron to the erythropoietic tissue in the 

bone marrow and to the RE cell system. In deter-
mining the PIT rate, the plasma iron concentra-
tion is related with the plasma iron clearance rate 
to obtain quantitative data on the rate at which 
iron leaves the plasma per unit time and unit vol-
ume of blood. This is expressed as a total daily 
rate (i.e., mg or μmol of iron/l/day).

The computation of PIT is done according to 
the following formula:

Plasma iron turnover PIT mg l day
Plasma iron mg l I PC

( )( ) =
( )´ -

/ /
/ 103 VV

Plasma FeT

( )
( )59 ½ min

Plasma iron turnover PIT mol l day
Plasma iron mol l( )( ) =

( )×
m / /

/µ 103 II PCV

Plasma FeT

−( )
( )59 ‰ min

PIT is a frequently used parameter in the fer-
rokinetic profile of patients with disorders of iron 
metabolism and anemias. It is considered to be a 
reasonably good indicator of total erythropoiesis 
and generally correlates with total nucleated red 
cell mass. Its clinical usefulness is limited, how-
ever, by several physiological constraints: (a) In 
calculating PIT, the blood volume is assumed to 
be normal, which can be amended by measuring 
the blood volume separately and expressing the 
results incorporating the blood volume in the cal-
culation. (b) PIT does not take into consideration 
the fact that some iron leaves the plasma pool to 
enter the extravascular space (i.e., extravascular 
flux, EVF). (c) As stated earlier in this chapter, 
the plasma iron pool has both monoferric and 
diferric transferrins; diferric transferrin has a 
greater affinity for transferrin receptors and 
delivers twice as much iron per molecule of 
transferrin to the cells. For these reasons, the PIT 
rate tends to increase as the serum iron level 
increases or as the transferrin saturation increases 
[28, 29]. PIT is generally found to be increased 
in iron- deficiency anemia, hemolytic anemias, 
megaloblastic anemia [30], thalassemia major, 
and myelosclerosis. In aplastic anemia, the PIT is 

either normal or decreased, but it may also be 
increased when the plasma iron concentration is 
very high. The measurement of PIT has limited 
clinical usefulness for the reasons stated above 
and because of the fact that this parameter does 
not distinguish between effective and ineffective 
erythropoieses.

5.5.3  Red Cell Utilization  
(RCU) of Radioiron

The injected radioiron (59Fe) transits into the 
bone marrow and becomes incorporated into 
the hemoglobin of developing red cell precur-
sors and reticulocytes from day 1. This incorpo-
ration increases steadily and reaches a peak on 
the 10th–15th day under the physiological state 
of erythropoiesis. RCU is measured by collect-
ing samples of whole blood daily or on alter-
nate days for about 2 weeks after the injection 
of the  radioiron test dose. The radioactivity of 
59Fe is measured in 1 ml of whole blood 
 collected as above, and the percentage utiliza-
tion on each day is calculated according to the 
following formula:

Percentageiron utilization
cpm mlof whole bloodsampleat zero ti= / mme

cpm ml of whole bloodsampledaily/ /
×100
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where f is a PCV correction factor, which is 
f = 0.9PCV/(1–0.9 PCV) assuming that the body/
venous PCV ratio is 0.9. When there is a 
 possibility that this ratio is not 0.9, the red cell 

volume of the patient is determined by a direct 
independent method [28], and the percentage 
utilization on each day is then calculated as 
follows:

Percentage iron utilization
Red cell volume ml cpm ml red cells

=
( )´ /

TTotal radioactivity injected cpm( )
´100

The data on RCU provide an objective 
 assessment of effective erythropoiesis. In normal 
subjects, a maximum RCU (approximately 
70–80 % of injected radioiron) is reached 
between the 10th and the 15th day after the 
 injection of 59Fe (radioiron). In patients with 
 significant dyserythropoiesis and ineffective 
erythropoiesis with or without increased total 
erythropoiesis (i.e., erythroid hyperplasia in the 
bone marrow) such as in megaloblastic anemia 
and myelodysplastic syndrome, RCU is mark-
edly reduced and may range from approximately 
15 to 45 %, whereas in aplastic/hypoplastic 
 anemia, in which ineffective erythropoiesis is 

associated with depleted erythroid precursor cell 
mass as a striking pathological feature, RCU is 
further reduced to as low as 10 % (Fig. 5.16).

5.5.4  Erythrocyte Iron Turnover

The erythrocyte or red blood cell iron turnover 
(EIT) rate is determined from plasma iron turn-
over and maximum red cell iron utilization (i.e., 
PIT × RCU) and is expressed as mg/l blood/day. 
The EIT is a measure of the rate at which iron 
moves from bone marrow to circulating red cells. 
It is an index of effective erythropoiesis and 
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Fig. 5.16 Red cell iron utilization (RCU): 59Fe incorporation into red cells (mature erythrocytes) in (*) normal subjects 
and patients with (♦) aplastic anemia, (•) myelofibrosis, and (▪) myelodysplastic syndrome
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 correlates well with an appropriately corrected 
reticulocyte index [29]. In normal subjects, EIT 
is about 5 mg/l/day; however, this may be under-
estimated in hemolytic anemias. As would be 
expected from morphological and biochemical 
(pathophysiological) evidences of disturbed 
erythropoiesis, EIT is markedly decreased in 
most patients with myelodysplastic syndrome, 
thalassemia major, myelofibrosis, congenital 
dyserythropoietic anemias, and acute leukemias.

5.5.5  Surface Counts for 59Fe

Surface counting for 59Fe can be done by placing 
a collimated probe of a gamma counter over the 

upper part of the sacrum, liver, spleen, and heart 
with the patient lying in the supine position in 
order to map out the pattern of distribution of the 
radioactive iron at varying time intervals after the 
intravenous injection of the iron isotope (59Fe). 
These counts are generally taken after 5, 10, 20, 
40, and 60 min, then hourly for 6–10 h, and then 
once daily or on alternate days for the next 
10–15 days, the initial counts at each site being 
expressed as 100 % and the subsequent counts 
converted proportionately after correction for the 
physical decay of the radioactive iron. These 
counts are then plotted on arithmetic graph paper 
(Fig. 5.17). The procedures for measuring sur-
face counts have been described in detail in text-
books of practical hematology and nuclear 

Fig. 5.17 (a–d) Surface counting patterns following an 
intravenous injection of 59Fe to a normal subject (a) and to 
a subject with iron-deficiency anemia (b). Radioactivity 
was measured over the heart (○), sacrum (•), spleen (Δ), 
and liver (×). The patient with iron-deficiency anemia 
showed an excessive uptake of 59Fe by the bone marrow. 
(c, d) Surface counting patterns following an intravenous 
injection of 59Fe to patients with aplastic anemia (c) and 
myelosclerosis (d). Radioactivity was measured over the 
heart (○), sacrum (•), spleen (Δ), and liver (×). In aplastic 
anemia, the rate of clearance of the 59Fe from blood (heart 
counts) is unusually slow, and the bulk of the 59Fe is taken 
up by the liver. In myelosclerosis, there is little or no 
uptake of 59Fe by the bone marrow but a clear excess 

uptake by the spleen. The subsequent decrease in 
 radioactivity over the spleen is an indication that iron is 
being used for erythropoiesis and is not merely being 
stored in the organ. (e, f) Surface counting pattern follow-
ing an intravenous injection of 59Fe to patients with hemo-
lytic anemia (e) and dyserythropoiesis (f). Radioactivity 
was measured over the heart (○), sacrum (•), spleen (Δ), 
and liver (×). In hemolytic anemias, there is a delayed 
excess uptake of 59Fe by the spleen, which is the main site 
of red cell sequestration. In dyserythropoiesis, there is an 
active uptake of 59Fe by the bone marrow. The subsequent 
retention of most of the radioactivity in the bone marrow 
is an indication of ineffective erythropoiesis (Reproduced 
from [111, 112] with permission)
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medicine [28, 31]. The procedures are very labo-
rious for both the laboratory physicians and the 
patients, but they are still useful as an investiga-
tive tool for some patients with aplastic anemia, 
myelofibrosis, and myelodysplastic syndrome to 
make a functional assessment of iron utilization 
by erythroid precursor cells and of hematopoiesis 
and in planning therapeutic strategies.

5.6  Imaging for Evidence 
of Erythropoietic Activity

Iron utilization by the erythroid precursor cells in 
the bone marrow and in other unusual sites can be 
measured using the positron-emitting radioiso-
tope of iron, 52Fe, which has a short half-life of 
only several hours. The use of this iron isotope 
permits direct imaging of the distribution of this 
radioiron in tissues and organs with active eryth-
ropoiesis. This type of imaging using a positron 
camera is capable of revealing pictorially the 
sites of erythropoiesis and the extension of this 

process into long bones and even into extramed-
ullary sites, as may occur in some patients with 
polycythemia vera, myelofibrosis, and myelo-
sclerosis and in thalassemia major with extension 
of hematopoietic (mainly erythropoietic) cell 
mass into the paravertebral tissues, sometimes 
causing compression of the nerve roots. In 
patients with aplastic anemia, the shrinkage or 
atrophy of erythropoietic tissue can be revealed 
by this imaging procedure. Thus, this imaging 
technique may validate the results of routine and 
conventional morphological and biochemical 
investigations for erythropoiesis, sometimes 
yielding additional information, but it is rarely 
used in routine clinical hematological practice.

5.7  The Life Spans of Red 
Blood Cells

The mature red blood cells in the human are 
highly specialized cells with a relatively simple 
architecture consisting of a plasma membrane 
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which encloses a solution of proteins, enzymes, 
and electrolytes. More than 90 % of the intracel-
lular protein consists of the unique oxygen- 
carrying chromoprotein hemoglobin; the 
remainder contains numerous enzymes including 
those responsible for anaerobic glycolysis 
(Embden-Meyerhof pathway) and also those 
responsible for the hexose monophosphate 
(HMP) shunt pathway. The biochemical reac-
tions in the anaerobic glycolytic pathway gener-
ate high-energy phosphate molecules, ATP, and 
the coenzyme, NADH, required for methemoglo-
bin reductase to maintain hemoglobin in the fer-
rous state as well as 2–3, DPG, which regulates 
the oxygen affinity of hemoglobin molecules. 
The HMP oxidative pathway causes about 
5–10 % of glycolysis and generates NADPH, 
which helps in maintaining sulfhydryl groups in 
the plasma membrane to act as possible antioxi-
dants. The biconcave disk-shaped structure of the 
red cell is well suited to its function of gas trans-
fer and renders it more deformable to facilitate its 
movement within the microvascular circulation. 
The normal biconcave discoid shape of the red 
cell yields 40 % more membrane than is needed 
to enclose its cytoplasmic contents. This excess 
of plasma membrane coupled with the peculiar 
biological nature of the membrane gives greater 
resistance to bending forces and relatively less 
resistance to sheer forces. The plasma membrane 
is formed by a matrix of double-layered phos-
pholipids (lipid bilayer) with the “fluid-mosaic” 
model of globular proteins fitted into the lipid 
bilayer; some of the proteins penetrate the mem-
brane completely, while others penetrate only 
partially without undergoing extensive remodel-
ing. The erythrocyte membrane withstands rapid 
elongation and folding in the microcirculation 
and deformation as the cells pass through the 
small fenestrations of the splenic sinusoids.

The main functions of the red cells are to carry 
O2 as oxyhemoglobin from the lungs to the tis-
sues, where hemoglobin molecules are deoxy-
genated, and also to carry CO2 from the tissues to 
the lungs. During the process of deoxygenation, 
the β-globin chains are pulled apart to accommo-
date the metabolite 2–3, DPG. This change low-
ers the oxygen affinity of the hemoglobin 
molecule, which renders the O2-dissociation 

curve into a sigmoid form. The P50 (i.e., the par-
tial pressure of O2 at which hemoglobin is half 
saturated) of normal blood is 26.6 mmHg. When 
the O2 affinity of hemoglobin is lowered, the 
curve shifts to the right (i.e., the P50 rises) and 
tends to become sigmoid in shape, and with 
increased O2 affinity the curve shifts to the left 
(i.e., P50 falls). Normally, the arterial blood is 
about 95 % saturated with O2 and has a mean 
arterial O2 tension of 95 mmHg, whereas venous 
blood is 70 % saturated with O2 with a mean 
venous O2 tension of 40 mmHg. The oxygen dis-
sociation curve of blood is influenced not only by 
2–3, DPG but also by H+ ion concentrations, CO2 
in the red cells, and the structure of the hemoglo-
bin molecule. The red cells pass repeatedly 
through the microcirculation (with an average 
diameter of 4 μm) of the tissues for gaseous 
exchanges for a period of about 120 days (aver-
age life span). The energy for this active life span 
of the red cells is provided by the ATP generated 
by the anaerobic glycolytic pathway, reducing 
the power of NADH (generated during anaerobic 
glycolysis) and of NADPH generated by the 
glucose- 6-phosphate dehydrogenase-dependent 
HMP oxidative pathway.

Measurement of red cell life span can provide 
useful data in those cases of anemia in which 
hemolysis remains a possibility but cannot be 
clearly revealed by other laboratory investiga-
tions. This is performed by labeling autologous 
red cells of patients in vitro with radioactive 
chromium (51Cr), hexavalent sodium chromate 
(Na2 51Cr4), and a γ-ray-emitting isotope. The 
population of red cells of all ages is randomly 
labeled with 51Cr-labeled sodium chromate 
(Na2Cr4), which passes through the surface mem-
brane of the red cells and becomes reduced to a 
trivalent form and binds to proteins, preferen-
tially to the β-polypeptide chains of hemoglobin. 
The trivalent chromium is not reutilized nor 
transferred to other cells in the circulation [32]. 
In “cohort labeling,” an isotope (e.g., 59Fe) is 
taken up and incorporated into the newly synthe-
sized hemoglobin of the developing erythro-
blasts. The radioactivity of the red cells which are 
freshly released into the circulation is measured 
as a cohort of closely similar age. Red cell life 
span can be calculated from the measurement of 
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red cell iron obtained with cohort labeling by 59Fe 
[33], but the interpretation of the data is difficult 
because of the reutilization of iron derived from 
red cells at the end of their life span for fresh 
heme synthesis. Random labeling with 51Cr is a 
much more realistic method than cohort labeling 
with 59Fe. However, there are several disadvan-
tages to the 51Cr random labeling method:
 1. 51Cr gradually elutes from the labeled red cells 

after they are injected. The rate of elution 
appears to be faster over the first 3 days and 
uncertain on subsequent days.

 2. Chromium is toxic to the red cells probably 
because of its oxidant action. It inhibits gly-
colysis in red cells at a concentration of 10 μg/
ml or more and blocks glutathione reductase 
activity at a concentration of greater than 
5 μg/ml. It is recommended that <2 μg chro-
mium should be used for 1 ml red cells.
The technique of chromium labeling of red 

cells with Na2Cr4 is the same as for determining 
red cell volume. However, for red cell survival 
studies in which surface counting is also done, the 
radiochromium is used in a higher dose (e.g., 0.4 
Mbq or 1 μCi/kg body wt.). The methodology for 
determining red cell life span and surface count-
ing has been described in detail in textbooks of 
nuclear medicine and hematology [28, 31]. 
However, it may not be out of place here to empha-
size some important points and precautions.

Since the most important indication for mea-
suring red cell life span is suspected hemolytic 
anemia, adequate precautions should be taken to 
prevent lysis of red cells during washing. When a 
significant number of spherocytes are present in 
the blood sample, as in hereditary spherocytosis 
or in autoimmune hemolytic anemia, it is advis-
able to use a slightly hypertonic solution (e.g., 
12 g/l NaCl). In patients with autoimmune hemo-
lytic anemias, associated with high-titer, high-
thermal- amplitude cold agglutinins, blood should 
be collected in ACD solution which has been 
warmed to 37 °C, and the subsequent procedure 
should be carried out at 37 °C.

Following the injection of 51Cr-labeled red 
cells, an interval of 10 min (60 min in persons 
with cardiac failure or splenomegaly) is allowed 
for the mixing of radiolabeled red cells with the 
rest of the circulating red cells before a sample of 

venous blood is collected from a vein other than 
that used for the initial injection. The 51Cr radio-
activity in this sample is taken as the baseline for 
expressing the radioactivity of samples collected 
on subsequent days. One part of the labeled cell 
suspension initially injected into the patient is 
also retained as a standard for determination of 
red cell volume or red cell mass, if this was not 
done earlier. Subsequent samples are collected 
from the patient daily for 3–4 days and on alter-
nate days for about 10 days; then two specimens 
are collected per week for another 2 weeks 
(International Committee for Standardization in 
Hematology) [34]. Such measurements are per-
formed until the radioactivity has declined to 
50 % of the baseline value. 51Cr survival on any 
day (e.g., day “t”) is given by the following 
formula:

 
Percentagesurvival

cpm / ml blood on day t

cpm / ml blood on day 0
=

 

If all the samples and the baseline standard are 
counted on day “t,” no adjustment is required for 
physical decay. Two additional factors are 
involved in the disappearance of 51Cr radioactiv-
ity from the labeled red cells: 51Cr is eluted from 
intact red cells in the circulation at a rate which 
varies to a small extent in different individuals 
but to a greater extent in different diseases, espe-
cially in conditions associated with reduced red 
cell life span [28, 31]. The rate of elution is also 
believed to be influenced by the anticoagulant 
solution used: For example, with NIH-A ACD 
solution, the rate of elution is about 1 %/day [24]. 
Appropriate corrections for the elution of 51Cr 
have been suggested and can be incorporated in 
the computation of the red cell survival [28, 31]. 
This is achieved by multiplying the % 51Cr radio-
activity of red cells on a particular day by the elu-
tion factor for that day [28, 31].

Another event that has been observed in this 
method of determining red cell life span is the 
early loss of 51Cr from the red cells amounting to 
about 10 % within the first 24 h. A method of cor-
recting for the early loss of 51Cr from the red cell 
has been described. This is performed by plotting 
the data on arithmetic graph paper; the point of 
intersection is taken as 100 %, and then the scale 
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at the ordinate is recalibrated accordingly. The 
methods for drawing survival curves and for 
deriving the mean red cell life span have been 
described in the well-known Textbook of Practical 
Hematology by Dacie and Lewis [28]. The red 
cell survival curve is drawn by plotting the per-
centage radioactivity data of whole blood sam-
ples obtained on different days, after correction 
for physical decay and elution, on arithmetic and 
semilogarithmic graph paper and fitting straight 
lines passing through the data points. If a straight 
line can be fitted to the arithmetic plot, the mean 

red cell life span is given by the point in time at 
which the line or its extension cuts the abscissa. 
Usually, a straight line is better fitted to the semi-
logarithmic plot, and the mean red cell life span 
is read off as the exponential, e-1, i.e., the time 
when 37 % of the cells are still surviving, or is 
calculated by multiplying the half-time of the fit-
ted line by the reciprocal of the natural log of 2 
(0.693), i.e., multiplying by 1.44 (Fig. 5.18a–d). 
A computer program can automate this calcula-
tion. However, it is believed that the computer 
analysis does not improve overall accuracy for 

Fig. 5.18 (a–d) 51Cr red cell survival curves. (a) Normal 
subjects; (b) a patient with hereditary spherocytosis; (c) a 
patient with autoimmune hemolytic anemia. In the upper 
chart, the results have been plotted on arithmetic graph 
paper, and mean cell life span (MCL) was deduced by 
extrapolation of a tangent at the initial slope to the abscissa 
(9 days). In the lower chart, the results have been plotted 
on semilogarithmic graph paper, and the MCL was read as 
the time when 37 % of the cells were still surviving 
(9–10 days). The T50Cr was 6–7 days. (d) Red cell sur-

vival curve showing a “double population.” The MCL of 
the entire population was deducted by extrapolation of a 
tangent at the initial slope to the abscissa (5 days). By 
extrapolation of the less steep slope to the ordinate, it was 
deduced that approximately 30 % of the red cells belonged 
to one population, and by extrapolation of the same slope 
to the abscissa, the MCL of this population was calculated 
as 35 days. The life span of the remaining 70 % of red 
cells was calculated to be 3.6 days. The T50 was 3–4 days 
(Reproduced from [111, 112] with permission)
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clinical purposes [28]. In many laboratories, it is 
a common practice to calculate the T50

51Cr (i.e., 
the time taken for the 51Cr radioactivity to decline 

to 50 % of its initial value) after correcting for the 
physical decay factor. The 51Cr data may not be 
strictly comparable to an Ashby survival curve 
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even after corrections for 51Cr elution and early 
loss, but this procedure is acceptable for clinical 
purposes, provided that the findings of survival 
data are compared with 51Cr survival curves 
obtained from normal subjects by an identical 
technique [28, 31] (Fig. 5.18a).

In hereditary spherocytosis in which there is a 
chronic hemolytic anemia, the red cell survival is 
significantly shortened, and the results give a 
straight line when plotted on arithmetic graph 
paper (Fig. 5.18b). In patients with autoimmune 
hemolytic anemias, the results of 51Cr red cell sur-
vival studies, when plotted on arithmetic graph 
paper, yield a markedly curvilinear graph and indi-
cate a random destruction of red cells, which are 
eliminated in an exponential manner. The same 
data give a straight line when plotted on semiloga-
rithmic graph paper (Fig. 5.18c). The mean red 
cell life span can be read as the time when 51Cr 
radioactivity declines to 37 % of its initial value.

Some types of hemolytic anemias may be asso-
ciated with more than one population of red cells. 
For example, in patients with intravascular hemo-
lysis, as in paroxysmal nocturnal hemoglobinuria 
(PNH) and in some patients with sickle cell ane-
mia, there may be more than one population of red 
cells with varying life spans. In the survival curves 
of red cells of such patients, the population of 
more fragile or short-lived red cells will produce 
an initial steep slope followed by a much less steep 
slope or a normal-looking curve. The mean cell 
life span of the entire population of red cells can be 
derived by plotting the points on semilogarithmic 
graph paper. The population of red cells with lon-
ger life span can be assessed by plotting the points 
on arithmetic graph paper and extrapolating the 
less steep slope of the curve back to the ordinate 
(Fig. 5.21d); their life span can be estimated by 
extending the same slope to the abscissa. The life 
span of the short-lived population can be derived 
from the following mathematical model [28]:

 
MCLs

% S
100 % L

MLCT MLCL
=

 
where S = short-lived population, L = longer-lived 
population, T = entire cell population, and 
MLC = mean cell life span.

5.8  Surface Counts to Determine 
Sites of Red Cell Destruction 
Using 51Cr-Labeled Red Cells

Reticuloendothelial cells (cells of the monocyte- 
macrophage system) engulf senescent and effete 
red cells mainly in the spleen and to a much 
smaller extent in the liver of normal subjects who 
have a steady state of erythropoiesis. In hemo-
lytic anemias, especially chronic hemolytic ane-
mias, this process of sequestration and destruction 
of red cells is exaggerated and involves red cells 
at random, irrespective of their chronological 
age. The exaggerated rate of red cell destruction 
and the localization of the damaged or dead red 
cells in organs like the spleen and the liver can be 
demonstrated and evaluated in quantitative fig-
ures by in vivo surface counting using a properly 
shielded scintillation counter (collimated scintil-
lation detector) placed respectively over the 
heart, spleen, and liver. These counts are recorded 
over a period of time and are expressed with 
 reference to the counts over the heart taken as 
1,000, and the differences between the actual 
counts and the expected counts are taken as the 
excess counts (as evidence of sequestration or 
engulfment of damaged or sensitized red cells by 
the RE cells in these organs). For example, the 
spleen/the liver count ratio is expressed as an 
index and reflects the relative accumulation of 
51Cr in the spleen and the liver. The ratio between 
the counts on day 0 is recorded as 100, and all 
subsequent ratios are related to this. The details 
of the procedure for surface counts for 51Cr after 
injection of 51Cr-labeled red cells have been 
described by Dacie and Lewis [28], who have 
also illustrated the surface count patterns in nor-
mal subjects and in several types of hemolytic 
anemias. Four patterns of surface counting abnor-
malities have been described by these authors 
(Fig. 5.19):
 (a) Excess accumulation in the spleen as in 

hereditary spherocytosis (HS), hereditary 
elliptocytosis, and some patients with auto-
immune hemolytic anemias (AIHA)

 (b) Excess accumulation chiefly in the liver that 
occurs in sickle cell anemia especially in 
adult patients
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 (c) Little or no excess accumulation in either 
spleen or liver as in some hereditary enzyme- 
deficiency hemolytic anemia and in PNH

 (d) Excess accumulation in both liver and spleen 
as in some cases of AIHA

The results of surface counting patterns over 
the spleen and the liver have some relevance to 
the observed clinical results of splenectomy in 
these patients with hemolytic anemias. 
Splenectomy usually benefits patients with sur-
face counting pattern in Fig. 5.19a and to a more 
limited extent also patients with the pattern in 
Fig. 5.19d in parallel with the spleen/liver ratio. 
However, the relationship is not quantitatively 
direct, and the degree of improvement is not 
closely correlated with the magnitude of the 51Cr 
accumulation in the spleen [32].

Surface counting studies have many limita-
tions. Minor alterations in the conditions of 
counting and positioning of the patient may cause 
significant changes. Among the variables which 
affect the count rate are the amount of the organ 
volume counted in relation to its total volume, the 

distance of the organ from the surface of the 
body, the absorption of radiation by the overlying 
tissues, and the rate of loss of deposited 51Cr from 
the organ. Despite these perceivable theoretical 
problems, surface counting has proved to be of 
value in the management of patients with some 
types of hemolytic anemia when used judiciously 
with other clinical and laboratory data [32, 33].

5.9  Use of Radionuclides in the 
Investigation of Patients 
with Megaloblastic Anemia

5.9.1  Etiopathogenetic Basis  
of Megaloblastic Anemia

Megaloblastic anemia is characterized by a mor-
phologically distinct abnormality of erythropoie-
sis in which the erythroid precursor cells are 
transformed into large cells with finely stippled 
nuclear chromatin and asynchronous nuclear/
cytoplasmic maturation [30, 34, 35] (Fig. 5.20). 
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Fig. 5.19 (a–d) Surface counting patterns following 
labeling of patients’ red cells with 51Cr in various hemo-
lytic anemias. Interrupted lines indicate the limits of 
accumulation in normal subjects. Only excess counts and 

the spleen/liver ratio are shown. (a) Hereditary spherocy-
tosis; (b) sickle cell disease; (c) pyruvate-kinase defi-
ciency; (d) autoimmune hemolytic anemia (Reproduced 
from [111] and [112] with permission)
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The retarded nuclear maturation in relation to the 
cytoplasmic maturity is believed to be a morpho-
logical expression of deranged DNA synthesis 
[35–37]. The most common cause of megaloblas-
tosis is deficiency of folate (folic acid) and vita-
min B12. Both of these vitamins are essential 
cofactors for DNA synthesis and cell replication 
in all proliferating mammalian cells [30, 35–37]. 
The deficiency of these vitamins also affects the 
other hematopoietic cell lineages and frequently 
causes hypersegmentation of neutrophils (i.e., at 
least 5 % neutrophils having 5 or >5 lobes per 
cell), leukopenia, granulocytopenia, and throm-
bocytopenia in addition to macrocytic anemia. 
The peripheral blood pancytopenia is caused pre-
dominantly by markedly increased intramedul-
lary death of hematopoietic precursor cells 
resulting in ineffective hematopoiesis [29, 30, 
39]. Examination of a peripheral blood film from 
a patient with established megaloblastic anemia 
reveals an appreciable number of macrocytic and 
macro-ovalocytic red blood cells (MCV > 95 fl.), 
pear-shaped poikilocytes, and hypersegmented 
neutrophils. Megaloblastic changes may also 
appear in the erythroblasts in some rare hemato-
logical disorders such as erythroleukemia and 
myelodysplastic syndrome. These disorders are 
unresponsive to treatment with vitamin B12 and 
folic acid. The mechanism of megaloblastic 
changes in these conditions remains obscure.

The principal markers (i.e., identifiable fea-
tures) of deficiency of vitamin B12 and folate 

have been traditionally considered to be clinical 
expressions of anemia and morphological trans-
formation from normoblastic erythropoiesis to 
megaloblastic erythropoiesis. However, recent 
advances in analytical biochemical techniques 
and successful explorations of various metabolic 
loops between vitamin B12- and folate-dependent 
biochemical pathways have provided impe-
tus to look beyond these classical expressions 
of deficiencies of these vitamins. The range of 
expressions of deficiencies currently include 
the gene-nutrient interface, mild preclinical 
deficiency states, subtle changes in the lympho-
cytes and related immunological status, varied 
neurological consequences, the possible con-
tribution of folate insufficiency to birth defects, 
neoplastic transformations, and immunological 
abnormalities. The application of HPLC and 
mass spectroscopy has facilitated the estima-
tion of methylmalonic acid and homocysteine in 
the plasma of patients with deficiencies of these 
vitamins. Whereas increased plasma or serum 
concentration of methylmalonic acid is an early 
feature of vitamin B12 deficiency, increased con-
centration of homocysteine occurs early in both 
vitamin B12 and folate deficiencies. In spite of 
overlapping functional and metabolic activities 
of these two vitamins, there are a great deal of 
differences in their molecular structures and bio-
chemical activities involving different tissues.

“Folate and folic acid” are used as generic 
terms for any member of the family of folate 

a b

Fig. 5.20 (a, b) Megaloblastic erythropoiesis in the bone 
marrow of a patient with vitamin B12 deficiency showing 
(a) finely stippled nuclear chromatin, asynchronous 

nuclear/cytoplasmic maturation, and retarded nuclear 
maturity as compared to (b) normal (normoblastic) 
erythropoiesis
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compounds, whereas the term “folic acid” has 
been used as a synonym for pteroylglutamic acid 
(pteroylmonoglutamate). The structural formula 
of the parent compound and major coenzymi-
cally active forms of folic acid is illustrated in 
Fig. 5.21. The major portions of the molecule 
are the pteridine moiety linked by a methylene 
bridge to p-aminobenzoic acid, which itself is 
joined in amide linkage to glutamic acid. The 
parent compound, pteroylmonoglutamate, is not 
normally found in food or in the human body 
in significant concentration, nor is it biochemi-
cally active unless it becomes reduced in posi-
tions 5, 6, 7, and 8 and acquires substitution of 
one-carbon addicts on the 5N and N10 positions. 

Folate in  circulating blood and tissue fluids is a 
 monoglutamate, usually 5-methyltetrahydrofo-
late, but intracellular folate occurs as conjugates 
of 2–7 glutamic acid residues (pteroylpolygluta-
mate) in either methylated or formylate forms. 
The α-amino group of the second glutamic acid 
molecule is linked with the γ-carboxyl group of 
the proximal molecule. The polyglutamate forms 
of folate are resistant to the action of trypsin but 
are hydrolyzed to mono- or diglutamates by con-
jugases present in plasma and other tissues. The 
enzymatic reduction of pteroylmonoglutamic 
acid is catalyzed by the enzyme dihydrofolate 
reductase. The latter is inhibited by several folate 
antagonists such as methotrexate, aminopterin, 
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with THFA (From Das and 
Herbert [36]; by courtesy of 
Saunders Publications)
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pyrimethamine, and triamterene. The simple, yet 
functional, monoglutamate folate is a reduced 
compound, tetra-hydropteroylglutamic acid (−
THF), which is essentially involved in the trans-
fer of single carbon units in different states of 
reduction which include formyl (CHO–), methe-
nyl (=CH–), methylene (−CH2), formimino (−
CHNH), and methyl (−CH3). These are required 
for a variety of biosynthetic reactions. Among 
these compounds, 5-methyltetrahydrofolate 
(5-CH3-THF) is the most reduced form of folate 
(Fig. 5.21) and is the most predominant folate 
compound in the plasma. These folate coen-
zymes may be identified spectrophotometrically, 
fluorometrically, or by their affinity for an anion- 
exchange column or absorption on Sephadex or 
cellulose. These may also be identified by micro-
biological assays.

Vitamin B12 is synthesized by microorgan-
isms and not by mammalian cells. It has a com-
plex chemical structure of corrinoid, a class of 

compounds, which have a core structure resem-
bling that of heme in the hemoglobin molecule 
(Fig. 5.22). A corrinoid is a tetrapyrrole com-
pound (i.e., consisting of four pyrrole rings) in 
which two pyrrole rings (A and D) are linked 
directly, unlike other pyrrole rings which are 
linked by alpha-methane bridges. The cor-
rin nucleus (a planar structure) is linked to 
the ribonucleoside of a “nucleotide” lying at 
right angles to the plane of the corrin nucleus 
and linked to it by d-1-amino-2-propanol. The 
“nucleotide” consists of a base, 5.6-dimethyl-
benzimidazole, attached to ribose-3-phosphate 
by an alpha- glycoside linkage. The corrin ring 
contains a cobalt atom in the center, which is 
linked to the four reduced pyrrole rings and to 
an anionic ligand (− R group). A second bond 
exists between the major parts of the molecule 
– the coordinate linkage of the cobalt atom and 
one of the nitrogen atoms of the “nucleotide” 
molecule. The part of the vitamin B12 molecule 
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without the anionic ligand is often referred to 
as “cobalamin.” The commercially available 
 pharmacological forms of vitamin B12 are cya-
nocobalamin and hydroxocobalamin, which are 
stable on storage. Cyanocobalamin is not biolog-
ically active until the cyanide group is removed 
in the tissues. Two chemically and biologically 
active forms of this vitamin are methylcobalamin 
and 5′-deoxyadenosylcobalamin; both of these 
compounds are relatively unstable and decom-
pose on exposure to light and undergo photoly-
sis with the formation of aquacobalamin. When 
vitamin B12 is converted into metabolically active 
coenzyme forms, the cobalt atom is reduced 
in two steps from a trivalent to a monovalent 
state, to which the organic anionic ligands are 
then enzymatically attached. Methylcobalamin 
is the major form of vitamin B12 in the plasma 
and 5- deoxyadenosylcobalamin in the liver and 
other tissues.

The development of clinical manifestations of 
both vitamin B12 and folate deficiency are very 
insidious, and the sequential changes of develop-
ing folate deficiency in human volunteers have 
been described [40, 41]. In the early stages of 
deficiency of these vitamins, many of the hema-
tological and biochemical features of established 
megaloblastosis including the red cell morpho-
logical changes referred to earlier may not appear. 
The diagnostic features of a negative balance of 
the metabolic states of these vitamins can be very 
subtle and difficult to obtain by routine investiga-
tions and may be sometimes difficult to ascertain 
even with sensitive analytical biochemical proce-
dures. The development of a vitamin B12 defi-
ciency from a vitamin-replete state is gradual, 
and the transitional period can be divided into 
several stages. The transition from a folate- 
replete state to one of folate-deficiency anemia 
also progresses through similar stages. However, 
this transition in folate status occurs in a shorter 
time span than in vitamin B12-deficiency state.

There is a close interrelationship between 
vitamin B12 and folate metabolism in man. When 
large doses of folic acid are given to patients with 
vitamin B12 deficiency, the anemia may signifi-
cantly improve, but neurological manifestations 
may develop or if already present may progress 

further [36, 37, 42, 43]. Both hematological 
and neuropsychiatric manifestations occur in 
classical pernicious anemia. The latter is a spe-
cial variety of megaloblastic anemia which is 
caused by malabsorption of vitamin B12 due to 
inadequate or absent gastric intrinsic factor (IF). 
In an overwhelming majority of patients, this is 
caused by an autoimmune process leading to the 
atrophy of gastric parietal epithelial cells. 
Antibodies to gastric parietal cells and to gastric 
IF are commonly found in the sera of patients 
with pernicious anemia. The neuropsychiatric 
manifestations of patients with pernicious ane-
mia may precede or develop in the absence of any 
hematological abnormalities [43–45].

A fall in the serum vitamin B12 level is usu-
ally considered an early sign of developing 
deficiency of this vitamin and precedes morpho-
logical changes in the bone marrow and blood, 
but it lacks specificity, as it may also be found 
in severe folate deficiency, normal pregnancy, 
and transcobalamin 1 (TC-I) deficiency. On the 
other hand, megaloblastic anemia due to vita-
min B12 deficiency can occur in the presence 
of a normal serum vitamin B12 level as in TC-II 
deficiency and in conditions associated with 
high levels of TC-I such as hepatocellular disor-
ders [46], chronic myeloid leukemia, and other 
myeloproliferative disorders. As stated earlier, 
vitamin B12 has a complex molecular structure 
consisting of a tetrapyrrole, corrinoid ring with 
a cobalt atom in the center and a nucleotide side 
chain. Radiolabeling of vitamin B12 is achieved 
by replacing the native central cobalt atom by 
a radioactive cobalt atom (57Co, 58Co, 60Co). 
The two natural forms of this vitamin, methyl 
(CH3–) cobalamin and deoxyadenosyl (deoxy 
ado-) cobalamin, have (CH3–) and (deoxy ado-) 
groups attached to the cobalt atom, respectively, 
whereas the relatively stable pharmacological 
forms are cyano-(CN) and hydroxo-(OH) cobal-
amins. Methyl cobalamin is the predominant 
form of vitamin B12 in the plasma, and deoxy-
adenosyl cobalamin is present largely in the tis-
sues. Since vitamin B12 is synthesized by neither 
animals nor plants, but only by certain microor-
ganisms, all or most human dietary vitamin B12 
is derived from their binding proteins in food by 
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the action of proteolytic enzymes and acids in the 
gastric juice in the stomach, where this vitamin 
becomes bound to R-binders (nonspecific bind-
ers) in the gastric juice. The gastric IF moves 
down into the jejunum with R-binders, where 
pancreatic proteolytic enzymes release vitamin 
B12 from these binders in an alkaline environ-
ment. The released vitamin B12 then binds to IF, 
and IF-B12 complexes move down to the lumen 
of the distal ileum, where specific receptors on 
the ileal epithelial cells bind the complex in the 
presence of calcium and alkaline pH of the con-
tents. Vitamin B12 is dissociated from IF and is 
transported by facilitated diffusion across the 
mucosal cells into the portal circulation where it 
binds to transcobalamin II. The latter transports 
and delivers vitamin B12 to the tissues for par-
ticipation in relevant metabolic activities. The 
remaining vitamin B12 reappears in the circula-
tion bound to TC-I and TC-III, which act pre-
dominantly as long-term storage proteins for 
vitamin B12.

TC-II bound with vitamin B12 is referred to as 
holo-TC-II (holo-transcobalamin II). In normal 
human subjects, TC-II-bound vitamin B12 
amounts to about 40–50 ng/l. Hereditary defi-
ciency of TC-II is associated with megaloblastic 
anemia, which is resistant to vitamin B12 therapy 
in the conventional dosage due to deficiency or 
absence of the delivery protein. Vitamin B12 
serves as an essential cofactor for at least two 
important metabolic reactions in the human 
being:
 1. Conversion of methylmalonyl-CoA to 

succinyl- CoA catalyzed by the enzyme isom-
erase in the presence of the cofactor deoxyad-
enosylcobalamin; vitamin B12 deficiency is 
marked by accumulation of methylmalonic 
acid in the plasma and its increased excretion 
in urine.

 2. Conversion of homocysteine to methionine, 
which is dependent on methyl cobalamin; 
5-methyltetrahydrofolate (5-CH3-THF) also 
participates in this reaction as a methyl donor, 
and this reaction reflects the metabolic inter-
relationship between vitamin B12 and folate. 
In deficiency of vitamin B12 as well as of 
folate, homocysteine tends to accumulate in 
the plasma, causing hyperhomocysteinemia.

Diagnostic tests for vitamin B12 deficiency 
should include the following:
 1. Serum vitamin B12 assay
 2. TC-II-bound cobalamin (i.e., holo-TC-II) 

assay
 3. Estimation of serum concentrations of meth-

ylmalonic acid and serum homocysteine
 4. Deoxyuridine (dU) suppression test (i.e., 

DNA synthetic defect) in bone marrow cells 
and PHA-stimulated lymphocytes
Folic acid is generally present in green vegeta-

bles and foliage and after being absorbed by the 
gastrointestinal (mainly jejunal) epithelium accu-
mulates to a small but significant extent in the 
mammalian liver and spleen in reduced formyl- 
or methyl-polyglutamate forms. Folate polyglu-
tamates are the physiological forms of tissue 
folate. The dietary requirement of folate in the 
human being is approximately 300 μg daily for 
adults and may be higher for infants and pregnant 
women. Human body stores of folate are limited 
and may not last for more than 100 days. Folates 
are reduced to tetrahydrofolates (THF) predomi-
nantly in the liver before these can participate as 
cofactors in biochemical reactions to donate sin-
gle carbon groups. The predominant form of 
folate in the serum is methyltetrahydrofolate 
(CH3−THF), and its concentration declines rap-
idly as the intake of folate is reduced or in condi-
tions associated with negative folate balance 
without immediate depletion of the tissue stores 
of folate. The red cell level of folate (which is 
predominantly reduced folate polyglutamate) 
rather than the serum folate level reflects the 
folate status of patients. However, a low red cell 
folate level may not always indicate true folate 
deficiency. The red cell folate level may also be 
low in about 50 % of patients with severe vitamin 
B12 deficiency, since tetrahydrofolate is needed as 
a substrate for polyglutamate synthesis [36, 48, 
49]. The red cell folate may be normal despite 
folate deficiency in patients with marked reticu-
locytosis and following blood transfusion.

Reduced, formylated, or methylated forms of 
folate act as essential cofactors for several enzy-
matic reactions in the body relating to purine and 
pyrimidine biosynthesis, DNA synthesis, and 
amino acid interconversions. The folate coen-
zyme 5-methyl-THF also interacts with vitamin 
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B12 metabolism in homocysteine-methionine 
interconversion by acting as a methyl donor, and 
the resulting release of THF from 5-methyl-THF 
makes this single carbon group available for fur-
ther participation in serine-to-glycine intercon-
version. THF acquires a methylene group, which 
is released from serine at this step of interconver-
sion, forming 5-10-methylene-THF. The latter 
folate compound is an essential cofactor in the 
cellular synthesis of deoxythymidine monophos-
phate (dTMP) from deoxyuridine monophos-
phate (dUMP) and thus promotes the synthesis 
of one of the four constituent deoxynucleotide 
triphosphates of DNA molecule [30, 35, 39] 
(Fig. 5.23).

Diagnostic tests for the detection of folate 
deficiency include:
 1. Serum and red cell folate assays usually by 

competitive protein-binding radioassays

 2. Estimation of serum or plasma homocysteine 
concentration

 3. Bone marrow and lymphocyte dU suppression 
test

5.9.2  Vitamin B12 Radioassay

The estimation of serum vitamin B12 has con-
ventionally been used as a test for identifying 
the cause of megaloblastic anemia as well as of 
neuropathy. Competitive protein-binding inhi-
bition radioassays of vitamin B12 have virtu-
ally replaced microbiological assays [50–52] 
in almost all laboratories in the world. This 
is because radioassays are simple, rapid, and 
unaffected by the presence of antibiotics, anti-
metabolites, and other drugs in the plasma [53, 
54]. Antibiotics, antimetabolites, and other drugs 
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Fig. 5.23 De novo and salvage metabolic pathways of 
thymidylate (dTMP) synthesis as an essential step in 
DNA synthesis. The key enzyme, thymidylate synthetase, 
requires 5-10-methylenetetrahydrofolate as an essential 

cofactor and is also indirectly vitamin B12 dependent, 
since in vitamin B12 deficiency the pool of reduced folate 
becomes depleted due to the “5-methyltetrahydrofolate 
trap”

5 Nuclear Hematology



138

inhibit the growth of microorganisms yielding 
falsely low values in the microbiological assays. 
Radioisotopic methods (radioisotope dilution 
assays) using different binders for the vitamin 
(purified IF) as well as R-binders can distinguish 
true cobalamin from other corrinoids or vitamin 
B12 analogues [52]. The most commonly used 
radioassay is based on the principle of the satu-
ration analysis technique which measures the 
dilution of a standard amount of radiolabeled 
vitamin B12 (57Co-B12) by the endogenous cobal-
amin of the serum or plasma (which is released 
from the binding proteins by lowering the pH); 
purified gastric IF is used as ligand binding pro-
tein, and hemoglobin-coated charcoal is used to 
adsorb the free vitamin B12 in order to separate 
the bound form of the vitamin from the free form 
[51, 53]. However, it has been reported that a 
normal serum vitamin B12 level was found in a 
significant minority of patients with typical or 
atypical clinical features of deficiency [45, 55], 
even though very sensitive radioassays were used 
[52]. On the other hand, many patients with low 
serum cobalamin levels such as vegetarians and 
vegans do not show significant clinical evidence 
of deficiency for a variable length of time [55, 
56]. Further, tissue depletion of vitamin B12 is 
not reflected in the estimated serum level of this 
vitamin in certain disorders such as liver diseases 
[46], TC-II deficiency [57], and myeloprolifera-
tive disorders [58] after exposure to nitrous oxide 
[59, 60]. Low serum vitamin B12 levels are also 
found in some patients with deficiency of folate 
as well as in the latter part of apparently normal 
pregnancy without evidence of tissue depletion 
of vitamin B12 and rarely in an occasional patient 
with iron- deficiency anemia [61]. On the other 
hand, some patients with vitamin B12 deficiency 
reveal high serum folate and low red cell folate 
levels. It is, therefore, desirable that both vita-
mins be measured in all patients with suspected 
deficiency of either vitamin.

5.9.3  Determination of Holo-
transcobalamin- II (Holo-TC-II)

Human plasma or serum contains two major 
types of vitamin B12-binding proteins: transco-
balamin II (TC-II) and haptocorrin (R-binders: 

TC-I and TC-III). TC-II binds 6–20 % of 
 endogenous vitamin B12 and delivers the vitamin 
to the metabolically active tissues, where it is 
required as a cofactor. TC-II binds approximately 
50–100 ng of endogenous vitamin B12/l. When 
vitamin B12 deficiency occurs, TC-II-bound vita-
min B12 is the first to be reduced at the early stage 
of depletion [41, 44, 62, 63]. TC-II-containing 
bound vitamin B12 is referred to as holo-TC-II. 
Studies in patients with untreated pernicious 
anemia and AIDS with vitamin B12 deficiency 
have shown that a decrease in holo-TC-II is the 
earliest sign of developing vitamin B12 deficiency 
[62, 63].

A simplified method for estimating vitamin 
B12 on TC-II (i.e., holo-TC-II) has been described 
by Das et al. [64] as an extension of the competi-
tive inhibition radioassay of vitamin B12 in human 
serum [52]. In this procedure, the TC-II-bound 
endogenous vitamin B12 is separated from endog-
enous haptocorrin (i.e., TC-I, TC-III)-bound vita-
min B12 by adsorption with microfine silica gel 
(Quso G32, or G761). The determination of holo-
TC- II by this method involves an additional step 
in the competitive inhibition radioassay for vita-
min B12. The estimation of vitamin B12 content on 
haptocorrin (vitamin B12 bound to TC-I and 
TC-III, i.e., vitamin B12 content of the serum after 
absorption with Quso G32 or G761) is subtracted 
from the vitamin B12 content of the untreated or 
unabsorbed serum. The resultant value provides 
the vitamin B12 content on TC-II (i.e., holo-TC-
 II). The holo-TC-II level may be subnormal at an 
early stage of developing vitamin B12 deficiency, 
even though the total vitamin B12 level may be 
within the laboratory range of normal [41, 
62–65].

5.9.4  Identification of the Cause 
of Vitamin B12 Deficiency

Vitamin B12 deficiency due to pure dietary inad-
equacy of this vitamin is very rare and occurs 
mainly in strict vegetarians and vegans [56]. 
More often gastrointestinal disorders, atrophic 
gastritis, pernicious anemia, congenital lack or 
abnormality of gastric IF, or total or partial gas-
trectomy causes malabsorption and consequent 
deficiency of this vitamin. Diseases involving the 
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distal ileum such as Crohn’s disease, intestinal 
stagnant loop syndrome, and rarely congenital 
selective ileal malabsorption with proteinuria 
(Imerslund-Grasbeck syndrome) may also result 
in malabsorption of vitamin B12.

The malabsorption of vitamin B12 is classi-
cally detected by Schilling’s test.

This procedure uses an oral test dose of radio-
labeled cyanocobalamin (usually 57Co-B12) with 
or without added IF (intrinsic factor). The absorp-
tion is most frequently measured indirectly by 
measuring the urinary excretion of the radiola-
beled vitamin B12; the vitamin is flushed out into 
a 24-h collection of urine sample by a large par-
enteral dose (1 mg) of nonradioactive vitamin B12 
injected intramuscularly usually 1 h after admin-
istration of the oral test dose. 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) [66]. The ratio of 
excretion of these two radiolabeled vitamin B12 is 
calculated [42]. The dual radioisotope method 
has several advantages over the classical two- 
stage procedure [67]: (1) The error inherent in 
incomplete urine collection can be partially obvi-
ated since these two isotopes are administered 
simultaneously, and the ratio of excretion of these 
isotopes in urine is used to calculate the intestinal 
absorption of vitamin B12 as well as any change 
in the absorption by the administration of IF (i.e., 
any correction if the absorption of vitamin B12 is 
subnormal); (2) the total time taken to perform 
this test is much shorter than the two phase test. 
Because of these considerations, many commer-
cial kits for vitamin B12 absorption provide for 
dual-isotope procedure.

Normal subjects (with no abnormality of 
vitamin B12 absorption) show urinary excretion 

of free radioactive vitamin B12 to the extent of 
9 % or more, with IF-bound to free cobalamin 
ratio of between 0.8 and 1.2. In pernicious 
 anemia, the urinary of excretion of radioactive 
vitamin B12 falls below 8.0 % with IF-bound to 
free vitamin B12 ratio of greater than 1.5. If the 
urinary excretion of radioactive vitamin B12 is 
decreased (<8.0 %) and the ratio of IF-bound to 
free radioactive vitamin B12 is similar to normal 
(i.e., 0.8–1.2), intestinal malabsorption not 
due to deficiency of IF would be suspected 
(Table 5.2).

5.9.5  Food Cobalamin (Vitamin B12) 
Malabsorption

Schilling’s test appears to introduce some degree 
of artifact from the physiological reality, because 
it uses a crystalline pharmaceutical form of cobal-
amin, whereas natural food cobalamin is bound 
to proteins possibly in reduced forms. Numerous 
reports have appeared documenting that patients 
with achlorhydria and other local gastric disor-
ders fail to absorb food vitamin B12, although 
absorption of crystalline cobalamin by the clas-
sical Schilling’s test is normal [42, 68, 69]. More 
physiologically designed tests employing cobala-
min bound to eggs [70], chicken serum, or other 
proteins have been used especially in cases of 
atypical cobalamin deficiency. Food cobalamin 
malabsorption was found in some patients with 
unexplained low serum B12 levels and in subtle 
cobalamin deficiency states with or without ane-
mia [71, 72] and sometimes with neurological or 
neuropsychiatric problems relieved by vitamin 
B12 therapy. Some patients with this syndrome 
have gastric dysfunction consequent to gastri-
tis including that caused by H. pylori infection, 

Table 5.2 Characteristic results of Schilling’s test in normal human subjects, patients with pernicious anemia, and 
other malabsorption syndromes

Percentage radioactivity excreted in urine

Groups of subjects

57Co B12 + IF 58Co B12(NO IF) 57Co: 58Co ratio

Mean + range Mean + range Mean + range

Normal (n = 20) 18.0(10.0–40.0) 17.8 (9.7–42.0) 1.0 (0.8–1.2)
Pernicious anemia (n = 18) 10.0 (6.0–15.0) 3.0 (0.5–7.0) >1.5
Atrophic gastritis (n = 10) 8.5 (7.0–16.0) 4.0 (1.0–7.5) >1.5
Malabsorption not caused by IF 
deficiency (tropical sprue) (n = 22)

5.5 (5.0–8.0) 6 (4.5–7.0) 0.9 (0.8–1.2)
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chronic alcoholism, or prolonged use of cimeti-
dine, ranitidine, and omeprazole.

5.9.6  DNA Synthesis 
and Deoxyuridine (dU) 
Suppression Test 
in Megaloblastic Anemia

Megaloblastosis is a morphological abnormality 
that occurs predominantly in the erythroid pre-
cursor cells in the bone marrow and in other rep-
licating cells in human subjects due to deficiency 
of vitamin B12 and folate or metabolic abnormali-
ties involving these vitamins. This pathological 
change is generally believed to be a morpho-
logical expression of deranged DNA synthesis 
in these proliferating cells in deficiency of these 
vitamins and rarely in conditions associated with 
their metabolic disorders [36, 73]. The abnormal-
ity in DNA synthesis resulting from deficiency 
of these vitamins has been specifically demon-
strated as an impaired conversion of deoxyuri-
dine monophosphate (dUMP) to deoxythymidine 
monophosphate (dTMP), a reaction catalyzed 
by the enzyme thymidylate synthetase, requir-
ing the presence of a reduced folate cofactor – 
5-10- methylenetetrahydrofolate (5-10- methylen
etetrahydrofolate) (Fig. 5.23). This abnormality 
has been demonstrated in short-term cultures of 
bone marrow cells and PHA-stimulated lympho-
cytes from patients with megaloblastic anemia 
and is referred to as abnormal deoxyuridine (dU) 
 suppression test.

The biochemical basis of this test is inti-
mately related to the pathways of synthesis of 
the four constituent deoxynucleotide triphos-
phates (dNTPs) of DNA. Cellular DNA synthesis 
depends on the availability of the four deoxynucle-
otide triphosphate building blocks: triphosphates 
of deoxyadenosine, deoxyguanosine, deoxycyto-
sine, and deoxythymidine (dATP, dGTP, dCTP, 
dTTP) [36, 39] (Fig. 5.23). The introduction of 
carbon-2 and carbon-8 in the purine ring involves 
two folate-dependent reactions [36, 37]. Folate 
coenzymes play a key role in the biosynthesis 
of pyrimidine nucleotide. A balanced synthe-
sis of purine and pyrimidine nucleotides is an 

 important  requirement for DNA synthesis in pro-
liferating cells. The nucleotide pools in the cells 
are maintained by de novo synthesis as well as 
by incorporation of exogenous substrates by sal-
vage pathways and interconversions of different 
nucleotides. The synthesis of dTTP is of particu-
lar significance due to the relative specificity of 
the thymine base for DNA. In mammalian cells, 
the synthesis of thymidylate (deoxythymidine 
monophosphate, dTMP) occurs via the conver-
sion of uridylate (uridine monophosphate, UMP) 
to deoxyuridylate (deoxyuridine monophosphate, 
dUMP) by an iron-dependent enzyme, ribonucle-
otide reductase, and the subsequent methylation 
of dUMP to dTMP by the enzyme thymidylate 
synthetase. The synthesis of dTMP is a rate-
limiting step in mammalian DNA synthesis and 
requires the folate coenzyme, 5-10-methylenetet-
rahydrofolate (5-10-methylenetetrahydrofolate) 
as an essential cofactor. This step is directly folate 
dependent and indirectly vitamin B12 dependent, 
since the supply of tetrahydrofolate (THF) is 
reduced in vitamin B12 deficiency due to impaired 
homocysteine-to-methionine conversion (methyl 
folate trap) [40, 74]. When exogenous deoxy-
uridine (dU) is added to cultures of proliferating 
cells, this substrate (dU) is also taken up by these 
cells and phosphorylated to dUMP, which then 
acts as a substrate for thymidylate synthesis. The 
synthesis of dTMP from dUMP forms the major 
de novo pathway of thymine-DNA synthesis in 
mammalian cells under normal circumstances. 
However, almost all cells also contain the enzyme 
thymidine kinase for cellular uptake of preformed 
or exogenously added thymidine which provides 
a “salvage pathway” for thymine-DNA synthesis. 
This alternative pathway may be of particular sig-
nificance in bone marrow for possible reutiliza-
tion of thymidine available from the breakdown 
or turnover of cells. Cellular DNA synthesis is 
regulated by a number of feedback loops involv-
ing these pathways (Fig. 5.23). The two alterna-
tive pathways of thymine-DNA synthesis – the 
de novo and the salvage pathways – are interre-
lated by a common end product (deoxythymidine 
triphosphate, dTTP) which exerts a regulatory 
influence on both pathways by a feedback inhi-
bition and  presumably maintains a balanced 
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synthesis of cellular DNA [36, 37]. By the simul-
taneous addition of 3H-deoxyuridine (3H-dU) 
and 14C-thymidine in short-term cultures of bone 
marrow cells and PHA-stimulated cultures of 
lymphocytes, it has been shown that there is a 
reciprocity between the de novo and the salvage 
pathways of dTTP synthesis so that increasing 
concentrations of added dU suppress the incorpo-
ration of thymidine and vice versa [74].

5.9.7  Deoxyuridine (dU) 
Suppression Test

The deoxyuridine (dU) suppression test essen-
tially measures the effective conversion of dUMP 
to dTMP and the impairment of this reaction in 
deficiency of vitamin B12 and/or folate. In prac-
tice, this test is performed by monitoring the 
extent to which added (exogenous) nonradioac-
tive dU suppresses the incorporation into DNA of 
3H-thymidine or its analogue 125I-deoxyuridine 
[39, 73, 74]. When an excess of deoxyuridine is 
added to short-term cultures of normal bone mar-
row cells, the incorporation of 3H-thymidine into 
DNA via the salvage pathway is reduced or sup-
pressed, but this suppression does not occur 
(abrogated) in the bone marrow of patients with 
megaloblastic anemia. It has been further shown 
that vitamin B12 is not directly involved in the de 
novo pathway of dTMP synthesis and that 
impaired dTMP synthesis in vitamin B12-deficient 
bone marrow cultures is due to a block in folate 
metabolism in vitamin B12 deficiency; this block 
involves the failure or impairment of conversion 
of homocysteine to methionine, which requires 
methyl cobalamin as an essential cofactor and 
5-methyl-THF as a methyl-group donor. In vita-
min B12 deficiency, methyl-THF accumulates in 
plasma and perhaps in cells as well, causing gen-
eralized deficiency of functional folate (i.e., the 
methyl folate trap hypothesis) [40]. In short-term 
cultures of bone marrow cells from non- 
megaloblastic patients, preincubation with excess 
nonradioactive dU suppresses the incorporation 
of 3H-thymidine to approximately 10 % of control 
cultures (i.e., replicate cultures of the same mar-
row to which no dU has been added), and the 

extent of this suppression is not further increased 
by the addition of folate or vitamin B12. In folate- 
deficient megaloblastic anemia, there is an inade-
quate pool of folate, as a result of which there is 
inadequate methylation of dUMP to dTMP. In 
deficiency of vitamin B12, the active folate pool is 
depleted due to decreased availability of reduced 
folate, since “folate” is trapped as metabolically 
inactive 5-methyl-THF as a result of failure of 
vitamin B12 (methyl cobalamin)-dependent 
homocysteine-to-methionine interconversion 
[37]. The net effect of vitamin B12 deficiency on 
the de novo pathway of thymidylate synthesis 
(dUMP→dTTP) is similar to that of folate defi-
ciency. Therefore, in deficiency of either vitamin, 
the synthesis of dTMP via the folate-dependent 
de novo pathway (by the catalytic effect of the 
enzyme thymidylate synthetase) is decreased, and 
this impairment of the de novo pathway appears 
to be closely related to the severity of the vitamin 
deficiency. As a result of this abnormality, the 
alternative salvage pathway of dTMP synthesis 
(via direct thymidine incorporation) becomes cor-
respondingly more active. This correlates well 
with increased activity of the salvage pathway 
enzyme, thymidine kinase, in the hematopoietic 
cells in these vitamin-deficiency states [30, 35, 
39, 75–77]. This promotes increased incorpora-
tion of 3H-thymidine into the dTMP pool and 
finally into DNA. As a result of this, in spite of 
adding a standardized excess of nonradioactive 
dU to the cultures of bone marrow cells, 
3H-thymidine incorporation into DNA remains 
proportionately higher than in cultures of normal 
bone marrow cells (i.e., greater than 10 %). In 
folate deficiency, dU suppression abnormality is 
completely corrected by folic acid (i.e., pteroylm-
onoglutamate), 5-methyl-THF, as well as folinic 
acid, but not by vitamin B12. On the other hand, in 
vitamin B12 deficiency, the abnormal dU suppres-
sion is partially corrected by the addition of vita-
min B12 alone but completely corrected by the 
simultaneous addition of vitamin B12 and 
5-methyl-THF or by the addition of folic acid or 
folinic acid alone and not at all by 
5-methyl-THF.

The dU suppression test for the diagnosis 
of vitamin B12 and folate deficiency can also 
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be  performed with excellent results in cultures 
of PHA- stimulated lymphocytes from patients 
with deficiency of these vitamins [77–79]. The 
detailed methodology for performing the dU sup-
pression test has been described by Das et al. [30, 
39, 77–79], who showed that when performed 
with appropriate controls, the test is very sen-
sitive and is capable of detecting these vitamin 
deficiencies even when morphological manifes-
tations of megaloblastosis remain equivocal.

5.10  The Spleen

The spleen is an important and interesting organ 
with diverse functions, some or all of which may 
be affected in several primary hematological dis-
orders; on the other hand, disorders of the spleen 
may lead to hematological abnormalities. In both 
instances, evaluation of splenic functions and 
visualization of the spleen become important for 
diagnosis, prognosis (including staging), and 
therapeutic management. The spleen is a unique 
organ of great relevance to the hematopoietic sys-
tem in both prenatal and postnatal lives. Its devel-
opment from the embryonic mesoderm becomes 
apparent at the 5th week of gestation just poste-
rior to the developing stomach. The mesenchy-
mal cells possibly derived from the yolk sac of 
the embryo differentiate into several functional 
components of the hematopoietic system such as 
pluripotent stem cells and colony-forming units, 
the reticuloendothelial system (RE cell system), 
and the lymphatic system. It is no wonder that 
different investigators have classified the spleen 
differently as being a component of:
• The circulating system
• The hematopoietic system
• The mononuclear phagocytic system
• The lymphatic system

Developmentally, several independent lobules 
within the mesogastrium appear to fuse to form a 
multilobulated mass that ultimately becomes 
structurally organized into the spleen in late fetal 
life; occasionally, a stray lobule failing to 
coalesce with the main mass forms an indepen-
dent or accessory mass of functioning splenic tis-
sue. Thus, the spleen appears to take its definitive 
shape after several similar lobular masses of 

 tissue converge and coalesce in both structure 
and functions. The spleen is anatomically dis-
posed between the stomach and the left costal 
margin of the ribs. Its size varies with age as well 
as with immunological and nutritional status. 
The average adult spleen measures 12 × 7 × 
3.5 cm with a weight of 150 g and a volume of 
approximately 300 ml. A spleen longer than 
14 cm is usually clinically palpable. The spleen 
enlarges in a variety of hematological as well as 
non- hematological disorders and may be mas-
sively enlarged weighing more than 2 kg. in some 
hematological disorders.

The spleen is a functionally complex organ, 
and this is reflected in its microstructure. The 
splenic tissue is supported by a connective tissue 
scaffold that also provides the intrasplenic frame-
work. The vascular elements enter the spleen at 
the hilum, traverse the connective tissue trabecu-
lae, and penetrate the interior of the spleen to 
supply the microcirculation including the red 
pulp. As the arterial elements enter the splenic 
tissue, they become surrounded by an aggregate 
of lymphoid tissue which is distributed along the 
arterial vasculature in a sheath-like pattern. These 
lymphoid aggregates are collectively termed the 
white pulp of the spleen. Sometimes isolated fol-
licles appear at places along the coaxial course of 
the lymphoid sheath in the parenchyma of the 
spleen (Malpighian corpuscles). The white pulp 
forms about one-fourth of the splenic volume and 
is composed predominantly of lymphocytes. The 
periarteriolar lymphatic sheath (PALS) is formed 
by a collection of T-lymphocytes which traverse 
the splenic tissue following the arterioles in a 
coaxial fashion until terminal distribution. The 
follicular collection of lymphoid elements (i.e., 
Malpighian corpuscles) in the splenic paren-
chyma is composed mainly of B-lymphocytes 
[80, 81]. The balance of splenic tissue beneath 
the capsule formed by the fibrous tissue is the red 
pulp constituting three-fourths of the splenic vol-
ume. It is composed of vascular channels which 
provide the pathways for splenic microcircula-
tion including the splenic sinusoids. These 
sinuses are incompletely lined by endothelial and 
adventitial cells with a highly fenestrated base-
ment membrane. These sinuses are connected by 
cords (Billroth cords) which are formed by a 

K.C. Das and A.H. Elgazzar



143

reticular meshwork of fibroblast-like cells which 
are in fact rich in cells of the monocyte- 
macrophage system (i.e., RE system). The lumen 
of these splenic cords (Billroth cords) is packed 
with circulating elements of blood in transit: 
erythrocytes, platelets, macrophages, lympho-
cytes, granulocytes, and plasma cells. Thus, the 
spleen acts as a clearing house for circulating cel-
lular elements of blood. Between the white and 
the red pulp, an intermediate region is found 
which is known as the marginal zone.

Branches of the splenic arteries such as central 
arteries continue from the white pulp sheath 
through the marginal zone and eventually end up 
in the red pulp giving off additional branches at 
right angles (lateral) to the arteries. These lateral 
branches are known as penicillar branches [80]. 
They may circle back and supply the marginal 
sinus; they may terminate in the red pulp supply-
ing the splenic cords, and a minority may directly 
terminate into the venous sinuses for direct 
venous return (closed system). Circulating ele-
ments of splenic blood flow return by first enter-
ing the splenic sinuses which are the preliminary 
venous vessels. They may do so directly through 
the arterial connection in a closed circulatory 
fashion; alternatively, plasma and blood cells 
may reach the sinuses only after percolating 
through the reticulum of the parenchyma in an 
open circulatory system [81, 82].

The multiplicity of tissues and cell systems 
present in the spleen indicates the diverse func-
tions of this organ. As stated above, the spleen 
houses several structural and functional systems 
in a predominantly single anatomical space (in 
the absence of accessory spleens). One of the 
basic functions of the splenic blood flow is to fil-
ter blood of aging, senescent and abnormal red 
cells (culling), and intraerythrocytic inclusions 
(pitting) as well as extrinsic or foreign particles. 
The mechanism(s) by which these functions are 
actually carried out is still poorly understood. 
There are several theories as to the mechanism 
underlying the process of recognition and 
removal of aged and effete red cells which are 
still of academic interest. These include (a) trap-
ping of aged red cells in the resident macrophages 
of the cord of Billroth due to membrane loss and 
resultant poor deformability of these cells; (b) 

hemoconcentration created in the splenic cords 
leading to a limited supply of metabolites, 
decreased ATP production, and failure of the 
Na+/K+ pump with eventual swelling and entrap-
ment of the cells within the meshwork of red pulp 
macrophages; and (c) aged red cells that expose 
their surface antigens to the blood cells, which 
are recognized by self-directed antibodies [80].

Regardless of the mechanisms involved, it is 
apparent that red or other cells bound for destruc-
tion (aged cells, abnormal cells, etc.) become 
trapped or held within the meshwork of splenic 
cords, and as the splenic transit time increases, 
the cells become vulnerable to destruction by 
resident phagocytic cells. Similar events occur 
for morphologically abnormal red cells in heredi-
tary spherocytosis, elliptocytosis, and sickle cell 
anemia; this is a common denominator for the 
spleen’s ability to clear these red cells [80].

The ability of the spleen to remove intraeryth-
rocytic inclusions while maintaining the integrity 
of the red cells is known as the pitting function 
of the spleen. This process occurs in a variety 
of pathological states and includes Heinz bod-
ies (denatured hemoglobin), Howell-Jolly bod-
ies (nuclear remnants), and Pappenheimer bodies 
(iron granules) [82–84]. When these cells pass 
through the splenic red pulp and try to reenter 
the circulation through the slit-like fenestrations 
of the sinus endothelium, the deformable part of 
the red cell can negotiate and pass through the 
fenestrations, whereas the nondeformable inclu-
sion is removed or held back by the macrophages 
[4]. The splenic macrophages are also capable of 
removing particulate matter from the circulating 
blood by their phagocytic functions [80, 84].

The spleen subserves important immunologi-
cal functions. In fact, the cellular composition 
and peculiar microstructure including the vascu-
lature make it a unique organ for appropriate 
immune functions. The presence of T- and 
B-lymphocytes in close proximity to the resident 
and circulating macrophages and the architecture 
of the splenic pulp and the splenic cord make it 
ideally suited to play a coordinating role in both 
the nonspecific and the specific arms of immune 
responses. The nonspecific functions involve the 
clearance of pathogens, the clearance of opso-
nized red cells and platelets, production of 
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 complement components, and perhaps surveil-
lance against malignant cells. The spleen plays 
an important role in removing bloodborne patho-
gens such as bacteria, especially encapsulated 
ones, viruses, and circulating immune com-
plexes. It is well known that asplenic or 
hyposplenic patients or patients – particularly 
children – after splenectomy are prone to develop 
fulminant septicemia most often involving encap-
sulated bacteria (e.g., pneumococci, meningo-
cocci, etc.) and overwhelming postsplenectomy 
sepsis (OPSI) [85].

The specific immune functions of the spleen 
are of considerable significance. Ninety percent 
of the blood in the spleen passes through the mar-
ginal sinuses and surrounding zones [82, 83]. 
Foreign antigens present in the blood are exposed 
to the T- and B-lymphocytes of the PALS and the 
Malpighian follicles and stimulate a cascade of 
responses in both humoral and cellular arms of 
the immune system ultimately resulting in the 
production of IgM, plasma cells, and memory 
cells [82] specific to the exposed antigens.

The spleen is an important reservoir of the 
blood’s cellular elements. Its role as a reservoir 
of red cells in the human being remains contro-
versial [80]. Recently, evidence has been pro-
vided that supports the role of the spleen also as 
a  reservoir for white blood cells [82, 85–87]. The 
spleen can sequester approximately 30 % of the 
body’s platelets and release them on demand. A 
pathologically enlarged spleen as seen in patients 
with portal hypertension and tropical splenomeg-
aly can sequester up to 90 % of the body’s 
reserves and cause severe thrombocytopenia 
[82]. On the other hand, there is a significant rise 
in platelet counts following splenectomy which 
may sometimes be transient, if the RE cell sys-
tem in other organs including the liver compen-
sates by increasing its ability to sequester 
platelets [82]. The normal spleen holds only 
about 2–20 ml of red cells, and there is a rapid 
mixing of circulating red cells and splenic pool 
of red cells in normal subjects. For these reasons, 
it is believed that the normal spleen serves no 
reservoir  function in man [80, 82]. The human 
spleen trabeculae lack the substantial contractile 
elements seen in other species, and changes in 

the splenic blood flow are generally due to 
changes in splenic vascular tone alone in normal 
human subjects [80].

The spleen is a major site of erythropoiesis 
from the 5th month of intrauterine life; it loses its 
ability to do so gradually, and at birth it ceases to 
produce red cells. In postnatal life, the spleen 
may participate in hematopoiesis in some patho-
logical states such as in myelofibrosis, myelo-
sclerosis with myeloid metaplasia, and secondary 
metastasis of malignant tumors in the bone mar-
row; for extramedullary hematopoiesis in these 
pathological conditions, the stem cells are possi-
bly derived from the circulating blood or from 
displaced bone marrow cells. The spleen may 
have some undefined role in the recycling of iron 
obtained from the degraded hemoglobin of red 
cells after they are destroyed by the macrophages 
in the spleen, since asplenic patients show lower 
serum iron concentrations for a considerable 
period of time after the spleen is lost [82–84].

5.10.1  Spleen Imaging

Visualization of the spleen becomes necessary 
in pathological conditions associated with 
enlargement of this organ (splenomegaly) as 
well as in diseases in which splenic atrophy or 
asplenia occurs. The determination of spleen 
size by traditional radiographic techniques 
remains unsatisfactory and usually fails to 
detect minor enlargement often undetected on 
physical examination. Even a moderately 
enlarged spleen may be difficult to palpate in 
obese persons. In recent years, several imaging 
techniques have been used very successfully for 
visualization of the spleen. These include ultra-
sonic imaging, magnetic resonance imaging 
(MRI), and computed tomography (CT) scan. 
Most or all of these procedures yield excellent 
structural details with little or no information 
about splenic function. Radionuclear imaging of 
the spleen, in addition, provides a major advan-
tage in that more reliable information is obtained 
on the functions of the spleen. The principle of 
radionuclide scintillation  scanning of the spleen 
involves intravenous injection of radiolabeled 
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autologous red cells of the patients, after these 
red cells have been subjected to certain proce-
dures to damage them in a manner that when 
injected, they are rapidly removed from the cir-
culation by the spleen. The red cells of the 
patient are labeled with 51Cr, 111In, or 99mTc and 
then heated to a temperature of 49.5 °C for pre-
cisely 20 min. These radiolabeled heated red 
cells are injected back into the patient, and scin-
tillation scanning is usually done about 1 h later, 
but it can be performed up to 3–4 h later [28]. 
This procedure is very useful for mapping out 
the spleen size and in the diagnosis of spleno-
megaly (Fig. 5.24), space-occupying lesions 
such as splenic cysts, and tumor deposits; for 
identifying abnormally disposed spleen and 
accessory splenic tissue; and for demonstrating 
asplenia (see also Chap. 19), splenic atrophy, or 
the presence of residual splenunculus 
(Fig. 5.25a, b). The area of the spleen can be 
determined from the linear measurements, and 
the volume of the spleen can be obtained from 
these measurements using an appropriate for-
mula such as the one given below [6]:

 
Spleen volume ml A( ) = -9 9 540.

 

(where A = measured area of the spleen).

5.10.2  Measurement of Splenic 
Activity

Splenic activity can be measured by studying 
the rate of clearance of heat-damaged 
51Cr-labeled red cells from the circulation. 
A sample of blood is collected from the patient 
exactly 3 min after the midpoint of the injec-
tion of heat-damaged 51Cr-labeled red cells, 
and further samples are collected at 5-min 
intervals for 30 min, then at 45 min, and finally 
at 60 min. The radioactivity in each sample is 
measured and expressed as a percentage of the 
radioactivity in the 3-min sample. These are 
plotted on semilogarithmic graph paper, the 
radio activity of the 3-min sample being taken 
as 100 %. The radioactivity curve is generally 
exponential, and the rate of blood flow is calcu-
lated as the reciprocal of the time taken for the 
radioactivity to fall to 50 % value (T½). In indi-
viduals with normal splenic activity, the T½ 
ranges from 5 to 15 min. The clearance rate is 
considerably prolonged in thrombocythemia 
and in other conditions associated with splenic 
atrophy such as sickle cell anemia or celiac dis-
ease [28, 48, 85–88]. The relevant procedure 
has been described in great detail by Dacie and 
Lewis [28].

a b

Anterior Posterior

Fig. 5.24 A 47-year-old female with history of persistent 
thrombocytopenia. A 99mTc-denatured labeled RBC scan 
has been performed to rule out functional hyposplenia. 

Anterior (a) and posterior (b) images show homogeneous 
radiotracer distribution to the normally located splenic tis-
sue. Findings indicate normally functioning splenic tissue
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5.11  Bone Marrow Scintigraphy

Bone marrow imaging by scintigraphy (BMS) 
provides a whole-body picture of the functioning 
hematopoietic tissue. The recently introduced 
MRI is a highly sensitive technique for imaging 
normal and abnormal bone marrow and can 
detect differences between normal bone marrow 
and fatty, fibrotic, hypercellular, and hemosider-
otic bone marrow [88, 89]. BMS is equally sensi-
tive and can depict a functional image of the bone 
marrow with the help of recently introduced new 
radiopharmaceutical agents that localize in the 
bone marrow such as 99mTc-labeled nanocolloid 
and monoclonal antibody (99mTc-MAb).

From the functional aspects, BMS should be 
ideally capable of imaging the pathophysiologi-
cal changes relating to the different functional 
cell lineages [90–94] such as (a) erythropoietic 
imaging, (b) reticuloendothelial imaging (RE cell 
imaging), and (c) granulopoietic imaging.

The radiopharmaceutical tracers used in these 
studies vary with the type of cell lineage targeted. 
Erythropoietic marrow and activity can be ana-
lyzed by visualization with 52Fe labeling and 
positron imaging as indicated earlier in this chap-
ter in connection with studies on erythropoiesis 
and iron metabolism.

Iron-52 is an ideal radionuclide for measur-
ing the extent of erythropoietic marrow [90–
94]. This is produced in a cyclotron, has a 
half-life of 8.2 h, and is thus capable of being 
transported to locations distant from the site of 
its production. The erythropoietic bone marrow 
can be imaged for up to 24 h after this radionu-
clide has been injected. Due to the possible high 
radiation  burden to the bone marrow (the energy 
level of the radiation emission by 52Fe is rela-
tively high), the administered dose is usually 
limited to 100–200 mCi, and the image quality 
may be relatively poor when scanned by a con-
ventional  scintillation camera equipped with a 

a b

Fig. 5.25 A 99mTc-denatured red blood cell study of a 
9-year-old boy known to have sickle cell anemia with 
recurrent vaso-occlusive crises. A 99mTc-sulfur colloid 
scan previously done showed hepatomegaly with non-
visualized spleen. This denatured labeled RBC study was 

obtained to assess the sequestration function of the spleen. 
Anterior (a) and posterior (b) images show hepatomegaly 
with no scintigraphic evidence of sequestrating splenic 
tissue indicating nonfunctioning splenic tissue
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high-energy collimator. However, better-quality 
images are produced when a positron emission 
tomography (PET) scanner is used. One of the 
advantages of 52Fe over the RE system tracers is 
that the activity over the liver and the spleen is 
poor or absent, which makes it convenient to 
detect pathology in the bone marrow over the 
thoracic and lumbar areas.

Another radiotracer used in bone marrow imag-
ing is 99mTc-labeled colloids which, when injected 
into blood, are rapidly cleared by the phagocytic 
cells in the blood, bone marrow, and liver (Kupffer 
cells) and by the RE cells in the spleen. In most 
nuclear medicine laboratories, 99mTc-sulfur (parti-
cle sizes ranging from 100 to 1,000 nm) is used. It 
has been found that in normal adults, about 5 % of 
the injected radioactivity is distributed in the RE 
cells of the bone marrow, 80–85 % in the liver, and 
10 % in the spleen [90, 91]. As a result of this, 
bone marrow in the lower thoracic and upper lum-
bar spine cannot be properly visualized by 99mTc-
colloid imaging due to overlapping radioactivity 
over the liver and the spleen (Fig. 5.26).

Recently, 99mTc-labeled monoclonal antibod-
ies (99mTc-MAB) directed against nonspecific 
iron-reacting antigen 95 (NCA-95), a differentia-
tion antigen of granulopoiesis, have been 
obtained [90, 95–97] and clinically applied for 
the imaging of granulopoietic marrow [99–101]. 
Using this complex (99mTc-Ab), bone marrow 
scans of much improved quality have been 
obtained without significant superimposition of 
liver and spleen, and the radioactivity over the 
bone marrow was found to be 2–4 times that with 
99mTc microcolloid [100, 101, 103]. High-quality 
images with homogeneous distribution of 99mTc- AB 
in hematopoietic bone marrow have been 
obtained [90] (Fig. 5.27). Indium-111 chloride 
has been used as a marrow imaging agent but 
with indifferent results, and the exact target of 
111In has not been properly identified. This radio-
tracer is produced in a cyclotron, has a half-life of 
2.8 days, and emits photons with energies of 173 
and 247 KeV. Approximately 1–5 mCi (37–
185 MBq) of 111In chloride is injected intrave-
nously, and images are obtained 24–48 h later. 
Following intravenous injection, 111In is rapidly 
complexed with serum transferrin and eliminated 

from the plasma with a half-life of 5 h [89–91]. 
About 30 % of the 111In is distributed to the bone 
marrow, 20 % to the liver, 7 % to the kidneys, and 
1 % to the spleen and the remaining all over the 
body without any specific tissue accumulation. In 
spite of its strong affinity for transferrin [89, 104, 
105], only approximately 4 % of the injected 111- In 
activity appears in the peripheral red blood cells 
after 8–10 days as compared with 80 % of iron 
[89], but the marrow distribution of its localiza-
tion remains uncertain. The cellular and subcel-
lular distribution of 111In in the bone marrow 
needs to be further studied [90, 92, 93]. A scinti-
graphic scan with 111In shows a distribution of 
activity similar to that of 99mTc-labeled colloids in 

Tc99m SC

Anterior Posterior

Fig. 5.26 99mTc-sulfur colloid scans. Intense activity in 
the liver and spleen often obscures bone marrow in the 
lower thoracic and upper lumbar spine regions
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patients with normal bone marrow [90, 92, 93]. 
However, many reports have appeared indicating 
disparity between 111In activity and 52Fe activity 
(erythropoietic activity) in various conditions 
[90, 92, 93, 104] (Fig. 5.28).

Leukocytes labeled with either 111In or 99mTc 
are generally used for the localization of infec-
tions or abscesses. This has also been tried in 
bone marrow imaging [90, 106–108]. A recent 
study claimed that 99mTc-WBC activity correlated 
better with hematopoietic cellularity than 
111In-chloride activity [92, 102, 107]. However, 
tomographic techniques used with 111In-labeled 
granulocytes showed that the bone marrow/liver 

activity ratio was higher than that for 99mTc-WBC 
indicating that with 111In-labeled leukocytes the 
activity over the liver is significantly less than 
that of colloidal agents [90, 102, 108, 109] 
(Fig. 5.28).

5.12  Blood Platelets

The blood platelets are the smallest blood cells 
measuring 2–4 μm in diameter and 5–8 fl in vol-
ume. These cells are nonnucleated and are formed 
predominantly in the bone marrow as fragments of 
cytoplasm of the megakaryocytes. Megakaryocytes 

a b
Fig. 5.27 (a, b) Normal 
bone marrow scans with 
99mTc-NSAb. (a) Anterior, 
(b) posterior (From [90] with 
permission)
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develop from pluripotent stem cells through 
 several stages of maturation under the influence of 
a number of cytokines. These include thrombopoi-
etin, a specific hematopoietic hormone which is 
now available as a recombinant product for use in 
some types of thrombocytopenia.

In addition, IL-3, IL-6, and IL-11 have syner-
gistic effects on thrombopoiesis. Morphologically 
recognizable precursor cells of this series include 
megakaryoblasts, promegakaryocytes, and mega-
karyocytes. These precursor cells have a large 
nucleus which develops into multilobulated 
forms by endomitotic division till megakaryo-
cytes are formed; at this stage, mitosis ceases and 
platelet formation occurs by cleavage of the cyto-
plasm into fragments. Each megakaryocyte is 
believed to be capable of giving rise to as many 
as 3,000 or more platelets. Immediately after they 
are released from the bone marrow, the large 
platelets or “proplatelets” pass to the microcircu-
lation of the lungs, where the platelets take their 
final shape probably through a process of 
mechanical trimming. Platelets are nonnucleated 

cells but possess typical lipid bilayer plasma 
membrane which is essential for their functional 
integrity. The plasma membrane contains a num-
ber of glycoprotein receptors through which 
platelets interact with various blood coagulation 
factors such as von Willebrand factor (vWF), 
fibrinogen, thrombin, and other aggregating 
agents such as ADP, ristocetin, epinephrine, col-
lagen, and arachidonic acid. The platelet mem-
brane also contains phospholipids which are 
essential components for the synthesis of prosta-
glandins and mobilization of calcium within the 
cells and for the generation of platelet procoagu-
lant activity.

Although platelets do not have a nucleus, they 
possess organelles and constituents that promote 
brisk metabolic activity. Transmission electron 
microscopy of platelets (Fig. 5.29) demonstrates 
the presence of the dense microtubular system, 
the circumferential microfilaments which main-
tain the discoid shape of these cells. Platelets 
also possess mitochondria with their comple-
ment of enzymes, the electron-dense granules 

a

In-111 Labeled WBC Tc99m HMPAO Labeled WBC

b

Anterior Posterior Anterior Posterior

Fig. 5.28 111In-WBC (left) and 99mTc-WBC (right) scans. The spine is not usually obscured
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which  contain nucleotides (ADP),  calcium, and 
 serotonin, and the specific α-granules containing 
platelet- derived growth factor (PDGF), fibrinogen, 
factor V, vWF,  fibronectin, β-thromboglobulin, 
PF-4 (platelet factor 4 – a heparin antagonist), 
and thrombospondin. The contractile property of 
platelets is ensured by the microtubular systems, 
the circularly disposed microfilaments, and the 
presence of actin, myosin, and calmodulin.

Approximately 30 % of the circulating plate-
lets are in the splenic pool (or are sequestered 
in the spleen), and it is generally believed that 
platelets spend about a third of their life span in 
the spleen. The splenic pool of platelets is mark-
edly increased in conditions associated with 
splenomegaly with or without reduction of mean 
platelet life span. The life span of normal plate-
lets ranges between 9 and 14 days. In immune 
thrombocytopenias (idiopathic thrombocy-
topenic purpura, ITP; drug-induced immune 
thrombocytopenia), platelets sensitized by auto-
antibodies may be destroyed in the liver and 
the spleen. The life span of platelets in patients 
with ITP is appreciably reduced, and the mea-
surement of platelet life span in this condition 
appears to have a clinical relevance, since this 
may be useful in the diagnosis, prognosis, and 

management of some patients with this auto-
immune thrombocytopenia. The majority of 
patients with ITP respond well to the administra-
tion of corticosteroids or intravenous immuno-
globulins. Some patients with this disorder may 
become refractory to these therapeutic measures, 
and splenectomy offers a good alternative thera-
peutic measure.

5.12.1  Measurement of Platelet 
Survival

Platelet survival can be studied by in vitro radioiso-
topic labeling of platelets using 51Cr as the tracer 
isotope as in the case of measuring red cell survival 
[28]. Recently, it has been recommended that 111In 
may replace 51Cr with several advantages. 111In has 
a shorter half-life, a greater efficiency because of 
higher photon emissions, and a greater affinity for 
platelets. The use of 111In as a platelet-labeling 
agent also appears to make it possible to measure 
platelet pooling in the spleen, liver, and other 
organs and thus to identify the sites of platelet 
destruction [28]. The details of methodology have 
been described in monographs of hematology 
techniques [28] and nuclear medicine [90].
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Fig. 5.29 The ultrastructure of a platelet (Reproduced from [110] with permission)
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6.1            Introduction 

    Bone is a rigid connective tissue which provides 
support and protection for the organs and tissue 
of the body. Within certain bones such as the 
skull, vertebrae, 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 management of various skeletal diseases, and 
the expanding use of this imaging modality in the 
area of benign bone disorders is particularly 
notable.  

6.2     Anatomical and 
Physiological Considerations 

6.2.1     Bone Structure 

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

 The skeleton consists of two major parts, 
axial skeleton and appendicular skeleton 
(Fig.  6.1 ). 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).

       B.      Tissue level  
 Bone is divided into two types of tissues 
forming the skeleton: compact or cortical 
and cancellous, trabecular, or spongy bone. 
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The spongy bone has a turnover rate of 
approximately eight times greater than the 
case of cortical bones and hosts hematopoi-
etic cells and many blood cells. In mature 
bone, compact 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 hematopoietic cells, which produce 
blood cells, fat, and blood vessels. The com-
pact bone constitutes 80 % of the skeletal 
mass and contains 99 % of the total body cal-
cium 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 

 sinusoids which make the fl ow of blood 
slower, a feature that predisposes to bacterial 
proliferation. The spine, on the other hand, is 
composed predominantly of cancellous bone 
in the body of the vertebra and compact bone 
in the endplates and posterior elements.   

   C.      Cellular level  
 Three types of cells are seen in bone: (1) osteo-
blasts that produce the organic bone matrix, (2) 
osteocyte that produces the inorganic matrix, 
and (3) osteoclasts which are active in bone 
resorption [ 1 ]. Osteoclasts are derived from the 
hematopoietic system in contrast to the mesen-
chymal origin of osteoblasts. Osteocytes are 
derived from osteoblasts that have secreted 
bone around themselves [ 2 ].   

   D.     Molecular level  
 At the molecular level, bone matrix is com-
posed primarily of organic matrix (approxi-
mately 35 %) including collagen and 

  Fig. 6.1    Axial ( right ) and 
appendicular ( left ) skeletons       
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glycoproteins and inorganic matrix (approxi-
mately 65 %), which includes hydroxyapa-
tite, cations (calcium, magnesium, sodium, 
potassium, and strontium), and anions (fl uo-
ride, phosphorus, and  chloride [ 3 ,  4 ]). 
Table  6.1  summarizes the major constituents 
of bone and their function.

6.2.2            Blood Supply 

 The pattern 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 periosteal arteries feed a rich net-
work of vessels to supply the cortex and medulla 
(Fig.  6.2 ). This vasculature takes the form of 
interconnecting capillaries, sinusoids, and veins. 
It is estimated that blood fl ow to cancellous bone 
containing marrow is 5–13 times higher than in 
cortical bone [ 5 ].

6.2.3        Bone Remodeling 

 Within all bones, a balance between osteogenesis 
and bone resorption continuously occurs, even in 

   Table 6.1    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 fi bers  Provide support and tensile 

strength 
 Proteoglycans  Control transport of ionized 

materials through matrix 
 Sialoprotein  Promotes calcifi cation 
 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 

  Modifi ed from [ 1 ]  

Articular cartilage

Compact bone

Spongy bone

Nutrient artery and vein

Periosteal artery

Periosteum

Metaphyseal artery

Epiphyseal line

Epiphyseal artery

  Fig. 6.2    Diagram illustrating 
blood supply to a long bone       
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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 [ 6 ]. 
Turnover varies and is affected by many factors 
including drugs (Table  6.2 ) and disease. Certain 
diseases are characterized 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 usu-
ally less than the bone removed resulting in 
osteopenia. An exception is Paget’s disease 
which, in later stages of its course, osteoblastic 
exceeds osteoclastic activity. The stress fracture 
is not as thought due to repeated traumatic micro-
fractures. It is a focal area of increased bone turn-
over secondary to the repeated stress.

6.2.4        Bone Marrow 

 Normally, almost the entire fetal marrow space is 
occupied by red (hematopoietic) marrow at birth. 
Conversion from red to yellow, nonhematopoieti-
cally active marrow, starts in the immediate post-
natal 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 con-
version to the adult pattern is complete (Fig.  6.3 ). 
In adults, hematopoietic bone marrow usually is 
confi ned 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, however, and for 
this reason, variations on the normal adult pattern 
of hematopoietic bone marrow are frequently 
encountered. Acquired alterations in the distribu-
tion of hematopoietic bone marrow may be due 
to surgery, trauma, infection, and other destruc-
tive processes. Furthermore, with increasing 
demand for red cells, reconversion of yellow-to- 
red marrow may take place. This process follows 
the reverse order of the initial red-to-yellow mar-
row conversion. Accordingly, it starts in the axial 
skeleton, followed by the extremities from proxi-
mal to distal [ 7 ,  8 ].

6.2.5        Response to Injury 

 The principle response of bone to injury and 
disease 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.  6.4 ) and is active with no lamellar 
arrangement.

   Technetium 99m diphosphonates are the 
radiopharmaceuticals most commonly used for 
skeletal 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. [ 9 ] showed that the competi-
tive adsorption of  99m Tc diphosphonates to pure 

   Table 6.2    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 
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inorganic hydroxyapatite was 40 times that to 
pure organic bone matrix. These radiopharma-
ceuticals do not localize to a signifi cant degree in 
osteoblasts or in osteoid. 

 While several factors affect the uptake of 
diphosphonates in the skeleton, blood fl ow and 
extraction effi ciency are the most important. 
Increased fl ow of blood produces increased 
uptake. Pathological foci containing woven bone 
show increased uptake due to higher extraction 
effi ciency. Other factors also infl uence diphos-
phonate uptake:
    1.    Blood fl ow   
   2.    Extraction effi ciency   
   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  costochondral 

junctions, at the metaphyseal ends of the normal 
long bones, and in the facial bones. When the skel-
eton has matured, this prominent uptake at the cos-
tochondral junctions and metaphyseal ends of long 
bones disappears. Overall, the skeletal accumula-
tion of diphosphonates decreases with age, partic-
ularly in the extremities [ 10 ]. 

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

6.3     Nonneoplastic Bone 
Diseases 

6.3.1     Skeletal Infections 

6.3.1.1     Defi nitions 
 The term osteomyelitis optimally indicates infec-
tion involving the cortical bone as well as the 
marrow. When infection starts in the periosteum, 

a b c d e

  Fig. 6.3    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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such as in cases of direct extension bone infec-
tion, it produces periostitis. At this stage, infec-
tion may not yet involve the cortex or marrow, 
and the condition is called infectious periostitis. 

When infection penetrates the cortex, the term 
infectious osteitis is used. When marrow is 
involved as well, the term osteomyelitis is applied 
(Fig.  6.5 ).

a b

c d

  Fig. 6.4    ( a – d ) Photomicrographs illustrating the differ-
ence between woven and lamellar bone. The irregular and 
disorganized nature of woven bone at different micro-
scopic magnifi cation 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       

Periosteitis Osteitis Osteomyelitis Osteomyelitis

  Fig. 6.5    A comparison of the extent of infection in osteomyelitis compared with the extent of infection in periostitis 
and in osteitis       
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     Classifi cation of Osteomyelitis 
 Osteomyelitis may be classifi ed based on several 
factors [ 11 ,  12 ] including route of infection, 
patient age, etiology, or onset (Table  6.3 ). 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). In these situations, infection may 
occur in any part of the bone. Infantile osteomy-
elitis 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 [ 13 – 17 ] 
(Table  6.4 ). The pathogens responsible for osteo-
articular infections in children have changed in 
recent years with alterations in immunization 
practices, emergence of resistant bacteria, and 
changes in patterns of immune-modulating dis-
eases and medications in children [ 17 ].

       Pathophysiological Changes 
  Acute hematogenous osteomyelitis  occurs most 
commonly in children, affecting males approxi-
mately twice as often as females. It has a predi-
lection for the metaphyses of long bones, where 
blood fl ow is rich and relatively sluggish and 

   Table 6.3    Classifi cations and staging of osteomyelitis   

 Basis of classifi cation  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 
classifi cation): 

 I.  Hematogenous osteomyelitis 
 II.  Osteomyelitis secondary to 

contiguous infection 
 III.  Osteomyelitis associated 

with vascular insuffi ciency 
 Anatomy of disease 
and host physiology 
(Cierny-Mader 
classifi cation of adult 
type) 

 Anatomical types: I. 
medullary, II. superfi cial, 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 6.4    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  
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bone is relatively porous in comparison to the 
diaphysis (Fig.  6.6 ). Here the blood fl ows through 
large intramedullary venous sinusoids, a fertile 
site for bacterial lodgment and proliferation [ 12 ]. 
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 infi ltrates and edema with local 
ischemia, vasospasm, and thrombosis. Infection 
subsequently spreads, fi rst to the subperiosteal 
space and often involving the metaphyseal area.

   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 fl ow is 
slower. The epiphyseal plate separating the 
epiphyseal and metaphyseal blood supplies acts 
as a barrier to the spread of infection (Fig.  6.7 ), 
making joint involvement less common in this 
age group. In this situation, infection must fi rst 
break through the bone to produce joint infection 
(Fig.  6.7 ). 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). On the 

other hand, 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.  6.7 ). In fl at 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 [ 18 ].

   When infection lifts the periosteum, the blood 
supply may be impaired, causing necrosis of bone 
or sequestrum (Fig.  6.8 ). In some cases, infection 
may stimulate osteoblastic activity,  particularly 
from the periosteum, forming new subperiosteal 
bone that may envelop the infectious focus (invo-
lucrum) (Fig.  6.8 ). This osteogenesis may occa-
sionally continue long enough to give rise to a 
densely sclerotic pattern of osteomyelitis that is 
referred to as sclerosing osteomyelitis.

   It is diffi cult to draw the line between acute and 
chronic osteomyelitis. However, it should be noted 
that cases of clear chronic osteomyelitis need spe-
cial handling in diagnosis and management. 
Chronic osteomyelitis has variously been defi ned 
as symptomatic osteomyelitis with a duration 
ranging from 5 days to 6 weeks [ 19 ]. Since the 
pathology of osteomyelitis varies with age, micro-
organisms, prior therapy, underlying diseases, and 
other factors, it is somewhat inappropriate to 
depend only on duration of the disease to defi ne 
chronicity. Chronic osteomyelitis has less marked 
infl ammatory cell reactions and may occur with-
out preceding acute infl ammation. Microscopically, 
chronic osteomyelitis shows predominantly lym-
phocytes and plasma cells rather than polymor-
phonuclears (Fig.  6.9 ). There is also fi brosis 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 organi-
zation in the medullary cavity, forming a cystic 
cavity (Brodie’s abscess) (Fig.  6.10 ). Because 
these abscesses are avascular, levels of antibiotics 
suffi cient 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). 

  Fig. 6.6    Diagram of part of a long bone illustrating the 
more porous nature of the metaphysis, the most frequently 
affected site by hematogenous skeletal infections       
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a

d e

b c

  Fig. 6.7    ( a – e ) Diagram illustrating the vascular communi-
cation 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 pre-
vent infection that is most commonly present in the 
metaphysis from extending to epiphysis and adjacent joint 

( b ). On the other hand, in neonates after the closure of the 
growth plate ( c ), infection extends more easily ( d ) to the 
joint since there is free vascular communication between 
metaphysis and epiphysis. Figure ( 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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It is important to evaluate patients for possible 
chronic disease and to either exclude or confi rm 
the presence of chronic active infection: continua-
tion of intravenous antibiotic therapy and/or surgi-
cal intervention to eradicate infection will depend 
on that determination [ 20 ].

    Vertebral osteomyelitis (spondylodiskitis) is a 
specifi c form of osteomyelitis that has some 
unique features. The most common site is the 
lumbar region. Sixty-nine percent of the patients 
had lumbar involvement [ 21 ] followed by the 
thoracic and cervical spine. Several factors pre-
dispose 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 

a b  Fig. 6.8    ( a ,  b ) 
Diagrammatic representation 
of the sequestrum showing 
the necrotic segment of bone 
( arrow ) and involucrum, 
which has a layer of new 
bone formation ( arrow ) 
surrounding the focal 
infection       

  Fig. 6.9    Chronic osteomy-
elitis. 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 fi brosis ( arrowheads ) 
within the marrow space       

 

 

A.H. Elgazzar and D. Shehab



165

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 [ 22 – 24 ]. 
Infection usually originates at a distant site with 
hematogenous extension to contiguous vertebral 
bodies and the intervening space via the ascend-
ing and descending branches of the posterior spi-
nal artery. Extension to the posterior elements 
(pedicles, transverse processes, posterior spinous 
processes, and laminae) has been noted in 3–12 % 
of cases. However, involvement of posterior ele-
ments only is exceedingly rare, with only 15 cases 
reported to date. Other causes include extension 
of infection from adjacent structures and compli-
cations from spinal surgery and trauma. 

 In adults, the causative organism generally 
settles in the richly vascularized subchondral 
 vertebral end plates 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 
end-plate destruction, disk space narrowing, and 
collapse. Figure  6.11  illustrates possible ways of 
development of vertebral osteomyelitis. These 
changes may take weeks to be seen on  radiographs 
[ 19 ,  20 ]. Since the disk is almost invariably 

involved in vertebral infections, the term spondy-
lodiskitis is preferred [ 22 ,  23 ].

   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 [ 25 ,  26 ]. 

 Early diagnosis is diffi cult, both clinically and 
radiologically, because of superimposed disease 
processes, such as neuroarthropathy, chronic soft 
tissue infection, and edema. There is particular 
diffi culty in differentiating osteomyelitis from 
neuroarthropathy: the conditions have similar 
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.  6.12 ). 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 
[ 27 ]. On the other hand, absence of sympathetic 
fi bers in the presence of sensory fi ber involvement 
tends to result in hypertrophic neuroarthropathy, 
which occurs most frequently in the mid- and 
hind foot. Since the patient continues to walk and 
traumatize the foot, disuse osteoporosis is usually 
absent. Unrelenting trauma may also result in rap-
idly progressive destruction, sometimes with dis-
integration of one or more tarsal bones within a 
period of only a few weeks. This is a rapidly pro-
gressive form of neuroarthropathy which has 
more infl ammatory reaction than otherwise. A 
long history of diabetes mellitus with a combina-
tion of angiopathy, neuropathy, and immunopathy 
predisposes to pedal osteomyelitis (Fig.  6.13 ). 

  Fig. 6.10    Radiograph showing a Brodie’s abscess ( arrow )       
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Metatarsal bones and the proximal phalanges are 
the most commonly involved sites [ 28 – 30 ].

    In osteomyelitis associated with sickle cell dis-
ease, erythrocytes become viscous and sickle 
abruptly when exposed to hypoxia, since 
 hemoglobin S is sensitive to hypoxemia. This 

may compromise the microvascular fl ow 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 common 
than infarctions, osteomyelitis is the second most 

c

b

a

  Fig. 6.11    ( a – c ) The possible ways of development and extension of infection in hematogenous vertebral osteomyelitis       

Diabetic neuropathy

Involvement of
sensory fibers only 

Involvement of
sympathetic and sensory fibers

Atrophic neuroarthropathy
(forefoot)

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

  Fig. 6.12    Types of diabetic 
neuropathy (From [ 18 ], with 
permission)       
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frequent bacterial infection in children with sickle 
cell disease after pneumonia [ 13 ]. Osteomyelitis 
may occur as a primary event or may be superim-
posed on infarcts; necrotic bone is a fertile site for 
such secondary infections.  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 
United States alone [ 30 – 32 ]. Between 10 and 
25 % of patients experience discomfort within 5 
years after hip or knee replacement [ 33 ]. 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 implantation. 

 Periprosthetic infections are a clinically 
important, and increasingly rare, complication 
after joint replacement. Although the incidence 
of infection was reported previously to be as high 
as 4 % after the primary surgery and 32 % after 
revision of hip arthroplasty, the currently reported 
incidence of infection 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 [ 34 ,  35 ]. 

 The cementless porous-coated prosthesis 
depends on bone ingrowth for fi xation 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 fi nding and type 
of prosthesis. After knee replacement, on the 
other hand, the most common complications are 
fracture, dislocation, and avascular necrosis fol-
lowed by loosening of the tibial component, with 
infection occurring less frequently [ 35 ]. 

 The incidence of loosening associated with 
infection is high and is found in up to 80 % of 
infected prostheses [ 36 ]. Heterotopic bone for-
mation following arthroplasties is not uncommon 
and is present in about 50–55 % of hip prostheses 
and 10 % of knee prostheses [ 32 ,  37 ]. 

 Infectious (septic) arthritis refers to the inva-
sion of synovial space by microbes. The synovial 
space contains synovial fl uid, which is produced 
by a rich capillary network of the synovial mem-
brane. This is a viscous fl uid 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 fl uid. Pain is then felt with stress on 
the joint capsule. 

 Acute septic arthritis is normally caused by 
bacteria, while fungal and mycobacterial patho-
gens are seen more commonly in chronic arthri-
tis. 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 fl uid destroy the articular and 
epiphyseal cartilage. Additionally, pus in the 
joint space increases the intracapsular pressure 
with epiphyseal ischemia. 

Skin Ulceration

Ischemia

Peripheral
neuropathy

Angiopathy

Immunopathy

Osteomyelitis

  Fig. 6.13    Changes leading to skeletal 
infections in diabetics (Modifi ed from 
[ 18 ], with permission)       
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 Other sequelae include dislocation, deformity, 
and destruction of the femoral head and neck. 
Hence, drainage and antibiotic therapy must be 
considered without delay [ 19 ,  38 ]. 

 Microorganisms reach the joint by a hematog-
enous route, contagiously from an adjacent osse-
ous infection, or through traumatic/surgical 
inoculation. The joints most commonly involved 
in children are the hip (35 %), knee (35 %), and 
ankle (10 %). When the synovium becomes 
hyperemic in septic arthritis, fl ow to adjacent 
extra-articular bone will also increase via anasto-
moses from the synovial vascular network to jux-
taepiphyseal and epiphyseal vessels supplying 
the epiphysis and metaphysis. Accordingly, 
increased uptake of bone-seeking radiopharma-
ceutical typically is seen in and around affected 
joints [ 38 – 40 ].  

   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 fi nd-
ings often are not specifi c. 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 [ 19 ].  

   Acute Osteomyelitis 
 Standard radiographs are not sensitive for early 
detection of osteomyelitis, as the changes 
(Fig.  6.14 ) are evident only after 10–21 days 
from the time of infection [ 41 ]. The initial imag-
ing modality in childhood osteomyelitis is con-
ventional imaging. Normal conventional imaging 
does not exclude osteomyelitis [ 40 ].

   Bone scintigraphy is very sensitive in the early 
diagnosis of osteomyelitis [ 20 ] and can show the 
abnormality as early as 24 h after infection [ 43 ]. 
Typically, there is focally increased fl ow, blood 
pool activity, and delayed uptake (Fig.  6.15 ). 
When the bone has not been previously 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 specifi city of 90–95 % 
[ 20 ]. However, there have been some reports of 
proven early acute osteomyelitis demonstrating 
either reduced or normal accumulation of the 
radiopharmaceutical, particularly in neonates. 
However, these reports were based on the use of 
earlier gamma instrumentation. With the use of 
modern technology, the recent reports show high 
accuracy of bone scan (Fig.  6.16 ) in the diagnosis 
of neonatal osteomyelitis [ 44 – 46 ]. Tuson et al. 
[ 45 ] found that the positive predictive value of 
reduced uptake (a “cold” scan) in a selected 
group of patients was higher (100 %) than that of 
a typical “hot” scan (82 %), confi rming an earlier 
report [ 47 ] that a “cold” scan indicates more viru-
lent disease. Cold lesions had an average shorter 
history (4 days) than did hot scans (7 days) [ 47 ]. 
A more recent report on seven cases with cold 
scan osteomyelitis also confi rmed the prior data 

  Fig. 6.14    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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Tc-99m MDP
  Fig. 6.15    A case of 
osteomyelitis in a nonvio-
lated bone as seen on  99m Tc 
multiphase bone scan. 
Regionally increased fl ow 
( a ), blood pool activity ( b ), 
and delayed uptake are noted 
in the right proximal tibia       

regarding the more aggressive nature of this 
infection that was also associated with elevated 
ESR, signifi cantly elevated temperature and rest-
ing pulse, longer hospital stay, and higher rate of 
surgical interventions [ 48 ]. Cold foci on bone 
scan in cases of osteomyelitis are thought to be 
secondary to increased intraosseous and subperi-
osteal pressure.

    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 specifi city is only approximately 34 % 
[ 19 ]. In such situations, unless the bone scan is 
unequivocally negative, an additional modality 
should be used, particularly scanning with leuko-
cytes labeled with  111 In-oxine or  99m Tc- hexamethyl  pro-
pylene amine oxime (HMPAO). Overall, 
 111 In-leukocyte studies have a sensitivity of 
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approximately 88 % and a specifi city of 84 % for 
osteomyelitis [ 20 ]. This modality is particularly 
useful for excluding infection in previously vio-
lated bone sites such as in postsurgical and post-
traumatic conditions;  99m Tc-HMPAO-labeled 
leukocytes have sensitivity and specifi city similar 
to those labeled with  111 In and can be used par-
ticularly in peripheral locations such as the 
extremities. Combined labeled leukocytes and 
bone scans have a better accuracy than labeled 
leukocyte scans alone and can help to localize 
abnormal foci [ 49 – 51 ]. 

 Since labeled leukocyte scans show uptake 
by active bone marrow, it may be diffi cult to dif-
ferentiate this normal marrow uptake from 

abnormal uptake due to infection. Furthermore, 
surgical procedures may alter the bone marrow 
distribution signifi cantly. Bone marrow scans 
using  99m Tc-sulfur colloid or nanocolloid may 
improve the specifi city of such studies [ 52 ,  53 ]. 
Labeled    antibodies have also been used for the 
diagnosis of osteomyelitis:  111 In- or  99m Tc-
labeled human nonspecifi c polyclonal antibod-
ies (IgG) and monoclonal antibodies such as 
labeled antigranulocyte antibodies. They are 
easier to prepare and use than labeled leuko-
cytes. LeukoScan (anti-NCA-90) (Fig.  6.17 ) 
and fanolesomab (anti-NCA-95) were reported 
to have similar or better accuracy (90 %) to 
WBC scan [ 54 ]. However, several studies 

a cb

  Fig. 6.16    Neonatal osteomyelitis involving right tibia. There is increased fl ow ( a ), increased blood pool ( b ) in the right 
tibia, and corresponding increased delayed activity ( c ) in the area of involved bone       

In-111-WBC Tc99m-MN-3

  Fig. 6.17     111 In-labeled 
leukocyte and 6-h MN3 
images (plantar views) from 
a diabetic patient with 
osteomyelitis of the left 2nd 
metatarsal. 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)       
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showed variable results and suggest that these 
agents do not achieve the level of accuracy that 
was suggested earlier and are not accurate 
enough to replace WBC imaging for orthopedic 
infection [ 55 – 59 ].

   Ultrasound is useful in detecting osteomyeli-
tis, particularly in infants and children. Since 
osteomyelitis in this age group affects predomi-
nantly the end regions of long bones, ultrasound 
can detect characteristic fi ndings associated with 
the pathological changes in these areas. 
Accordingly, ultrasound commonly shows intra- 
articular fl uid collection and subperiosteal 
abscess formation that may precede the radio-
logical changes by several days [ 60 ]. 

 MRI has an important role in the diagnosis of 
osteomyelitis. Overall, it has a sensitivity of 
60–100 % and a specifi city of 50–95 % [ 20 ]. The 
average overall accuracy of MRI is similar to that 
of multiphase bone scans, but compared with 
bone scanning, MRI is more expensive. In 
patients with violated bone, MRI has been 
reported to encounter diffi culty in differentiating 
between those with and without infection [ 61 ]. 
MRI is often used in suspected vertebral osteo-
myelitis, in complicated cases of chronic osteo-
myelitis, and in situations where anatomical 
details are necessary for planning surgical 
intervention. 

 Koori et al. [ 62 ] studied 16 rabbits in 2 
groups of 8; one group was a control, and the 
other was infected with  S. aureus  directly into 
the tibia. In the osteomyelitic group, metaphy-
ses were resected and replaced with a prein-
fected 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 (osteomyelitis was con-
fi rmed in the infected group). At 3 and 6 weeks, 
a peripheral CT and 18F-FDG positron emis-
sion 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 mea-
sured 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, on the other hand, 
showed a markedly higher, constant uptake. 
This study indicates that 18F-FDG-PET can dif-
ferentiate bone healing from infection. The 
study also proposes that 3–6 months should be 
allowed following surgical or traumatic bone 
healing just to lower the odds of a false 
positive. 

 Recent 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 compared to 78.3 h for  67 Ga   . 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 stud-
ies, 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  67 Ga-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 
 67 Ga 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 [ 63 ].  

   Imaging of Peculiar Forms of Skeletal 
Infections 
  Diabetic Foot Osteomyelitis . Bone scanning is 
very sensitive but not specifi c for detecting infec-
tion in diabetics. It is positive in cases of neuro-
arthropathy as well as of infection, with a 
specifi city ranging from 0 to 70 % (average 
27 %) [ 19 ]. Accordingly, the three-phase bone 
scan cannot reliably distinguish infection from 
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neuroarthropathy. The four-phase bone scan, 
using the parameter of arterial hyperemia only on 
fl ow studies for scan interpretation along with 
increased activity on blood pool and delayed 
images for diagnosing osteomyelitis, as stated 
earlier, may improve the specifi city.  67 Ga is not 
helpful in resolving the question of osteomyelitis 
in the diabetic foot, since it is also positive in 
noninfected neuroarthropathy. 

 Indium-111 leukocyte imaging has been 
reported to be both sensitive and specifi c for 
diabetic foot infections. However, sensitivities 
range from 50 to 100 % and specifi cities from 
29 to 100 % [ 22 ]. All ulcers exposing bone 
were found to be associated with osteomyelitis, 
and such patients may thus be treated without 
the need for imaging [ 64 ]. Patients with ulcers 
not exposing bone were recommended to have 
 111 In-leukocyte studies to detect osteomyelitis. 
False-positive results have been reported in sev-
eral conditions, including rapidly progressive 
neuroarthropathy, and the specifi city varies in 
the literature. The vast majority of neuroar-
thropathies are not rapidly progressive and 
show no abnormal accumulation of labeled leu-
kocytes. Only in a minority of cases of the rap-
idly progressive variant does.  111 In-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 differentiation 
from soft tissue infection. Grerand [ 50 ] reported 
a sensitivity of 93 % and a specifi city of 83 % 
for this dual-isotope technique and concluded 
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 [ 65 ]. A decreas-
ing lesion-to-background ratio of labeled white 
blood cells between 4 and 24 h helps to differ-
entiate the condition from osteomyelitis, which 
does not show a decreasing ratio (Fig.  6.18 ). 
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 [ 66 ,  67 ]. Collective studies have 
shown an average sensitivity of 83 % for both 
labeled leukocyte and combined bone/leuko-
cyte scintigraphy. The average specifi city, how-
ever, improved from 64 % for the leukocyte 
scan to 80 % when it was combined with bone 
scintigraphy [ 19 ].

   SPECT/CT (Fig.  6.19 ) imaging for diabetic 
foot osteomyelitis using  99m Tc-MDP    and In-111-
labeled leucocytes was more accurate in diag-
nosing and localizing infection compared with 
conventional imaging. Additionally, it provided 
clear guidance and promoted many limb salvage 
procedures. Its use was associated also with 
considerably reduced length of hospitalization 
compared with conventional imaging [ 68 ,  69 ]. 
A novel standardized hybrid image-based scor-
ing system, Composite Severity Index (CSI), 
derived from Tc99m-WBC SPECT/CT image 
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 [ 70 ]. 

 Combined  111 In-labeled leukocyte and  99m Tc- 

sulfur  colloid marrow scans further improve the 
specifi city, differentiating marrow uptake of 
labeled leukocytes from uptake by actual bone 
infection. Palestro et al. recently found this 
approach superior to combined bone/leukocyte 
scintigraphy [ 66 ]. Simultaneous SPECT/CT of 
 99m Tc-sulfur colloid (SC) and  111 In white blood 
cells (WBC) provides essentially perfect spatial 
registration of the tracers within anatomical sites 
of interest. Quantitation of this method for com-
pensation for scatter and crosstalk was reported 
recently to be useful experimentally for improv-
ing quality, bias, and precision of  99m Tc activity 
estimates in simultaneous dual-radionuclide 
imaging of osteomyelitis [ 71 ]. SPECT/CT with 
In-111-labeled leukocyte combined with bone or 
bone marrow scan is currently the best imaging 
modality for diagnosing osteomyelitis [ 72 ].

   MRI can differentiate between soft tissue and 
bone infections [ 73 ]. This is particularly impor-
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a b Tc99m MDP In111WBC

4 h

24 h

  Fig. 6.18    ( a ,  b ) Simultaneous     99m Tc MDP and 
 111 In-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 )       

tant in diabetics and has been found useful in the 
diagnosis of diabetic foot osteomyelitis. Several 
investigators found MRI to be clearly superior to 
the plain fi lms and bone scintigraphy, with a sen-
sitivity and specifi city approaching 100 %. These 
studies, however, involved mostly severe infec-
tions with signifi cant pathological changes. 
Newman et al. [ 74 ] reported a sensitivity of only 
29 % for relatively low-grade osteomyelitis com-
pared with 100 % for labeled leukocyte scanning 
of the same patients. The specifi city was similar 
for both modalities. Cook et al. also recently 
reported a sensitivity of 91 % and a specifi city of 
only 69 % [ 75 ]. Morrison et al. reported a lower 
accuracy for diabetic compared with nondiabetic 
cases, with sensitivity and specifi city of 82 and 
80 %, respectively, for diabetic osteomyelitis 
compared with 89 and 94 % for nondiabetic bone 
infections. However, these authors found that 
MRI was clinically useful and cost-effective 

[ 76 ]. Beltran [ 77 ] reported the characteristic pat-
tern of osteomyelitis as a high signal intensity 
from the marrow space on T 2 -weighted images. 
However, this fi nding itself is not specifi c for 
osteomyelitis and can be seen with other condi-
tions, including rapidly progressive neuroar-
thropathy: the pattern may be indistinguishable 
from that of osteomyelitis. 

 Labeled antigranulocyte antibodies is another 
alternative to be used for diabetic foot infection 
and has an advantage of earlier results and less 
demanding technique [ 55 – 57 ]. The technique has 
been reported to be very sensitive (91–100 %); 
however, the specifi city is again less than ade-
quate (69–77 %) [ 57 – 59 ]. 

 PET/CT also provides faster results (typi-
cally within 2 h). Although high sensitivity 
and specifi city rates have been achieved using 
PET/CT for the differentiation of osteomyelitis 
from neuroarthropathy with a sensitivity of 
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80–95 % and a specifi city of 90–100 [ 78 – 81 ], 
the literature focusing on the use of 18F-FDG-
PET and PET/CT for diabetic foot osteomyelitis 
remains still limited [ 82 ,  83 ]. The role of FDG 

imaging in the evaluation of diabetic foot infec-
tion has yet to be clarifi ed, with some investiga-
tors reporting high accuracy and others reporting 
just the opposite [ 84 ]. 

  Fig. 6.19    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 3rd 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 fi ndings 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 3rd 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 3rd toe partial amputation as well as antibiotics and 
was saved from a major foot amputation         

a
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Fig. 6.19 (continued)

  Vertebral Osteomyelitis  ( Spondylodiskitis ). 
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 specifi c for 
the diagnosis of vertebral infection [ 85 – 87 ]. The 

bone scan may be sensitive, but it is not specifi c 
for vertebral osteomyelitis. 

 Computed tomography scan is quite sensitive 
for vertebral osteomyelitis but, like the bone 
scan, it is not specifi c. However, CT is used to 
guide needle biopsy. 
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 Magnetic resonance imaging, on the other 
hand, is both sensitive and specifi c for vertebral 
osteomyelitis. Modic    [ 87 ] found MRI to be as 
sensitive, specifi c, and accurate as combined 
 99m Tc and  67 Ga isotope scanning. Changes of ver-
tebral osteomyelitis have been reported to be 
seen on MRI as early as those on bone scan [ 89 ], 
although in one report, these changes were late, 
even later than plain fi lm changes [ 90 ]. 

 Love reported on a small number of patients 
with vertebral osteomyelitis and found that 
SPECT  67 Ga and bone scans are more sensitive 
and specifi c than planar gallium and bone scintig-
raphy (91 and 92 % vs. 64 and 85 %, respec-
tively). The authors found that  67 Ga SPECT alone 
has identical accuracy to combined SPECT Ga 
and bone and suggested the use of  67 Ga SPECT 
alone in the diagnosis of vertebral osteomyelitis 
since it was also sensitive and slightly more spe-
cifi c than MRI in their series [ 91 ]. 

 Standard radiographs are neither sensitive nor 
specifi c for the diagnosis of the relatively com-
mon spondylodiskitis. Bone scanning is also sen-
sitive but is not specifi c. In cases of proven 
vertebral osteomyelitis, bone scan results have 
been negative as late as 2 weeks following the 
onset of symptoms [ 92 ]. More importantly, fi nd-
ings of increased uptake on bone scan are not 
specifi c for osteomyelitis as increased uptake 
may be present in degenerative arthritis or in 
healing fractures. Furthermore, the increased 
uptake of the radiotracer does not differentiate 
inactive from active osteomyelitis since uptake 
may persist for a long time [ 88 ]. 

 Indium-111-labeled leukocyte scans are not 
generally useful in the diagnosis of vertebral 
osteomyelitis as the images may show normal or 
decreased uptake and accuracy is low [ 80 ]. 
Because the diagnosis of vertebral osteomyelitis 
is often delayed, most infections are chronic in 
nature, which explains the low sensitivity of 
 111 In-labeled leukocytes in its diagnosis [ 93 ]. 
 67 Ga has a sensitivity of 90 % and a specifi city of 
100 % when combined with  99m Tc-MDP [ 85 ,  86 , 
 88 ,  94 ]. For scan interpretation, the degree of 
bone uptake is compared with that of  67 Ga to 
achieve the high specifi city of this combined 
approach (Figs.  6.20  and  6.21 ).

    Labeled leukocyte scanning using both  111 In 
and  99m Tc-HMPAO is neither sensitive nor spe-
cifi c. This low sensitivity is due to different pat-
terns of uptake – normal, decreased, or 
increased – in cases of proven vertebral osteo-
myelitis [ 95 – 97 ]. In studying 71 patients with 
suspected vertebral osteomyelitis, Palestro et al. 
[ 96 ] found that  111 In-leukocyte scintigraphy 
demonstrated increased or decreased uptake in 
patients with proven osteomyelitis. Increased 
uptake was associated with a high specifi city of 
98 %, but it was only 39 % sensitive for the con-
dition. The photopenic pattern was neither sen-
sitive (54 %) nor specifi c (52 %) for 
osteomyelitis. In a study of 91 patients with sus-
pected vertebral osteomyelitis, Whalen et al. 
[ 95 ] reported a sensitivity of 17 %, a specifi city 
of 100 %, and an accuracy of 31 % for 
 111 In-leukocyte imaging. The authors found 
photon-defi cient areas at the sites of proven 

Bone Gallium

  Fig. 6.20    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)       
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osteomyelitis in 50 % of 18 patients, and they 
were included in the false-negative scans. 
Because the diagnosis of vertebral osteomyelitis 
is often delayed, most infections are chronic in 
nature, which can explain the low sensitivity of 
 111 In leukocytes in their diagnosis. Photopenic 
areas on  111 In-leukocyte imaging in proven ver-
tebral osteomyelitis could be secondary to 
secretion of antichemotactic factors by some 
causative organisms such as  Pseudomonas 
aeruginosa  and  Klebsiella pneumoniae , which 
prevent enough accumulation of labeled cells at 
the site of infection [ 97 ]. Hovi reported three 
cases of proven infection detected by MRI but 
none by  99m  Tc-HMPAO -labeled leukocytes [ 98 ]. 

 In    a study performed on 30 consecutive 
patients, positive PET scans was found in all fi ve 
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 
fi ndings [ 99 ]. FDG-PET is sensitive, has superior 
image quality, and is completed in a single ses-
sion. The specifi city of FDG-PET may also be 
superior to that of conventional tracers because 
degenerative bone disease and fractures usually 
do not produce intense FDG uptake [ 100 ]. 

  Chronic Osteomyelitis . The radiological diag-
nosis of chronic active osteomyelitis is neither 
sensitive nor specifi c, while bone scintigraphy is 
very sensitive but not specifi c. This low specifi c-
ity is due to the chronic bone repair that is associ-

ated with increased bone metabolism and 
increased uptake on bone scan in the absence of 
active infection. It is therefore diffi cult to differ-
entiate 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 confi rm the 
presence of active disease, but a negative scan 
excludes it. 

  67 Ga citrate imaging is more specifi c than 
bone scanning for chronic osteomyelitis. False 
positives still occur in conditions such as healing 
fractures, tumors, and noninfected prostheses. 
Combined  99m Tc-MDP and  67 Ga scans can be 
helpful in making the diagnosis of active  disease. 
As Tumeh et al. [ 101 ] suggested, when  67 Ga 
uptake exceeds  99m Tc-MDP uptake in intensity or 
differs in spatial distribution, active osteomyelitis 
usually is present. 

 There is controversy regarding the role of 
 111 In-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 diffi culty in making a 
clinical distinction between acute and chronic 
disease, results are variable and may be confus-
ing with no advantage of  111 In-leukocytes over 
 67 Ga, as there was no signifi cant difference 
between them in the sensitivity and specifi city for 
chronic active osteomyelitis [ 102 ,  103 ]. 
Determining the presence or absence of sequestra 
is important, as their presence may require surgi-
cal treatment. The CT scan is a sensitive modality 

Bone Gallium

  Fig. 6.21    Sequential bone/
gallium scans – equivocal for 
osteomyelitis in a patient 
with compression fracture. 
(The uptake on both studies 
is very similar, in terms of 
both intensity and spatial 
distribution.) (Courtesy of 
Dr. Christopher Palestro, 
with thanks)       
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for the detection of sequestra. MRI was found to 
be useful in limited numbers of patients for 
detecting sequestra and was also useful in identi-
fying the presence and sites of active chronic 
infection [ 104 ]. 

 Sciuk et al. [ 105 ] used  99m Tc IgG and  99m Tc 
monoclonal antigranulocyte antibodies in 25 
patients with suspected chronic osteomyelitis. 
Three-phase bone scanning in the study was 
71 % sensitive and 50 % specifi c. IgG was 71 % 
sensitive and 100 % specifi c, while monoclonal 
antibodies had 40 % sensitivity and 100 % speci-
fi city. Both agents were sensitive in peripheral 
lesions (5/6 for IgG and 6/6 for monoclonal anti-
bodies); in the central skeleton with active bone 
marrow, IgG detected fi ve of eight lesions, while 
monoclonal antibodies detected none of the eight. 
This study also confi rmed the lack of specifi city 
of multiphase bone scans for chronic osteomyeli-
tis and suggested a possible role for labeled IgG 
as a more specifi c agent in both central and 
peripheral chronic bone infections. Thus, among 
the commonly used modalities, combined bone 
and  67 Ga scanning is highly recommended for 
detecting chronic active osteomyelitis. 

 PET has been found useful to assess the activ-
ity of chronic osteomyelitis [ 106 – 111 ]. De 
Winter et al. reported on 60 patients with sus-
pected chronic musculoskeletal infection studied 
with 18F-FDG-PET. Twenty-fi ve patients had 
proven infection, and all were correctly identifi ed 
by two readers with a sensitivity of 100 %. There 
were four false-positive cases, and overall speci-
fi city was 88 % (90 % for central skeleton and 
86 % for peripheral skeleton). The authors con-
cluded that this single technique is accurate and 
simple and has a potential to become a standard 
technique for the diagnosis of chronic musculo-
skeletal infections [ 97 ]. From the studies 
reported, the overall technique has a sensitivity of 
95–100 % and a specifi city of 86–100 % 
[ 106 – 109 ]. 

  Periprosthetic Infection . Making the distinc-
tion between mechanical failure of a prosthesis 
and infection is not easy. Symptoms and signs of 
early infection are not specifi c 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 
 radiographic appearance of infection can mimic 
that of mechanical loosening. Aspiration arthro-
grams are relatively more accurate, but, again, 
the sensitivity as reported by Johnson et al. [ 35 ] 
is only 67 %. The late stages of infection can be 
detected more easily on the basis of clinical fi nd-
ings. It is crucial, however, to initiate treatment in 
the early stage, as progression to a serious infec-
tion may occur rapidly [ 112 ]. 

 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 fi rst 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 specifi c, 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 fi xation instead of on 
cement), postoperative uptake on bone scintigra-
phy remains for 2 years or longer in asymptom-
atic patients [ 113 ,  114 ]. In knee replacement, 
postoperative increased uptake may also be seen 
on bone scintigraphy in more than 60 % of femo-
ral components and about 90 % of tibial compo-
nents for a long time, even when patients are 
asymptomatic [ 115 ]. 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  67 Ga scans have better 
specifi city than either scan alone (Fig.  6.22 ). 
However,  111 In-leukocyte imaging has proven to 
have better accuracy than combined  67 Ga/bone 
scan. Still, false-positive  111 In-leukocyte results 
occur as a result of physiological uptake by cel-
lular bone marrow. Oswald et al. [ 114 ] found 
focal or diffuse accumulation of  111 In leukocytes 
around the prostheses for up to 2 years in 48 % 
of uncomplicated cases. Addition of  99m Tc-sulfur 
colloid bone marrow to  111 In-leukocyte scan-
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ning helps improve the specifi city and is the 
 recommended modality. The study is considered 
positive for infection when the  111 In-leukocyte 
uptake exceeds  99m Tc colloid activity on the bone 
marrow scan in extent and/or focal intensity (dis-
cordant pattern). If the relative intensity and dis-
tribution of  111 In-labeled leukocyte localization 
is equal to that of  99m Tc colloid (concordant pat-
tern of normal marrow), the study is considered 
negative for infection [ 52 ,  116 ]. Accordingly, the 
optimal procedure for diagnosing infection of 
joint replacements is combined labeled leuko-
cyte/marrow scintigraphy (Figs.  6.23  and  6.24 ), 
which has a diagnostic accuracy of more than 
90 % [ 52 ].

     Combined  111 In-WBC and  99m Tc-sulfur colloid 
SPECT/CT are adequate tools to diagnose (pros-
thetic) bone and joint infections. With a sensitiv-
ity of 100 %, specifi city of 91 %, and accuracy of 

95 %, it seems to be signifi cantly better than 
FDG-PET.  99m Tc-WBC is a very sensitive tool 
(95 %) for imaging of infection in patients with 
metallic implants. Specifi city is also high (93–
100 %) with SPECT/CT, but it seems dramati-
cally lower (53 %) in case of  99m Tc-WBC SPECT 
alone. The improvement of specifi city by addi-
tion of CT to SPECT is of substantial importance, 
as has been shown in multiple studies [ 72 ,  117 ]. 

 Antibody imaging (Fig.  6.25 ) has also been 
used to diagnose infections in patients with hip 
and knee prostheses with a sensitivity of 
70–100 % and a specifi city of 83–100 % for 
 99m Tc-antigranulocyte antibodies [ 69 ] and a sen-
sitivity of 92 % and a specifi city of 88 % for 
 111 In-labeled IgG [ 118 ]. Annexin-V imaging 
shows greater uptake with infection than with 
aseptic loosening and has a high negative predic-
tive value for prosthetic infection [ 119 ].

Bone Gallium

  Fig. 6.22    Sequential bone/
gallium scan – positive for 
infection of the right total 
hip replacement (incongruent 
distribution of two radiotrac-
ers) (Courtesy of Dr. 
Christopher Palestro, with 
thanks)       

In-111WBC (24 h) Tc–99m SC

Anterior  Fig. 6.23    Combined 
leukocyte/marrow scan with 
congruent uptake pattern in 
the left hip region indicating 
no infection (Courtesy of Dr. 
Christopher Palestro, with 
thanks)       
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   FDG-PET has been shown to be useful in 
detecting infections and differentiate it from 
loosening in patients with hip and knee prosthe-
ses [ 120 ,  121 ]. Initial studies reported sensitiv-
ity and specifi city for detecting infection of 
approximately 90 and 89 % for hip and 90 and 
72 % for knee periarthroplasty infections, 
respectively [ 121 ]. A more recent data reported 
an overall sensitivity of 91–100 % [ 72 ]. 
Specifi city, 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 % (118). Specifi city is gen-
erally higher in hip prostheses, compared with 
knee prostheses [ 72 ]. Although the intensity of 
FDG uptake as determined by SUV values is 
important in making the diagnosis of malig-
nancy, this is not the case with periprosthetic 

infections. Infected prostheses often show mod-
erate increased uptake which is not higher than 
that noted with aseptic loosening [ 120 ]. 
However, the location of the increased uptake is 
more important in differentiating infection from 
loosening since infection is characterized by 
uptake along the interface between bone and the 
prostheses, while in loosening it is around the 
neck and head [ 120 ]. Using this criterion, a sen-
sitivity of 92 % and a specifi city of 97 % have 
been reported [ 72 ]. This criterion however 
remains to be validated in a prospective study. A 
recent meta-analysis found that the sensitivity 
and specifi city 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 
imaging over the past 30 years [ 84 ]. 

In-111WBC (24 h)

Anterior

a b

Tc–99m SC

  Fig. 6.24     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 corresponding  
uptake on sulfur colloid bone 
marrow image ( b ) indicating 
right periprothetic infection 
showing incongruent pattern 
compared to the left side 
which shows no evidence of 
infection and essentially 
congruent leukocyte and 
sulfur colloid uptake pattern       

Anterior Posterior

Tc99m-MN3  Fig. 6.25    Antigranulocyte 
antibody uptake indicating 
infected left knee prosthesis 
(Courtesy of Dr. Christopher 
Palestro, with thanks)       
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  Osteomyelitis in Patients with Sickle Cell 
Disease . Differentiating bone infarct from osteo-
myelitis clinically is diffi cult. Initial radiographs 
either are normal or show nonspecifi c changes. 
On bone scintigraphy, the fi ndings 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 diffi culty, osteomyelitis 
may also cause cold defects rather than increased 
uptake [ 13 ,  20 ,  122 ]. Addition of  67 Ga or  99m Tc- sulfur  
colloid imaging to bone scans enhances the spec-
ifi city and can resolve the majority of diagnostic 
problems related to osteomyelitis in patients with 
sickle cell disease [ 122 ]. 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 normal, it indicates osteomyelitis, 
while if radiocolloid photon defi ciency is seen it 
suggests healing infarct. On the other hand, if the 
bone scan shows a photon-defi cient area,  67 Ga 
may help to differentiate osteomyelitis by show-
ing an incongruent pattern spatially or more  67 Ga 
uptake than that on the bone scan. Infarcts will 
show a congruent pattern [ 13 ]. 

 Labeled leukocytes have also been used, 
although we encountered technical diffi culties 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. 

  Infectious  ( Septic )  Arthritis . 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 scin-
tigraphy [ 123 ,  124 ]. Bone scintigraphy, however, 
cannot distinguish infectious from noninfectious 
arthropathy. Detailed clinical information should 
always be an integral part of bone scan interpreta-
tion. Sundberg et al. [ 124 ] compared the interpre-
tation of bone scans with and without knowledge 
of clinical information in 106 children suspected 
of having septic arthritis. The bone scan interpre-
tation was correct in 13 % when read without 
clinical history and in 70 % when clinical infor-
mation was included. It is possible in the vast 
majority of cases to make the distinction if cer-
tain criteria are followed. Periarticular distribu-

tion of the abnormal uptake that is largely limited 
to the joint capsule and has a uniform pattern 
indicates septic arthritis. Osteomyelitis, on the 
other hand, shows abnormal uptake beyond the 
confi nes of the joint capsule or shows nonuni-
form uptake within the joint capsule [ 124 ]. To 
simplify the utilization of the many imaging 
modalities, Table  6.5  is provided to summarize 
the strengths and limitations of different modali-
ties in the diagnosis of skeletal infections, 
Table  6.6  summarizes the correlation between 
scintigraphic and pathophysiological changes in 
skeletal infections, and Fig.  6.26  presents a sug-
gested algorithm for the diagnosis of skeletal 
infection.

6.3.2            Avascular Necrosis 
(Osteonecrosis) 

 Avascular necrosis of bone results from imbal-
ances between the demand and supply of oxygen 
to osseous tissues. There are many causes for 
osteonecrosis:
    1.    Trauma (e.g., fracture or dislocation)   
   2.    Hemoglobinopathies (e.g., sickle cell anemia)   
   3.    Exogenous or endogenous hypercortisolism 

(e.g., corticosteroid medication, Cushing’s 
syndrome)   

   4.    Renal transplantation   
   5.    Alcoholism   
   6.    Pancreatitis   
   7.    Dysbaric (e.g., Caisson disease)   
   8.    Small vessel disease (e.g., collagen vascular 

disorders)   
   9.    Gaucher’s disease   
   10.    Hyperuricemia   
   11.    Irradiation   
   12.    Synovitis with elevation of intra-articular 

pressure (infection, hemophilia)   
   13.    Idiopathic (spontaneous osteonecrosis)     

 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. 
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   Table 6.5    Summary of commonly used imaging modalities for skeletal infection   

 Modality  Advantages  Disadvantages  Typical fi ndings and overall accuracy 

  Standard 
radiograph  

 Cost-effectiveness: no additional 
imaging needed if positive 
 Identify other causes of 
symptoms (fracture) 
 Assess comorbidities such as 
fractures and arthritis 

 Low sensitivity Findings 
take up to 2–3 weeks to 
appear, delaying 
diagnosis 
 Low specifi city to 
identify infection in 
violated bone 

 Cortical destruction (very sensitive 
fi nding) 
 Soft tissue swelling with obliteration 
of fat planes 
 Endosteal scalloping; cortical 
tunneling 
 III defi ned radiolucent lesions 
 Osteopenia 
 Sensitivity: 28–94 % (average of 56 %) 
 Specifi city: 3–92 % (average of 75 %) 

  Computed 
tomography  

 Excellent visualization of the 
cortex 
 Multiplanar and thin slice 
reconstruction enhance ability to 
evaluate infection and identify 
sequestra 

 Less resolution than plain 
radiography 
 Beam-hardening artifact 

 Increased attenuation of bone marrow. 
Periosteal reaction and new bone 
formation Sequestrum 
 Intraosseous and/or soft tissue gas 

  MRI   Excellent delineation of soft 
tissue versus bone infections 
 Evaluation of bone marrow 
edema 
 Excellent for suspected vertebral 
osteomyelitis 
 Very useful in neonatal pelvic 
osteomyelitis to identify 
associated soft tissue abscesses 

 Bone marrow edema is 
nonspecifi c – can be seen 
in osteonecrosis, 
fractures, and metabolic 
bone disease 
 Specifi city is lower with 
small bones and in 
complicated cases of 
infection 

 Cortical destruction 
 Increased T2 signal (particularly on 
STIR) 
 Decreased T1 signal and post-
gadolinium enhancement 
 Sensitivity: 60–100 % (average: 90 %) 
 Specifi city: 50–95 % (average: 86 %) 

  Multiphase 
bone scan  

 Earlier detection than plain fi lm 
(24–48 h after infection) 
 Very high sensitivity for 
infections even in the presence 
of other comorbidities 
 Whole-body imaging allows for 
detection of infection at other 
unsuspected sites 

 Specifi city decreases 
when other pathologies 
are present 
 Scans will stay positive 
for a long time after 
infection heals, therefore 
is not ideal for monitoring 
response to treatment 

 Focal increased uptake on blood fl ow, 
blood pool, and delayed images 
 Sensitivity: 90–95 % 
 Specifi city: nonviolated bone: 92 %; 
violated bone 0–76 % (average of 
30 %) 

  WBC scan  
 Alone or with 
bone scan 

 High specifi city for infection 
Improves bone scan specifi city 
in the setting of violated bone 
 Scans normalize as early as a 
few days and so may be used to 
monitor response to therapy 

 If used alone, diffi cult to 
differentiate bone versus 
soft tissue infections 
 A tedious procedure 

 Focal increased uptake 
 Dual imaging will show concordant 
uptake with bone scan in positive 
studies 
 Average sensitivity: 88 % 
 Average specifi city: 88 % (91–94 % 
when combined with bone scan) 

  67Ga  
scintigraphy 
 Alone or with 
bone scan 

 Early detection of infection 
 Scans return to normal in 6 
weeks with successful therapy, 
allowing use for monitoring 
treatment 
 Useful for chronic active and 
vertebral osteomyelitis 

 Positive fi ndings can be 
nonspecifi c and may be 
positive in other settings 
such as tumor and 
infl ammation 

 Combined scanning is considered 
positive when they are spatially 
incongruent or spatially congruent 
with greater gallium intensity than 
bone scan 
 Average sensitivity: 89 % 
 Average specifi city: 70 % 

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

 Improves specifi city for 
infection versus infl ammation in 
complicated cases, such as 
postarthroplastic infections 

 Adds time and cost to the 
diagnostic imaging 

 Infection is confi rmed 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 
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 Modality  Advantages  Disadvantages  Typical fi ndings and overall accuracy 

 Ultrasound  Excellent for rapid and accurate 
detection of joint effusions 
 Identify soft tissue and 
subperiosteal abscesses 
 No radiation 

 Poor modality to 
visualize bone 

 Fluid collection adjacent to the cortex 
of infected bone with communication 
to the medullary cavity 
 Occasionally, superfi cial local defects 
and periosteal reactions in advanced 
cases of osteomyelitis 
 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. Expense  Focally increased uptake with 
moderate to high SUV Sensitivity: 
95–100 % (chronic osteomyelitis); 
90 % (preprosthetic infection) 
 Specifi city: 86–100 % (chronic 
osteomyelitis); 89 % hip 
periprosthetic infection; 72 % knee 
periprosthetic infection 

Table 6.5 (continued)

 Following the interruption of blood fl ow, blood 
forming and mesenchymal cells of the marrow as 
well as primitive osteoblasts are involved fi rst and 
die 6–12 h after the interruption of the blood sup-
ply. 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 fl ow 
(Table  6.7 ). This sequence of events may explain 

why bone marrow scintigraphic changes of 
decreased uptake appear earlier than bone scan 
abnormalities, since the bone marrow is affected 
earlier than the bone cells, which are relatively 
more resistant to ischemia [ 125 ,  126 ].

   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 fl uid. Cartilage, how-
ever, cannot resist persistent elevation of intra-
capsular pressure for more than 5 days, after 
which time degeneration begins. 

 The reparative process is initiated and carried 
out by neovascularization through the collateral 
circulation, advancing from the periphery of the 
area of necrosis or by recanalization of occluded 
vessels. This granulation tissue provides all the ele-
ments necessary for the formation of bone matrix 
and new bone deposition by young osteoblasts. 
This repair process may be altered. Often bone col-
lapse results from structural weakening and exter-
nal stress. Bone collapse and cartilage damage can 
result in signifi cant deformity [ 126 ,  127 ]. 

 The different scintigraphic patterns of femoral 
head avascular necrosis are correlated with the 
sequence of pathological events. In stage I, dur-
ing the fi rst 48 h, the morphology of bone is pre-
served, and the radiographs are normal. 
Osteoblastic uptake on bone scan varies from 
being absent to almost normal. This refl ects the 

   Table 6.6    Correlation of imaging fi ndings and patho-
physiological features of infection   

 Vasodilation of blood 
vessels 

 Increased fl ow and blood 
pool activity on bone scan, 
increased  67 Ga- and 
 99m Tc-nanocolloid 
accumulation 

 Pathological change at 
the site of infection 

 Imaging pattern 

 Increased permeability 
and chemotaxis 

 Increased accumulation of 
 111 In- or  99m Tc-labeled WBC 

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

 Increased accumulation of 
 67 Ga 

 Formation of woven bone  Increased uptake of 
 99m Tc-MDP on delayed 
images with persistent 
accumulation beyond 3–4 h 

 Increased expression of 
glucose transporters 

 Increased accumulation of 
18F-FDG on activated 
infl ammatory cells 
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greater resistance of mature osteoblasts to isch-
emia. Subsequently, a cold area of necrosis devel-
ops on bone scintigraphy. This avascular pattern 
will be seen immediately if interruption of the 
blood supply is abrupt and severe. 

 Stage II begins with the reparative process. 
Hyperemia is frequent, and there is diffuse 
demineralization of the area surrounding the 
necrotic tissue. This stage is characterized scinti-
graphically by increased technetium diphospho-
nate uptake starting at the boundaries between 
the site of necrosis and the normal tissue begin-
ning in 1–3 weeks. This increased uptake eventu-
ally will advance around a central photopenic 
area and involves the entire femoral head, lasting 
for several months. 

 As the reparative process is completed, uptake 
returns to normal. However, in cases with bone 
collapse (stage III), increased uptake may persist 
indefi nitely. Stage IV is characterized by col-
lapse of articular cartilage with degenerative 

Neg. or nondiagnostic

Suspected skeletal infection

Standard radiograph
and/or US 

Diagnostic

M-P bone scan

MRI or 67Ga with or without bone scan or FDG Vertebral

NegativePositive

Combined approach

Stop

Non-vertebral

Non-violated bone

Violated bone
Negative

PositiveTreat

Stop

Diabetic foot Post-arthroplasty Others

Treat

Combine with WBC or use
WBC/BO marrow scans or MRI or FDG

Combine with Ga -67 or WBC &
optional bone marrow scan or FDG

NegativePositive StopTreat

NegativePositive StopTreat

  Fig. 6.26    Algorithm for the 
diagnosis of skeletal 
infection utilizing multiple 
modalities based on the 
location and probable 
pathophysiology of the 
suspected infection       

   Table 6.7    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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changes on both sides of the joint and resultant 
increased periarticular uptake. Single photon 
emission computed tomography (SPECT) 
should then be included in diagnosing femoral 
head avascular necrosis. It may detect a center of 
decreased uptake and increases the sensitivity of 
bone scanning. 

 When osteonecrosis occurs in growing skele-
ton, it is included in the group of disorders collec-
tively called osteochondrosis. Osteochondrosis 
involves the epiphyses or apophyses of the grow-
ing bones. The process is due to osteonecro-
sis in some cases and trauma or stress in others 
(Table  6.8 ). In addition to avascular necrosis, 
osteochondroses often demonstrate  similar 
 pathological features such as  transchondral 
fractures, reactive synovitis, and cyst forma-
tion. Some common forms of osteonecrosis are 
described below.

    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. 
The femoral head, the body of the talus-scaphoid 
bone (Fig.  6.27 ), and the humeral head are such 
sites [ 128 ,  129 ]. Other locations include the car-
pal 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 [ 126 ].

    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 circumfl ex 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 persons between the age of 4 
and 7 years and the high frequency of necrosis 
following femoral neck injury in children. 
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  6.9  summarizes the changes that character-
ize the stages of the disease which vary from the 
sequence of changes of other types of osteone-
crosis as described earlier.

   Bone scintigraphy is an integral part of the 
workup of patients suspected of having the con-
dition. Pinhole imaging must be used routinely in 
this age-group patients with suspected Legg-
Calvé- Perthes disease 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 not 
uniform, pinhole imaging using frog leg and 
straight anterior position pinhole is recommended 
for better resolving the abnormalities of this con-
dition. Pinhole imaging is preferred to SPECT in 
the diagnosis of this condition in children. Bone 
scintigraphy is a sensitive as well as specifi c 
modality for the diagnosis of this condition show-
ing typically a cold area with or without a rim of 
increased uptake (Fig.  6.28 ). The sensitivity and 
predictive value of early postoperative bone scan 
for detection of early avascular necrosis of the 
femoral head after surgical treatment of slipped 
capital femoral epiphysis were evaluated by 

   Table 6.8    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 

  Modifi ed from [ 116 ]  
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Fragniere et al. [ 129 ]. The authors reviewed 
records of 49 patients (64 hips) operated on 
between 1980 and 1997 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 signifi cant decrease of 
radionuclide uptake. There were neither false- 
positive nor false-negative cases in this series 
[ 129 ]. The authors concluded that bone scintigra-
phy has an excellent sensitivity and predictive 
value for detection of AVN after surgical treat-
ment of slipped capital femoral epiphysis.

   Bone scintigraphy has proven also to have 
prognostic value. Conway introduced a prognos-
tic classifi cation [ 130 ] of two pathways; pathway 
A is defi ned 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 asso-

ciated with good outcome. The pathway B is 
defi ned 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 technetium 
99m diphosphonate bone scintigraphy and fol-
lowed up for an average period of 4.4 years. The 
bone scintigraphy classifi cation characterizes the 
A pathway by early lateral column formation not 
seen in the B pathway. Pathway A had 20 hips. 
The average age at presentation was 6.1 years. At 
last follow-up, none of the patients of this group 
had “head-at-risk” signs or required operative 
treatment. Pathway B had 20 hips. The average 
age at presentation was 5.8 years. At last follow-

R

R

a b

c

R

L

L

L Blood pool

Delayed

Flow

  Fig. 6.27    ( 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-
defi ned area of decreased fl ow 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-defi cient area in the left talus surrounded 
by a rim of increased activity       
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 up, 18 patients had head-at-risk signs, with 11 
requiring operative treatment. Bone scintigraphy 
classifi cation preceded the radiographic head-at- 
risk signs by an average of 3 months, allowing 
earlier treatment and correlated with subsequent 
femoral head involvement [ 131 ]. MRI is also very 
useful in predicting the course of the disease par-
ticularly later in the course of the disease during 
the fragmentation stage [ 132 ]. The prognostic 
value of this classifi cation was also more recently 
reconfi rmed by Comte et al. [ 133 ] who showed 
that the presence of lateral column formation 
(pathway A) has a positive predictive value of 
85 % for good outcome. On the other hand, the 
pathway B with the absence of lateral column for-
mation has a 97 % positive predictive value for 
poor fi nal outcome [ 133 ]. Comte found that the 
appearance of hyperactivity of the metaphyseal 
growth plates is an additional prognostic informa-
tion since it indicated poor outcome. Value of 
bone scintigraphy in determining prognosis is 
also in terms of the short time in which the prog-
nostic information can be obtained since it may be 

seen as early as the time of presentation but gener-
ally during 5 months duration after the insult. 

  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 [ 134 ] have docu-
mented asymptomatic decompression. Shoulders, 
hips, knees, and ankles are commonly involved in 
this type. 

  Sickle Cell Disease Necrosis . Sickle cell 
 disease is a relatively common hereditary hema-
tological 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 complications [ 135 ]. The bone mani-
festations occur similarly in other hemoglobin-
opathies and affect most commonly femora, 
tibiae, and humeri [ 136 ,  137 ]. Since sickle cell 
osteonecrosis most commonly involves the fem-
oral and humeral heads although it can affect any 
bone of the skeleton, it is possible that the 
increased length of the nutrient arteries supply-
ing the marrow in the long bones makes them 
more susceptible to occlusion. Necrosis of the 
femoral head is one of the signifi cant 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. This 
may compromise the microvascular fl ow and 
may cause infarction, the most common skeletal 
complication of sickle cell disease [ 19 ]. Signs of 
acute infarction can include warmth, tenderness, 
erythema, and swelling over the site of vaso-
occlusion [ 137 ]. However, these clinical signs 

   Table 6.9    Stages of Legg-Calvé-Perthes disease   

 Stage  Presentation 

 First (incipient 
stage): several 
weeks 

 Edema 
 Hyperemia 
 Joint fl uid 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 fl attening 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 
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are nonspecifi c and may also occur in acute 
osteomyelitis which may occur as a primary 
event or may be superimposed on infarcts; 
necrotic bone is a fertile site for such secondary 
infections [ 136 ,  137 ]. Thus, recognition of bone 
marrow infarction often relies on the use of 
imaging modalities. MRI has not been found to 
have the specifi city or sensitivity of radionuclide 
studies [ 138 ]. The scintigraphic diagnosis may 
be straightforward using  99m Tc-MDP scan which 
shows photon-defi cient areas early on. SPECT 

and pinhole are very valuable particularly in 
resolving a photon-defi cient area in the middle 
of the increased uptake at the reparative process. 
In this stage, it can be diffi cult to differentiate 
osteonecrosis from osteomyelitis, and adding 
 67 Ga or bone marrow scanning may be essential. 
Acute chest syndrome in sickle cell patients is 
characterized by chest pain that can mimic sev-
eral pulmonary disorders including pulmonary 
embolism and pneumonia [ 139 ]. This condition 
is believed to be a sequel of osteonecrosis of the 

  Fig. 6.28    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 defi ciency ( arrow ) indicating osteonecrosis 
of the left femoral head (Legg-Calvé-Perthes disease)       
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ribs and is usually associated with pulmonary 
infi ltrates on chest X-ray. Whole-body imaging 
cannot be overemphasized and should include 
ribs in addition to the area of interest if different 
(Fig.  6.29 ).

    Idiopathic  ( Primary or Spontaneous ) 
 Osteonecrosis . This is a unique entity with cases 
presenting no clear underlying disorders. Most 
commonly it affects the femoral head; it is usu-
ally bilateral and leads to secondary osteoarthri-
tis. It also affects the femoral condyles, tibial 
plateau, wrists, and humoral heads. 

  Spontaneous Osteonecrosis of Femoral Head . 
Although no specifi c cause is recognized for this 
condition, an abnormality of fat metabolism, 
leading to marrow fatty infi ltration or vascular 
embolization, is the most popular hypothesis 
[ 140 ]. Legg-Calve-Perthes disease represents a 
juvenile form of idiopathic osteonecrosis of the 

femoral head [ 141 ]. Primary osteonecrosis of the 
femoral head affects adult men more frequently 
than women and is usually seen between the 
fourth and seventh decade of life. Unilateral and 
bilateral involvement may be detected. The 
reported incidence of bilateral disease has varied 
from 35 to 70 %, infl uenced predominantly by 
the method of examination and the length of fol-
low- up. Despite the high frequency of bilateral 
involvement, the condition usually fi rst manifests 
as a unilateral symptomatic that can be related to 
osseous collapse in the more severely affected 
sites. The pathological fi ndings are virtually 
identical to those in other varieties of osteonecro-
sis. To  demonstrate photopenia in the femoral 
heads, SPECT (85 %) is more sensitive than pla-
nar imaging (55 %) [ 142 ]. Figure  6.30  illustrates 
the value of SPECT in the diagnosis of the 
condition.

3h
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  Fig. 6.29    ( a ,  b )  99m Tc-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 
complaining of left thigh bony pain. 
Note the photon-defi cient 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 particularly 
distal left represent older infarcts in 
healing phase. Note also periarticu-
lar uptake throughout the skeleton 
representing the pattern of bone 
marrow expansion associated with 
the underlying condition of sickle 
cell anemia. Another associated 
fi nding of the disease is the 
prominent kidney uptake diffusely 
on the delayed images as seen in 
this example       
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    Spontaneous Osteonecrosis of the Knee . 
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 
spontaneous or idiopathic fashion. This entity 
occurs most characteristically in the medial fem-
oral condyle. 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 combination with the medial femoral condyle. 
It characteristically affects older women and is 

characterized by abrupt onset of knee pain. 
Localized tenderness, stiffness, effusion, and 
restricted motion may also be present. Unilateral 
involvement predominates over bilateral involve-
ment. Initially, radiographs are normal. Weeks or 
months pass before changes in the weight- bearing 
articular surface of the medial femoral condyle 
are seen. The pathogenesis of this condition is 
not clear. Vascular insuffi ciency associated with 
age is a proposed etiology. Traumatic microfrac-
tures in the subchondral bone with secondary dis-
ruption of the local blood supply have also been 

a b

c

  Fig. 6.30    ( a – c ) Bone scan from a case of osteonecrosis of the femoral head. SPECT images show a central cold area, 
confi rming the diagnosis       

 

A.H. Elgazzar and D. Shehab



191

suggested. A predominant role of meniscus 
injury in the pathogenesis of spontaneous osteo-
necrosis has also been proposed. X-rays are usu-
ally normal at the time of presentation and may 
even remain so for the entire course of the dis-
ease. Scintigraphy is a more sensitive modality 
and will be helpful in early detection. Scintigraphy 
may refl ect the likely pathogenesis of microfrac-
tures with vascular disruption. In the fi rst 6 
months, there is increased fl ow, blood pool activ-
ity, and uptake on delayed images (Fig.  6.31 ). 

From 6 months to approximately 2 years, blood 
fl ow decreases as well as the blood pool activity, 
while delayed uptake may persist. After 2 years 
the bone scan tends to return to normal except in 
patients who develop joint collapse and second-
ary osteoarthritis [ 143 ]. Osteochondritis disse-
cans (which affects young patients and does not 
classically involve the weight-bearing surface of 
the femoral condyle) should not be confused with 
spontaneous osteonecrosis. Also osteoarthritis, 
commonly affecting the knee, is usually limited 

a

b c

Flow

DelayedBlood pool

Anterior Posterior Anterior Posterior

  Fig. 6.31    ( a – c ) A case of osteonecrosis of the left knee, illustrating the typical pattern on bone scintigraphy. Note the 
focal increased fl ow and blood pool with corresponding focally increased uptake on delayed image         
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to the subchondral bone, whereas osteonecrosis 
tends to involve the adjacent shaft.

6.3.3        Complex Regional Pain 
Syndrome-1(CRPS-1) or Refl ex 
Sympathetic Dystrophy 

    Refl ex sympathetic dystrophy, which is called now 
complex regional pain syndrome-1    (CRPS- 1), is a 
clinical syndrome which has been defi ned accord-
ing to the criteria of the International Association 
for the Study of Pain (IASP) as a clinical syndrome 
characterized by pain, allodynia, hyperalgesia, 
edema, abnormal vasomotor and sudomotor activ-
ity, movement disorder, joint stiffness, regional 
osteopenia, and dystrophic soft tissue changes 
[ 144 ]. 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 
trauma. Normally, afferent C and A delta fi bers 
carry information from skin neuroceptors to the 
neurons in the dorsal horns of the spinal cord. 
From this region, information is transferred to 
higher central nervous system levels and also 
directed through sympathetic neurons and their 
efferent fi bers. These sympathetic fi bers control 
the tone of distal arterioles and capillaries. It is 
postulated that trauma, which could be trivial or 
minor or nerve injury, causes an alteration or 
imbalance of these nociceptive-sympathetic con-
tact sites, resulting in vasomotor disturbances, 
pain, and dystrophic changes which form the fea-
tures 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 [ 144 ]. 

 Synovial histopathological changes have been 
found in patients with CRPS-1. The most com-
mon changes are proliferation of synovial cells, 
subsynovial fi brosis, and vascular proliferation. 

 Vascular changes can be demonstrated on 
 99m Tc diphosphonate 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 fl ow to the synovial and osseous 
tissues. The synovium reacts with cell prolifera-
tion and eventually secondary fi brosis. There is a 
lack of infl ammatory cellular infi ltration. 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 [ 145 ]. 

 The fi rst stage is characterized by pain, stiff-
ness, tenderness, and swelling of the involved 
joint. In stage 2, there is still pain, tenderness, 
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 characterized by 
pronounced wasting of the muscles and subcuta-
neous tissue. The skin is atrophic, and smooth- 
appearing contractures are frequent. 

 The scintigraphic pattern depends on the dura-
tion or stage of the disease [ 42 ,  125 ]. In the fi rst 
or acute stage (20 weeks), all three phases of 
bone scan show increased activity (Fig.  6.32 ). 
After 20 and up to 60 weeks during the dystro-
phic phase, the fi rst two phases are normalized, 
while the delayed phase images show increased 
periarticular uptake. After 60 weeks (atrophic 
phase), the fl ow 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  6.10 ). A unilat-
eral decrease in the metaphyseal band of activity 
may be the most striking feature.

    Radiopharmaceuticals other than  99m Tc-MDP 
have also been reported to have potential in the 
diagnosis. These    include Tc-99m-labeled human 
serum albumin [ 146 ], combined N-13 ammonia 
and 6-[F-18] fl uorodopamine [ 147 ], Tc-99m ses-
tamibi [ 148 ], In 111 octreotides, and I 123 MIBG 
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[ 149 ]. N-13-ammonia radioactivity has been 
reported to be less on the affected side than in the 
unaffected side, while the F-18 FDG activity is 
symmetrical. Accordingly the perfusion adjusted 
FDG activity is high in the affected side [ 136 ]. 
I-123 MIBG on the other hand was found to be 
decreased in the affected side refl ecting the 
impaired sympathetic dysfunction with congru-
ent reduction in perfusion [ 150 ]. 

 Different    modalities were used to treat 
CRPS-1 including medications orally and paren-
terally or sympathetic blocks which include the 
tumor necrosis factor α antibody Infl iximab [ 150 ] 
and physical therapy with varying degrees of suc-
cess; the main aim of the treatment is to restore 
the function of the affected limb. Bone scintigra-
phy can be used not only to help in the diagnosis 
but also to monitor the disease with treatment.  

a c

c d

  Fig. 6.32    ( a – d )  99m Tc-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 periar-
ticular increased uptake in the right shoulder, elbow, 
wrist, and hand       
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6.3.4     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 one bone (monostotic) or many 
bones (polyostotic) and results in enlargement 
and deformity of the involved bone. Pathologically 
it is characterized by slow, progressive replace-
ment of the medullary cavity of bone by fi brocol-
lagenous 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 histo-
chemically for alkaline phosphatase. A recent 
study using C-11 methionine PET in two cases of 
fi brous dysplasia indicated the presence of viable 
tumorlike cells [ 151 ]. Elevated serum alkaline 
phosphatase levels have been observed in about 
one-third of patients, usually with the polyostotic 
form. Alkaline phosphatase is not a sensitive 
indicator of the disease but correlates with its 
extent and severity. This fi nding indicates the 
presence of active osteoblasts with increased 
blood fl ow and blood pool activity and increased 
uptake of bone imaging agents [ 40 ]. 

 The lesions are monostotic in 70–80 % of 
patients and polyostotic in up to 30 % of cases 
[ 126 ]. Multiphase bone scans show intense uptake 
(Fig.  6.33 ), refl ecting 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. 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 [ 152 ].

6.3.5        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. 

6.3.5.1     Fractures 
 A fracture is defi ned as a break in the continuity 
of a bone. Fractures can be classifi ed according 
to several features (Table  6.11 ). Based on the 
extent of the break, fractures are classifi ed 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 classifi ed 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 [ 153 ].

   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 fl at 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 classifi cations are based on the number 
of bone pieces, the direction of the fracture line, 
and other factors (Table  6.11 ). Pathological frac-
tures occur at the sites of preexisting abnormali-
ties that weaken bone. A minimal force that 

   Table 6.10    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 

  Modifi ed from [ 42 ] with permission  

A.H. Elgazzar and D. Shehab



195

ANT BP
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Coronal

3 h Delayed

3 h Delayed

  Fig. 6.33    ( 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 
scintigraphic pattern of 
fi brous dysplasia on 
multiphase bone scan       
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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 [ 153 ]. 

 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 cortex. 
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 resorption 
cavities before being coupled by an osteoblastic 
response to replace the absorbed bone. The pro-
cess of rarefaction is faster than the osteoblastic 
process and will progress if the individual contin-
ues stressful activity and trauma. Complete frac-
ture through the zone of rarefaction 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 insuffi ciency fractures. Bone scintigra-
phy is much more sensitive than standard radio-
graphs in detecting stress fractures. Fatigue 
fractures are common in athletes, military recruits, 
and dancers (Table  6 . 12 ). With repeated loading, 
bone loses its stiffness and strength. A fatigue 
fracture appears as a microfracture which causes 
pain but may not be detected on a plain radio-
graph. The progress of the process depends on the 
amount of further load applied to the bone. If 
scintigraphy is performed in the acute phase of 
less than 4 weeks, the fl ow and blood pool images 
show increased activity. Later, only delayed 
uptake will be seen. The delayed uptake is typi-
cally focal or fusiform, involving less than one-
fi fth of the bone (Fig.  6.34 ). 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 some increased uptake can last up to 
1 year, even in uncomplicated stress fractures 
[ 154 ]. A grading system based on the scinti-
graphic appearance, stress fractures are classifi ed 
into milder or more severe. This grading system is 
shown on Table  6 . 13  [ 155 ]. The minimally symp-
tomatic grade 1 and grade 2 stress fractures typi-
cally resolve more quickly and completely. This 
grading system can assist in prescribing the requi-
site rest and rehabilitation intervals [ 156 ].

     The pattern of uptake of stress fractures is dif-
ferent from the pattern of a shin splint, which is 
another consequence of stress and occurs in the 
same patient population as fatigue fractures. Shin 
splints typically show normal fl ow and blood 
pool images, with an elongated linear pattern of 
increased uptake on delayed images. They are 
most commonly found in the tibiae and may 
coexist with fatigue fractures in the same patient. 
The scintigraphic pattern seen with shin splints is 
due to subperiosteal bone formation [ 157 ]. 

    Table 6.11    Classifi cation 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 
   Insuffi ciency fractures: Usual stresses to abnormal 

bones 
 4. Transchondral fracture (osteochondritis dissecans) 
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  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 pro-
cesses (pars interarticularis or facetal joints) 
when viewed from the side. This condition most 
frequently affects the fourth and fi fth lumbar ver-

tebra, may or may not be symptomatic, and usu-
ally does not result in any neurological defi cit but 
is a common cause of low back pain, particularly 
in children and young adults. The diagnosis is 
principally radiological, and scintigraphy is 
reserved for detection of radiologically occult 
stress changes and for assessing metabolic 
 activity of the condition. Typically, a focal area of 
increased uptake is seen in the region of the pars 
interarticularis (Fig.  6.35 ). SPECT is much more 
sensitive than planar imaging in detecting the 
abnormality. The treatment of this condition is 
usually conservative, with the use of back sup-
port, and usually corrects the problem.

   Spondylolisthesis is the forward or occasion-
ally backward movement of one vertebra over 
another (Fig.  6.36a–c ) as a result of fracture of 
the neural arch. It is again most commonly seen 
in the fi fth lumbar vertebra, in which there is a 
forward shift of L-5 on the sacrum. It is less com-
monly 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.

6.3.5.2        Fracture Healing 
 Fracture union is simply defi ned as suffi cient 
growth of bone across the fracture line. The heal-
ing 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 
necrotic tissue along with the effect of the 
traumatic force induces infl ammatory 
response with features of acute nonspecifi c 
infl ammation including vasodilatation, extrav-
asation of plasma and leukocytes, and infi ltra-
tion with leukocytes. Within 48 h, blood fl ow 
to the entire bone increases with organization 
of the hematoma around the broken ends of 
bone into a fi brous network.   

   Table 6.12    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 fl oors 

 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 [ 144 ] with permission  
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   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.    Remodelling: 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 affects the fracture healing, 

and if disturbances happen, delayed, nonunion, 
or malunion could result (Table  6.14 ).  Delayed 
union  indicates that union does not occur at the 
expected time which is diffi cult objectively to 
be determined and vary with the site of frac-
ture, although overall it is usually 3–4 months 

ANTERIOR R LATERAL
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  Fig. 6.34    ( a ) Representative images of a  99m Tc-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 fi bula illustrating 

the pattern of fatigue fracture. ( b ) Another example of 
stress fracture in the foot with focally increased fl ow and 
blood pool with corresponding focus of increased uptake 
on delayed images       

   Table 6.13    Scintigraphic grading for stress fractures   

 Grade  Pattern 

 1  Small, ill-defi ned cortical area of mildly 
increased activity 

 2  Better-defi ned cortical area of moderately 
increased activity 

 3  Wide to fusiform, cortical-medullary area of 
highly increased activity 

 4  Transcortical area of intensely increased 
activity 
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a

c

d

b

  Fig. 6.35    ( 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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after the fracture.  Nonunion  indicates failure of 
the bone ends to grow together. Instead of new 
bone, dense fi brous fi lls the gap between the bro-
ken ends and uncommonly by fi brocartilaginous 
tissue. Necrotic tissue is not seen unless infec-
tion is present in the area of nonunion. Delayed 
union and nonunion are commonly seen in tibia, 
fi bula, and scaphoid bones. Less common sites 
are humerus, radius, ulna, and clavicle [ 9 ]. 
Occasionally, the gap between the bone ends 
contains a space fi lled with fl uid. In this case, 
the term false joint or  pseudoarthrosis  is applied, 
and persistent uptake of  99m Tc-MDP continues 

to be seen after the usual period of healing or 
postoperative changes. The fracture is consid-
ered nonunited after 6 months, although in cer-
tain locations such as in case of central fracture 
of the femoral neck which is considered non-
united after only 3 months. Nonunion is classi-
fi ed  predominantly according to the radiological 
appearance into hypervascular (hypertrophic) and 
avascular (atrophic) and is based on the capabil-
ity of biologic reaction. Hypertrophic nonunion 
is rich in callus as seen on standard radiographs 
and has rich blood supply in the ends of the frag-
ments with the potential to heal under the correct 

a

c

b

  Fig. 6.36    ( a ) Spondylolisthesis without spondylolysis. 
Degenerative anterior spondylolisthesis. Apophyseal 
joint osteoarthritis allows the inferior articular pro-
cesses to move anteriorly, producing forward sublux-
ation of the superior vertebra on the inferior vertebra. 
( b ) Spondylolisthesis without spondylolysis but with 

backward 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    [ 128 ])       
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stable environment [ 158 ]. Atrophic nonunion, on 
the other hand, 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 environment [ 158 ]. This 
type is typically seen in tibial fractures treated by 
plate and screws. Both types contain fi brous tis-
sue, hyaline cartilage, fi brocartilage, 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 ossifi es by both endo-
chondral and intramembranous ossifi cations. 
Atrophic nonunion on the other hand has only 
few areas of bone formation which forms pre-
dominantly by endochondral ossifi cation [ 158 ]. 
   Radiographs show most of these changes but do 
not refl ect the biologic changes that were recently 
studied by Reed and associates [ 158 ] who found 
that hypertrophic nonunion shows increased 
apoptosis or programmed cell death (PCD) in 
both types.  Malunion  describes healing of a bone 
in a nonanatomical 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 
[ 159 ], 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.  

6.3.5.3     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-
nifi cantly infl uenced by the severity of muscle 
and soft tissue damage. The classical criteria for 
assessing skeletal muscle damage – color, consis-
tency, bleeding, and contractility – are subjective. 
Research on animals and humans shows the fea-
sibility 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,  111 In-labeled antimyosin anti-
bodies can be used to detect and assess the extent 
of skeletal muscle damage [ 160 ,  161 ]. 

 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. On the other hand, complete sepa-
ration of tendons or ligaments from their attach-
ments is called avulsions, and these do cause 
abnormal uptake on bone scans.   

6.3.6     Growth Plate Injury 

 The physis, or growth plate, is recognized as the 
site of endochondral ossifi cation and is respon-
sible for a bone’s growth in length. Although 
the band of increased uptake seen on scinti-
graphic 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 radio-
nuclide 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 
calcifi cation. 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 recommended in growth 

   Table 6.14    Factors affecting fracture healing   

 1.  Patient age: nonunion is rare in children unless there 
are other conditions present such as neurofi bromatosis, 
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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plate evaluation. Both fl ow and blood pool 
images show information on plate activity. They 
often show differences in plate function 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 
progressively decreasing activity. Growth plates 
in different areas of the skeleton close at differ-
ent 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 infl uenced by 
mechanical stresses such as differential weight 
bearing and conditions producing regional 
hyperemia. Rheumatoid arthritis, chronic syno-
vitis, and lesions such as fi brous dysplasia can 
accelerate closure or a growth plate located in 
the involved region. 

 Physiological status of the growth plate is dif-
fi cult to evaluate using morphologic imaging. 
Scintigraphic imaging compliments anatomical 
studies by refl ecting 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 diffi cult to determine by these 
modalities [ 162 – 164 ]. On scintigraphy, differ-
ences in activity and confi guration of growth 
plates can be identifi ed particularly on early 
blood pool images (Fig.  6.37 ) which show the 
differences better than on delayed images [ 165 ]. 
Both sides must be symmetrically positioned 
within the fi eld of view. Segmental closure can be 
better identifi ed using pinhole view and quantita-
tion [ 165 ,  166 ]. In addition to asymmetric and 
segmental differences in uptake, blurred growth 
plate appearance can also be seen with adjacent 
epiphyseal and/or metaphyseal injury [ 165 ]. 
These fi ndings are not permanent as shown by 
Etchebehere et al. [ 167 ] who studied 18 children 
with an uncomplicated femoral fractures by mul-
tiphase bone scintigraphy at three different time 
intervals (2–5, 6–12, and 18–24 months). Visual 
analysis of the blood fl ow, equilibrium, and 
delayed images showed increased activity in the 

distal femoral growth plates during the fi rst and 
second time intervals, but not during the third 
[ 167 ]. Scintigraphy is considered the only imag-
ing 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 [ 162 ,  166 , 
 168 ], although pinhole magnifi cation imaging is 
superior to SPECT and is the preferred method of 
imaging.

   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 [ 166 ]. Stress factors and mechan-
ical loading infl uence 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. On the other hand, 
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 
 abnormal uptake. Fractures and slipped capital 
femoral epiphysis results in uniformly increased 
plate activity at the involved location. Segmental 
increase and decrease in a growth plate is of par-
ticular importance, since it is associated with the 
development of angular deformities. Insults such 
as trauma and infection directly involving the 
growth plate or if such injury occurs near 
the plate, the segmental abnormal uptake will be 
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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 [ 169 ]. Partial arrest of the growth 
plate occurs when osseous or cartilaginous bridge 
forms across the plate. If this occurs laterally, the 
relative accelerated activity of the medial growth 
plate will result in valgus deformity, while if the 
bar is located in the medial side and normal phy-
sis continues to grow laterally, it will cause varus 
deformity [ 170 ]. 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 stimu-
lates the activity of the adjacent part of the physis 
resulting in unequal growth with subsequent 
deformity [ 171 ]. Computed tomography and 
magnetic resonance imaging are accurate in iden-
tifying segmental closure [ 172 ].  

6.3.7     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 scinti-
graphic 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 [ 40 ]. Increased rates of bone turnover are 
present in most metabolic bone disorders often 
associated with decreasing calcium content of the 
affected bone. This explains why most metabolic 
disorders result in generalized increased radio-
pharmaceutical uptake on bone scintigraphs, 
refl ecting 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 
 phosphate reabsorption. The effect of PTH on 
bone is also modulated by vitamin D and is 
mainly to promote effl ux of calcium from bone, 
acting through osteoclasts [ 173 ]. 

 In some disorders, however, abnormal bone 
formation has a more localized character as is the 

a b c

  Fig. 6.37    ( a – c ) Growth plate injury. Whole body anterior 
( 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          

 

6 Musculoskeletal System



204

case in hypertrophic osteoarthropathy, the patho-
genesis of which is still poorly understood, 
although neurovascular abnormalities may be 
present. 

6.3.7.1     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. 

 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 fi brous con-
nective tissue. With time, the increased osteo-
blastic and osteoclastic activity ceases, marrow 
abnormalities return to normal, and the affected 
bones become sclerotic [ 128 ]. 

 The disease simply represents a state of 
increased metabolic activity in bone with abnor-
mal and excessive bone resorption and formation. 
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  67 Ga [ 174 ]. 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 fi nal 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 [ 175 ]. 

 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.  6.38a, b ). In the 
mixed phase, a profusion of osteoblasts and 
osteoclasts, evidence of high bone turnover, 
coexists in a matrix of highly vascularized 
fi brous tissue. This may facilitate the develop-
ment of microfractures in long bones and basi-
lar invagination 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 pat-
terns of cement lines where waves of bone for-
mation have succeeded 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 radiographs. 
The early radiological lesions of Paget’s disease 
refl ect severe localized osteolysis. These are 
 typically “fl ame-shaped” or inverted “V” lesions 
that most commonly occur proximal to the distal 
epiphysis of a long bone and that gradually prog-
ress to the opposite end 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 fi brovascular tissue 
“mixed stage” and a high rate of bone remodeling 
may lead to deformity of the skull, enlarged 
dense vertebral bodies, and slowly progres-
sive deformities of weight-bearing bones. 
Microfractures may occur on the convex side of 
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the femur or tibia, increasing the degree of defor-
mity and leading to the transverse or “banana” 
fracture that is typical of Paget’s disease. Pelvic 
involvement may be limited 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 subchondral bone but not to cross 
the joint space. In addition, Paget’s patients are 
also susceptible to the development of infl amma-
tory arthritis: gouty arthritis, rheumatoid arthritis, 
psoriatic arthritis, and ankylosing spondylitis 
have each been reported in association with 
Paget’s disease. 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 [ 176 ]. 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 [ 177 ]. 

 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 nonin-
volved 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 mineral density is taken in 
the lumbar spine without reviewing each verte-
bra [ 178 ]. On multiphase bone scan, dynamic 
fl ow and early static images show varying 
degrees of hyperemia at the sites of involvement 
depending on the stage of the disease, the earlier 
the phase, the more the hyperemia. On delayed 
static images, Paget’s disease appearance 
depends on the stage of the disease. During the 
active lytic phase, involvement of Paget’s dis-
ease is characteristically seen as intense 
increased uptake which is uniformly distributed 
throughout the region affected (Fig.  6.39a–c ). 
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 cold which is referred 
to as osteoporosis circumscripta [ 179 ]. 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 radiopharmaceuticals, 
and hence, the disease can be detected by X-ray 

a b

  Fig. 6.38    ( a ) A microscopic picture of mixed osteoblas-
tic-osteoclastic stage of Paget’s disease. A line of osteo-
blasts is present at the  center right  forming new bone 
( arrow ), and lacunae containing multinucleate osteoclasts 
are 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 predomi-
nantly lytic phase and is followed by a “burned-out” scle-
rotic phase. ( b ) Under polarized light, the irregularities of 
the bony lamellae are apparent       
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and missed by bone scanning. This is in contrast 
to the early lytic phase when bone scan is much 
more sensitive than radiographs. The bone scan 
will identify approximately 15–30 % of lesions 
not visualized on X-rays [ 179 ,  180 ]. An advan-
tage of bone scan could be contributing partly to 
this which is its ability to detect abnormalities in 
bones that are diffi cult to explore by radiographs 
such as sternum, ribs, and scapula [ 181 ]. 
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, refl ect-
ing lesions that are sclerotic, relatively inactive, 
or “burned out.” Affected bones may also appear 
increased in size but with preservation of the 
normal confi guration. 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 dis-
ease 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 dis-
ease may involve paired bones and involvement 
could be symmetrical [ 182 ].

   The disease is often nonuniform within the 
skeleton. Individual-involved bones can simulta-
neously present more than one stage of the dis-
ease process, refl ecting 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 marrow and areas of earlier active disease 
with replaced bone marrow. Since  111 In-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 [ 116 ].  

6.3.7.2     Osteoporosis 
 Bone mass gradually increases during childhood 
and increases rapidly once the skeleton 
approaches maturity and longitudinal skeletal 
growth slows [ 183 ] till it reaches the peak bone 
mass in the second decade, although this is some-
what controversial [ 184 ]. At maturity, black men 
have denser skeleton than white men and black 
women (Fig.  6.40a ), whereas white women have 
the least dense bones [ 185 ]. Generally, men have 
an average 20 % greater peak bone mass than 
women [ 186 ]. Peak bone mass appears to be a 
major factor in determination of the risk of devel-
oping osteoporosis.

   After reaching its peak, bone mass begins to 
decrease at a rate of 0.25–1 % per year. Men dem-
onstrate a gradual rate of bone loss that persists 
throughout the remainder of adult life. Women on 
the other hand undergo rapid rate of bone loss in 
the perimenopausal and postmenopausal periods 
[ 187 ]. 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 [ 187 ]. Generally lifetime 
bone losses for men are 20–30 %, while some 
women may lose 50 % or more [ 185 ]. In post-
menopausal period, women show a normal age-
related annual bone loss of 1–2 % in appendicular 
bone and about 4–6 % or even 8 % in the spinal 
trabecular bone [ 188 ,  189 ]. The factors related to 
bone loss in the perimenopausal and postmeno-
pausal periods include age- related factors, estrogen 
defi ciency, calcium defi ciency, and other factors 
such as physical activity, smoking, alcohol con-
sumption, 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 [ 185 ]. 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 [ 187 ,  190 ]. This high-turnover rate 
in trabecular bone makes it a primary site for 
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  Fig. 6.39    ( a ) A 76-year-old female with lytic lesion in 
the right tibia. Monostotic Paget’s disease. Diffusely 
increased blood pool activity in the right tibia is more 
obvious proximally with corresponding increased delayed 
uptake. 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. ( b ) 
Demonstrates a polyostotic type of the disease affecting 
more than one location (thoracic spine and left tibia). ( c ) 
Radiograph of a femur affected with Paget’s disease dem-
onstrating the typical osteolytic pattern (fl ame shaped) of 
the disease       
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  Fig. 6.40    ( a ) Histogram 
illustrating the peak BMD 
among men and women. 
Note that white women have 
the lowest value. ( b ) A 
diagram illustrating the 
bone architecture I 
oatoeporosis with thinner 
trabiculae compared to 
normal bone       

detecting early bone loss and for monitoring the 
response to interventions [ 191 ,  192 ]. 

 Osteoporosis is the most common metabolic 
disorder of the skeletal system. It affects 
approximately 20 million older Americans, 
90 % of whom are postmenopausal [ 178 ]. 
Osteoporosis is “a condition in which bone tis-
sue is reduced in amount increasing the likeli-
hood of a fracture” [ 193 ,  194 ]. In other words, 
the bone is qualitatively normal but quantita-
tively abnormal. 

 Osteoporosis is characterized by abnormal 
reduction in bone density and hence a decrease in 

the amount of calcifi ed 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 

 

A.H. Elgazzar and D. Shehab



209

increase in the number of activated basic multi-
cellular units, leading to resorption at more sites, 
increased rate of resorption, increased frequency 
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  6.15 ). 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; defi ciency of estrogen leads to 
decreased bone formation. Estrogen is necessary 
to stimulate production of new osteoblasts, which 
otherwise fail to lay down suffi cient 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 [ 195 ]. Smoking lowers cir-
culating 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 preva-
lent among patients with liver cirrhosis. In one 
study, the prevalence of spinal osteoporosis was 
20 % in cirrhotic patients compared with 10 % in 
controls [ 196 ]. Table  6.16  summarizes risk fac-
tors of involutional 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 [ 195 ,  197 ,  198 ]. Fractures of ribs, 

   Table 6.15    Etiology and classifi cation 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 6.16    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 defi ciency 
  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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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 
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. Quantifi cation of bone density from 
plain radiographs is diffi cult 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-
tifi cation of bone density from plain radiographs 
is diffi cult 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 
[ 199 ,  200 ], while the spine is considered the 
optimum site for monitoring response to therapy 
[ 201 ] because vertebrae are rich in the metaboli-
cally active trabecular bone. The radiation dose 
to the patient from a DXA scan is very low (1–10 
uSv) [ 202 ] which is comparable to the average 
daily radiation dose of 7uSv from natural back-
ground. For the interpretation of DXA, T- and to 
a lesser extent Z-score are used. Score relates the 
individual’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 
difference 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 defi ned 
osteoporosis and osteopenia [ 203 ]. An individual 
with at T-score < −2.5 at the spine, hip, or forearm 
is classifi ed as having osteoporosis, a T-score 
between −2.5 and −1 is classifi ed as osteopenia, 
while a T-score > −1 is regarded as normal 
(Figs.  6.41  and  6.42 ).

    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 osteopo-
rotic 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 advanta-
geous since it avoids the confusion present when 
using the actual BMD values that differ among 
different equipments [ 204 ].  
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6.3.7.3     Osteomalacia and Rickets 
 Osteomalacia is due to abnormal mineralization 
of bone, predominantly as a result of vitamin D 
defi ciency, 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 
decreased in osteoporosis. In other words, there 
is inadequate and delayed mineralization of oste-
oid in spongy and compact bones, which have a 
normal remodeling cycle as opposed to delayed 
cycles in osteoporosis. Simply put, in osteomala-
cia 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 deformities. Growth plates and 
metaphysis are disorganized in patients with 
rickets, with a decrease in the length and width 
of the growth plates. Nutritional (vitamin D 
defi ciency) rickets is now a rarity in the indus-
trial world because of food fortifi cation. Most 
cases result from hereditary inborn errors of 
vitamin D metabolism or end- organ unrespon-
siveness as is exemplifi ed in this case of hypo-
phosphatemic 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 suffi ciently 
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 [ 205 ]. Characteristic pseudofrac-
tures were seen in only seven patients. Six of the 
23 patients with diffuse demineralization had an 
“osteoporotic-like pattern” without pseudofrac-
tures. Prominent articular manifestations were 

seen in seven patients, including a rheumatoid 
arthritis-like picture in three, osteogenic synovi-
tis in three, and ankylosing spondylitis-like in 
one. Two other patients were referred to us with 
the diagnosis of possible metastatic bone disease 
attributable to polyostotic areas of increased 
radionuclide uptake caused by pseudofractures 
(Fig.  6.43 ). Six patients also had proximal myop-
athy, two elderly patients were diagnosed as hav-
ing polymyalgia rheumatica, and two young 
patients were diagnosed as having fi bromyalgia. 
One of the patients who presented with increased 
bone density was misdiagnosed as possible fl uo-
rosis. Osteomalacia is usually neglected when 
compared with other metabolic bone diseases 
and may present with a variety of clinical and 
radiographic manifestations mimicking other 
musculoskeletal disorders [ 206 ]. Eight women 
aged 17–72 years, six with osteomalacia and two 
with primary hyperparathyroidism, were studied 
by bone scans and Tc99m (V) DMSA scans. 
Many of the fracture and pseudofracture 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 
[ 207 ,  208 ].

6.3.7.4        Bone Changes of 
Hyperparathyroidism 

 Overactivity of the parathyroid gland(s) results 
in excess secretion of parathyroid hormone, 
which promotes bone resorption and conse-
quently leads to hypercalcemia and hypophos-
phatemia. Primary, secondary, and tertiary 
 hyperparathyroidism all share elevated serum 
calcium and parathyroid hormone but show dif-
ferent scintigraphic patterns. 

 Primary hyperparathyroidism is caused by 
benign adenoma in approximately 80 % of 
cases. Hyperplasia is generally the cause in the 
remainder of cases, and carcinoma is a very 
rare cause. Secondary hyperparathyroidism is 
due to compensatory hyperplasia in response to 
hypocalcemia. For example, this may occur in 
long-standing renal failure. Reduced renal 
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production of 1,25-dihydroxyvitamin D 3  (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 parathy-
roid hyperplasia and excess production of para-
thyroid hormone [ 197 ,  198 ,  209 ]. Tertiary 
hyperparathyroidism describes a condition of 
persistent parathyroid hormone overproduction 
(even after a low calcium level has been cor-
rected) as a result of autonomous hyperplastic 
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 [ 210 ].  

6.3.7.5     Renal Osteodystrophy 
 Renal osteodystrophy is a metabolic condition of 
bone associated with chronic renal failure. It is a 
frequent complication of renal insuffi ciency that 
became more prevalent recently due to the 
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  Fig. 6.43    ( 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 bet-
ter on the spot image of the pelvis ( b ) and on the 
radiograph ( c )       
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improved survival of patients with renal failure. 
This led to increased number of patients with the 
condition, changed our understanding, and 
defi ned the forms of the disease [ 211 ,  212 ]. The 
pathogenesis of renal osteodystrophy is incom-
pletely understood. However, two mechanisms 
predominate: secondary hyperparathyroidism 
and abnormal vitamin D metabolism following 
reduced renal function. Renal insuffi ciency 
results in decreased excretions of phosphate lead-
ing to hyperphosphatemia which in turn causes 
decrease of serum calcium and consequently sec-
ondary hyperparathyroidism. On the other hand, 
since renal tissue is the site of activation of 
25-hydroxycholecalciferol into 1,25-dihydroxy 
form of vitamin D which is the active form of the 
vitamin, chronic renal failure causes decrease of 
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 fi brosa, osteitis fi brosa cystica, 
rickets, osteomalacia, osteosclerosis, and extra 
osseous calcifi cation including tumoral calcino-
sis. Slipped capital femoral epiphysis, avascular 
necrosis including Legg-Calvé-Perthes disease in 
children, and brown tumors are other associated 
pathological features [ 211 – 216 ]. Osteitis fi brosa 
is characterized by extensive medullary fi brosis 
and increased osteoclastic resorption linked to 
PTH hypersecretion. When cystic lesions are 
present, it forms cystitis fi brosa cystica. 
Osteomalacia is mainly due to vitamin D insuffi -
ciency, hypocalcemia, acidosis, aluminum toxic-
ity, and exceptionally to hypophosphatemia. It 
should be mentioned that aluminum overload 
directly inhibits the osteoblast. 

 The clinical presentation of renal osteodystro-
phy is infl uenced by the patient’s age at onset of 
renal failure, the etiology of the renal disease, 
geographic location, dietary contents (protein, 
phosphate, and calcium), and treatment modali-
ties. The reported prevalence of each bone change 
mentioned varies and does not correlate well with 
the clinical fi ndings and laboratory data. 
Currently, the disease is believed to occur in three 
major types: high-turnover disease (Table  6.17 ), 

low-turnover disease, and a mixed disease [ 116 , 
 217 – 222 ]. An additional term of a dynamic or 
aplastic bone disease has emerged also recently 
and has been used synonymously as low-term 
ones disease but should be considered actually as 
an extreme variant of low-turnover type [ 223 , 
 224 ]. The prevalence of different forms of the 
disease has changed signifi cantly over the last 
decade. The high-turnover form is the most com-
mon and presents typically with osteitis fi brosa 
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 [ 219 ]. 

 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 
fi brosa. Differentiation of different forms is usu-
ally based on clinical data, laboratory fi ndings, 
and standard radiographs although it can be 
diffi cult. 

 Radiologically, skeletal deformities, thickening 
of cortical bone, thickened irregular trabecular, 
osteonecrosis, extraosseous, calcifi cation, and 
brown tumors can all be seen with variable 

   Table 6.17    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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frequency. Brown tumors present as well-defi ned 
lytic lesions that may cause expansion on stan-
dard radiographs since they may involve the 
 cortical 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 fi ndings 
depending on the predominant pathophysiological 
process (Fig.  6.44 ). One or more of the typical 
fi nding metabolic bone disease on bone scan may 
be seen (Table  6.18 ). Low-turnover form shows 

typically decreased uptake unless complicated by 
a focal pathology. A mixture of those fi ndings is 
seen in mixed form. It should be noted that there is 
no consistency in the patterns seen on standard 
radiographs and bone scan in patients with renal 
osteodystrophy. Bone scan can be helpful in dif-
ferentiating cases with osteitis fi brosa and osteo-
malacia [ 225 ].

6.3.7.6         Hypertrophic Osteoarthropathy 
 Hypertrophic osteoarthropathy is a rheumatic 
disorder characterized by bone pain, joint pain, 
and nearly always clubbing of fi ngers and/or 
toes. Two types of hypertrophic osteoarthropathy 
are recognized: primary and secondary. The pri-
mary type (also called pachydermoperiostosis) is 
less common and occurs in adolescence, with 
spontaneous arrest of the process in young adult-
hood. A variant has been reported in a family 
[ 226 ]. The secondary form follows a variety of 
pathological conditions, predominantly intratho-
racic. Lung cancer and other intrathoracic 
 malignancies, benign lung pathologies, and cya-
notic heart disease are common causes. 
Abdominal malignancies, hepatic and biliary cir-
rhosis, and infl ammatory bowel disease are less 
common causes [ 227 ,  228 ]. Nasopharyngeal car-
cinoma has also been reported as a cause [ 229 ]. 
Pathologically, the condition is a form of perios-
titis and may be painful. Additionally, clubbing 
of fi ngers and toes, sweating, and thickening of 
skin may also be seen. In the tubular bones, there 
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  Fig. 6.44    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       

   Table 6.18    Bone scan fi ndings 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 
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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 
confi ned to diaphyseal regions, although they 
may also occur in the epiphyseal bone (Fig.  6.45 ). 
The changes are usually bilateral but can be uni-
lateral in approximately 15 % of cases [ 228 ]. 
The tibiae and fi bulae 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 signifi cance as 
there was no signifi cant difference in survival 
between lung cancer patients with and others 
without hypertrophic osteoarthropathy [ 230 ]. 
The changes disappear following successful 
treatment of the lung cancer or other inciting 
pathologies, and scintigraphy is useful in evalu-
ating the response to treatment of this paraneo-
plastic syndrome [ 231 ].

6.3.8         Arthropathy 

 Arthritides may begin primarily with synovial 
and intra-articular disease or with bone involve-
ment. The characteristics of synovitis include 
increased blood fl ow and tissue blood volume, 
interstitial edema, and cellular infi ltration. 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 [ 232 ]. No unifi ed 
classifi cation for the many types of joint diseases 
is available. Arthropathies are grouped into two 
main categories: infl ammatory and noninfl am-
matory [ 233 ,  234 ] (Table  6.19 ). The infl amma-
tory joint diseases are further classifi ed into 
infectious and noninfectious. The infectious type 
is caused by bacteria, mycoplasmas, fungi, 
viruses, or protozoa, while the noninfectious type 
is caused by immune reactions such as rheuma-
toid arthritis and ankylosing spondylitis or depo-
sition of crystals in and around the joint as in 
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  Fig. 6.45    Hypertrophic osteoarthropathy in a patient 
with lung cancer. Note the diffusely increased uptake in 
all bones of the lower extremities with a parallel track pat-
tern in the femurs and tibiae       

   Table 6.19    Main types of joint disease with major 
examples   

 A.  Infl ammatory 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) 
   Infl ammatory bowel disease-associated arthritis 
 B.  Noninfl ammatory joint disease  
 1. Primary osteoarthritis 
 2. Secondary osteoarthritis 
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gout, which is caused by deposition of monoso-
dium urate crystals.    Alternatively, the group of 
infl ammatory joint disease can also be subclassi-
fi ed into immuno-infl ammatory such as rheuma-
toid arthritis; infectious, 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 noninfl ammatory joint disease is 
exemplifi ed by the common osteoarthritis or 
degenerative joint disease, which can be idio-
pathic (primary) or secondary. It should be noted 
that certain conditions such as neuroarthropathy 
and sacroiliitis have multiple overlapping patho-
genetic features including immunologic, vascu-
lar, and degenerative.

6.3.8.1       Rheumatoid Arthritis 
 Rheumatoid arthritis, an autoimmune disease, 
causes infl ammation of connective tissue, mainly 
in the joints. It is thought that microvascular 
injury and mild synovial cell proliferation occur 
fi rst, along with obliteration of small blood ves-
sels. Synovial infl ammatory 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 
 synovial membranes and attracts leukocytes out 
of the circulation to the synovial membrane. 
Infl ammation 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 [ 234 ]. 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 infl ammation in rheumatoid arthritis [ 235 ]. 

 Scintigraphy is more sensitive but less 
 specifi c than radiography in the depiction of 

abnormal joints in rheumatoid arthritis, espe-
cially in the peripheral joints. Active disease 
may be detected scintigraphically before becom-
ing clinically evident [ 236 – 238 ]. 

 The pattern of symmetric peripheral joint 
involvement can usually be distinguished scin-
tigraphically from that of the rheumatoid vari-
ants (ankylosing spondylitis, psoriasis, Reiter’s 
syndrome, etc.), which tend to have more cen-
tral skeletal involvement and asymmetric 
peripheral articular uptake. While bone scintig-
raphy cannot always distinguish progressive 
disease from joints responding to therapy with 
osteoblastic repair, radiolabeled IgG and leuko-
cytes have considerable prognostic sensitivity 
[ 239 ,  240 ].  

6.3.8.2     Ankylosing Spondylitis 
 Stiffening and fusion (ankylosis) of the spine 
and sacroiliac joints causing most frequently low 
back pain and stiffness characterize the chronic 
infl ammatory 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 
infl ammation of fi brocartilage in cartilaginous 
joints (primarily in the vertebrae) along with 
infi ltration of infl ammatory cells (mainly macro-
phages and lymphocytes) in the fi brous tissue of 
the joint capsule, cartilage, and periosteum. This 
process is followed by repair of cartilaginous 
structures by proliferation of fi broblasts that 
secrete collagen, which later becomes organized 
into fi brous scar. This scar eventually undergoes 
calcifi cation and ossifi cation, causing loss of 
fl exibility and fusion of joints [ 241 ]. 
Scintigraphically, patterns vary with the disease 
stage; in early stage scintigraphy reveals typical 
although not always symmetrical intense tracer 
uptake in both sacroiliac joints. Later as the 
spine becomes involved, pinhole scintigraphy 
reveals patchy uptake in apophyseal joints, hori-
zontal band-like uptake in the discovertebral 
junctions [ 242 ].  
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6.3.8.3     Gouty Arthritis 
 Uric acid crystallizes when it reaches certain 
concentrations in fl uids, forming insoluble crys-
tals that can precipitate in the connective tissue of 
different parts of the body. When this process 
involves the synovial fl uid, it causes acute infl am-
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 [ 243 ]. 

 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 fi ltration 
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 fl ow, and 
may also precipitate to cause renal stones. 

 Monosodium urate crystals trigger an acute 
infl ammatory 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 fl ow, blood 
pool activity, and delayed uptake in the areas of 
the joint involved. The fi rst metatarsophalangeal 
joint, ankle, and the knee are the joints most often 
affected [ 244 ,  245 ] on bone scintigraphy with the 
most typical being that of the metatarsophalan-
geal joint of the great toe called podagra. Recently    
a case of gouty tophus of the patella was evalu-
ated by positron emission tomography (PET) 

using a combination of an amino acid analog 
emitter L-[3-F-18]-alpha-methyl tyrosine (FMT), 
which does not accumulate in malignancies and 
showed increased metabolic activity, and the glu-
cose analog emitter F-18-fl uoro-2-deoxy- d -
glucose (FDG), which essentially accumulates in 
malignancies and did not show appreciable activ-
ity suggesting that PET may be useful for the pre-
operative evaluation of gouty tophus including 
detection and differentiation from malignant 
tumors [ 246 ].  

6.3.8.4     Osteoarthritis 
 Idiopathic osteoarthritis is the most common type 
of noninfl ammatory joint disease. The idiopathic 
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, rheuma-
toid diseases, neurogenic and metabolic disor-
ders, drugs, and recurrent hemarthrosis as may 
occur among hemophilic patients. The pain of 
osteoarthrosis is caused by intracapsular ten-
sion, muscle spasm, abnormal stress on the 
bone, and increased intraosseous venous pres-
sure [ 247 – 249 ]. 

 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 prolifer-
ate. Extrinsic repair occurs by granulation tissue 
growing from the adjacent bone. Granulation tis-
sue changes to fi brocartilage, which is inferior to 
normal cartilage in its mechanical properties. 

 The changes of articular cartilage in osteoarthri-
tis progress from fi brillation to erosion and then, at 
the advanced stage, to complete loss of cartilage. 
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With loss of articular cartilage, the exposed bone 
takes increased stress, becomes more compressed, 
and shows subarticular sclerosis [ 249 ]. 

 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 fi ndings on 
scintigraphic imaging modalities. Table  6.20  
summarizes the typical scintigraphic fi ndings 
seen on bone scans in major arthropathies.

6.3.9         Soft Tissue Calcifi cation 

 Pathological calcifi cation is classifi ed mainly 
into three types, as detailed below. 

6.3.9.1     Dystrophic Calcifi cation 
 Dystrophic calcifi cation is calcifi cation 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 calcifi cation in 
infarcted myocardial muscle, in atheromas, in 
amyloid tissue, and in the centers of tumors 
(Fig.  6.46 ).

6.3.9.2        Metastatic Calcifi cation 
 Metastatic calcifi cation describes calcifi cation of 
viable, undamaged, normal tissue (Fig.  6.47 ) as a 

   Table 6.20    Typical scintigraphic fi ndings of major joint 
diseases   

 Disease  Scintigraphic fi ndings 

 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 fi ngers and 
spine 

 Infectious arthritis  Uptake involving a large joint 
 Enteropathic 
arthritis 

 Uptake of large joints 
(asymmetric), sacroiliac joints 
(symmetric), and spine 

  Fig. 6.46     99m Tc-MDP uptake as an example of dystro-
phic calcifi cation in a case of hepatoma ( arrow )       
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  Fig. 6.47    ( a – e )  99m Tc-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 progressive motor demyelinating polyneuropa-
thy. 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 calcifi cation, which can be seen secondary to 
numerous metabolic disorders including hyperparathy-
roidism, which in this patient may be secondary hyper-
parathyroidism due to chronic renal failure. This is also 
likely the cause of the increased visualization of the 
long bones         
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result of hypercalcemia associated with increased 
calcium phosphate product, locally or systemically. 
This can be due to metabolic abnormalities as with 

renal failure, hypervitaminosis D, and hyperpara-
thyroidism or to increased bone demineralization 
from bone tumors or disseminated metastases [ 40 ].
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6.3.9.3       Heterotopic Bone Formation 
 Heterotopic bone formation, or increased ectopic 
osteoblastic activity, is defi ned 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 patho-
genesis of heterotopic bone formation is still 
debated. However, it is believed to be secondary 
to transformation of pluripotent  mesenchymal 
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 specifi c entity myositis 
ossifi cans, a posttraumatic skeletal muscle ossifi -
cation usually occurring next to long bones. In 
many clinical practices, myositis ossifi cans is usu-
ally 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  quadriceps fem-
oris 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 adoles-
cents or adults, with 75 % younger than age 30. 
There is no sex predominance. This subtype often 

d
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Fig. 6.47 (continued)
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occurs following closed head injuries, strokes and 
central nervous system infarctions, and tumors 
[ 250 ,  251 ]. 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.     6.48 ). Tumoral 
calcinosis describes heterotopic bone formation 
that has large amounts of bone formation resem-
bling tumor masses (Fig.  6.49 ).

   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-
nifi cant loss of motion, and ankylosis occurs in 

up to 10 %. Clinical, laboratory, radiographic, 
and scintigraphic criteria have been used to fol-
low 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 fl ow 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 fi ndings precede 
positive radiographs by 1–4 weeks [ 252 ]. The 
condition is classifi ed as immature when fl ow 
and blood pool activity are increased (Fig.  6.50 ). 
When fl ow and blood pool patterns normalize or 
stabilize after showing decreasing activity, the 
condition is considered to be mature. As hetero-
topic bone progresses from immature to mature, 
the three-phase bone scan typically shows pro-
gressive reduction in the activity of all three 
phases. The majority of bone scans return 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 

  Fig. 6.48    ( a – c ) Multiphase bone scan showing increased fl ow ( a ), blood pool ( b ), and delayed ( c ) soft tissue uptake in 
the left thigh ( arrows ) and illustrating the fi nding of immature heterotopic bone formation       

a b c 
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appropriate time for surgical removal of hetero-
topic 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 suc-
cessfully identifi ed those patients who remained 
free of heterotopic ossifi cation following sur-
gery (i.e., those patients with decreasing or 
 stable scintigraphic activity as measured by this 
quantitative technique).

   Several pathological conditions can clinically 
mimic the scintigraphic appearance of early het-
erotopic ossifi cation [ 249 – 252 ]:
•    Infection  
•   Osteomyelitis  
•   Cellulitis  
•   Thrombophlebitis  
•   Deep vein thrombosis  
•   Tumor  
•   Osteosarcoma  
•   Osteochondroma  
•   Pyomyositis    

 Osteomyelitis may represent a diffi cult diag-
nostic challenge on scintigraphy, particularly 
since  67 Ga and, rarely,  111 In-labeled WBCs accu-
mulate in areas of immature heterotopic bone 

formation. The uptake of  67 Ga 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,  67 Ga uptake in heterotopic 
ossifi cation has been found to be proportional to 
the uptake of Tc diphosphonates, in contrast to 
its relatively greater uptake in sites of osteomy-
elitis. Since  67 Ga uptake might otherwise be 
mistaken for infection or tumor, this proportion-
ality can help to differentiate heterotopic ossifi -
cation from osteomyelitis. Therefore, in the 
appropriate clinical setting, heterotopic ossifi -
cation is a diagnostic consideration for patients 
with a positive  67 Ga scan [ 251 ]. Two cases of 
heterotopic bone formation were reported to 
have been misdiagnosed as pyomyositis at fi rst 
by clinical signs and MRI fi ndings indicating 
the deep infection, but extensive intramuscular 
ossifi cation appeared later on [ 252 ]. SPECT/CT 
is helpful in such situation since it clarifi es the 
location of abnormal uptake [ 253 ]. 

 The rare congenital form of heterotopic ossi-
fi cation is called myositis ossifi cans progressiva, 
or fi brodysplasia ossifi cans progressiva [ 254 ]. 

  Fig. 6.49    ( 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  99m Tc-MDP showing a focus of het-
erotopic bone formation adjacent to the posterior surface 
of the upper right femur       
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  Fig. 6.50    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 calcifi cation 
in the left shoulder and around 
both hips. X ray ( c ) of the left 
shoulder illustrates the tumor-like 
calcifi cation       
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This autosomal dominant congenital disease is 
often associated with other skeletal abnormali-
ties 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 tis-
sue ossifi cation present may be mistakenly 
attributed to bruising or even to a sarcoma. Initial 
failure to appreciate the signifi cance of the toe 
and other digit malformations also is common. 
Progression to severely impaired joint mobility 
with ankylosis by early adulthood is the hall-
mark of this disease.  

6.3.9.4    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 identi-
fi ed. Some rare types may even be variably classi-
fi ed as dystrophic or idiopathic. These include 
calcinosis cutis circumscripta and calcinosis cutis 
universalis. Most lesions of calcinosis cutis 
develop gradually and are asymptomatic. 
However, the history and evolution of the lesions 
depend upon the etiology of the calcifi cation. 

   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 ossifi cans. 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 calcifi cation 
such as trauma, insect bites, acne, and certain 
skin tumors. If metastatic or associated with sys-
temic causes of dystrophic calcifi cations, 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 calcifi cation 
affecting mainly patients with chronic renal fail-
ure. The calcifi cation involves the media of small- 
and medium-sized cutaneous arterioles with 
extensive intimal hyperplasia and fi brosis. There 
is also subcutaneous calcifi cation and necrosis 
which may lead to sepsis, the main cause of mor-
bidity which may be signifi cant.

      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 identifi ed by  99m Tc-MDP 
bone scan showing increased uptake in the dam-
aged muscle. Bone scan can be useful to evaluate 
the degree of muscle necrosis [ 255 ].     

6.4     Neoplastic Bone Disease 

6.4.1     Primary Bone Tumors 

 Various primary tumors originate from the bone. 
Based on the cell of origin, primary tumors can 
be classifi ed as osteogenic, chondrogenic, colla-
genic, or myelogenic (Fig.  6.51 ).

6.4.1.1      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. 
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  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 
lesion classically presents with severe pain at 
night that is dramatically relieved by nonsteroidal 
antiinfl ammatory 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 [ 256 ]. 
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 

  Fig. 6.52    Osteogenic 
sarcoma pathology       
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  Fig. 6.51    The origin of 
various primary bone tumors 
(Modifi ed from [ 1 ], with 
permission)       
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Osteogenic sarcoma Fibrosarcoma Ewing sarcoma

Chondrosarcoma Giant cell tumor

  Fig. 6.53    The most common sites of the major primary bone tumors       
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measuring 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 fi brinoid tissue 
(Fig.  6.52 ). 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 [ 257 ]. The 
vast majority of the tumors involve the metaphy-
ses of long bones particularly in the distal femur, 
with 50 % around the knee region (Fig.  6.53 ).

6.4.1.2        Chondrogenic Tumors 
 All tumors that produce cartilage, primitive 
cartilage, or cartilage-like substance are called 
chondrogenic. 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 diaph-
ysis of long bones (Fig.  6.53 ), particularly the 
femur and in the pelvis. The neoplasm consists 
of hyaline cartilage with bands of anaplastic cells 
and fi brous tissue. The tumor may infi ltrate 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 pattern. 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 
classifi ed according to their location into enchon-
droma within the medullary cavity of bone, peri-
osteal chondroma found on the surface of the 
bone, and soft tissue chondroma found in the 
soft tissue. The primary signifi cance of enchon-
droma is related to its complications, most nota-
bly pathological fracture, and a small incidence 
of malignant transformation. Enchondromas    are 
usually solitary but may be multiple. Multiple 
enchondromas occur in three distinct disorders: 
Ollier disease is a nonhereditary disorder charac-
terized by multiple enchondromas with a predi-
lection for unilateral distribution (Fig.  6.54 ), and 
Maffucci syndrome is another nonhereditary dis-
order which is less common than Ollier disease. 
This syndrome features multiple hemangiomas 
in addition to enchondromas. The third form is 
 metachondromatosis which consists of multiple 
enchondromas and osteochondromas, and it is 
the only 1 of the 3 disorders that is hereditary as 
autosomal dominant [ 258 ,  259 ].

6.4.1.3       Collagenic Tumors 
 Collagenic tumors are primary bone tumors 
that produce fi brous connective tissue. A fi bro-
sarcoma 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 therapy, and long-standing osteomy-
elitis. The tumor is most frequently located in 
the metaphysis of the femur or tibia. It begins 
in the marrow cavity and infi ltrates the trabec-
ulae. Histological examination typically 
reveals collagen, malignant fi broblasts, and 
occasionally giant cells.  

6.4.1.4    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 
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  Fig. 6.54    ( 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  99m Tc-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       

 

6 Musculoskeletal System



230

 frequently in men and blacks. It affects mainly 
the spine, pelvis, ribs, skull, and proximal bones 
of the extremities. Pain progresses over time dur-
ing 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 prognosis, and radiation and 
chemotherapy have limited success. 

  Ewing ’ s Sarcoma . Ewing’s sarcoma is a 
malignant tumor originating from the bone mar-
row that is most frequently encountered between 
the ages of 5 and 15 years, and it is rare after the 
age of 30. It is more common in males and in 
whites. It is characterized by chromosomal trans-
location between chromosomes 11 and 22. 
Typically, it occurs in the diaphysis of long bones 
such as the femur and tibia and in fl at bones such 
as the pelvis; however, any bone may be involved. 
After arising from marrow, Ewing’s sarcoma 
breaks through the bone cortex to form a soft tis-
sue mass which does not contain osteoid. The 
tumor metastasizes early to the lung, other bones, 
lymph nodes, bone marrow, liver, spleen, and 
central nervous system. Often the prognosis is 
poor, particularly if the tumor involves the pelvis 
rather than the long bones. 

 Morphological imaging modalities play a 
major role in evaluating the local extent of the 
primary tumors of bone. MRI has become the 
examination of choice for local staging. Bone 
scintigraphy, on the other hand, has a limited role 
in local staging but is still the modality of choice 
for detecting distant metastases. Thallium-201 
also plays a role in evaluating the response to 
therapy and in differentiating benign from malig-
nant lesions [ 260 ,  261 ]. Positron emission tomog-
raphy (PET) is used on an individual basis, 
particularly to evaluate the response to therapy. 

  Giant cell tumor  is diffi cult to classify 
although many practitioners include it with 
myelogenic tumors since it is believed to origi-
nate from the fi brous 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 affl icted 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 [ 262 ]. 

  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 fi fth 
decade, although osseous hemangiomas can be 
encountered at any age. Bone hemangiomas usu-
ally occur in the medullary cavity, but uncom-
monly, surface-based hemangiomas are 
encountered in the cortex, periosteum, and sub-
periosteal regions. The rare periosteal and other 
surface-based hemangiomas tend to occur in 
younger patients. Bone hemangiomas are usu-
ally asymptomatic lesions discovered inciden-
tally on imaging or postmortem examination and 
mostly encountered in the middle aged. Vertebral 
hemangiomas are the most common benign 
tumor of the spinal column, and they occur most 
frequently in the lower thoracic and upper lum-
bar spine. They are usually localized to the 
 vertebral body, less frequently 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 
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 diaphyseal regions but can involve the epiphyses 
and even extend across the joint space. Skull 
hemangiomas affect most commonly the frontal 
bone. Gross pathology usually reveals well-
demarcated, unencapsulated lesions with cystic 
red cavities. Microscopic examination shows 
hamartomatous proliferations of vascular tissue 
within endothelial-lined spaces. 

 There are four histologic variants of heman-
gioma, classifi ed 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 [ 263 ,  264 ]. 

 Multiphase  99m Tc 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 specifi city 
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 [ 265 ], and 
 Tc99m- labeled red cells will show accumulation 
by the tumor as the case with hemangiomas at 
other sites.  

6.4.1.5     Imaging of Primary Bone 
Tumors 

 Functional nuclear medicine imaging plays a 
minor role in evaluating the local extent of the 
primary bone tumors. However, utilization of 
several radiotracers including  99m Tc-MDP, thal-
lium- 201, Tc99m MIBI,  67 Ga, and F18 FDG 
helps in making diagnosis, grading, and evaluat-
ing the response to chemotherapy. Thallium-201, 
Tc99m MIBI, and F18 FDG can help in differen-
tiating malignant from benign bone lesions [ 259 –
 262 ,  266 – 269 ]. 

 PET FDG plays an important role in evaluat-
ing prognosis and response to therapy. A study of 
17 patients with primary bone tumors (11 osteo-

sarcomas, 5 Ewing’s sarcomas) has shown that 
patients with increasing tumor-to-non-tumor 
ratios of FDG uptake or decreasing ratios of less 
than 30 % have poor responses [ 270 ]. 

 In comparison to bone scan, some studies sug-
gest that PET scanning may be more sensitive 
and may detect metastases and other lesions as 
small as 2 mm [ 271 ]. In one study, FDG-PET has 
been compared to  99m Tc-MDP bone scan in 
detection of osseous metastases in 70 patients 
with histologically proved malignant primary 
bone tumors (32 osteosarcomas, 38 Ewing’s sar-
comas). FDG-PET showed higher sensitivity of 
90 %, specifi city 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 %, specifi city 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 %, respectively). In 
contrast, in patients with osteogenic sarcoma, 
FDG-PET detected none of the fi ve cases of osse-
ous metastases detected by bone scan, indicating 
a lower sensitivity of FDG-PET than bone scan in 
detection of osteosarcoma-induced osseous 
metastases [ 272 ]. 

   Imaging of Major Specifi c 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 fl ow, increased blood pool 
activity, and increased delayed uptake [ 255 ]. A 
specifi c scintigraphic pattern of a double density 
may be seen more intense uptake corresponding 
to the nidus and a peripheral less intense activity 
(Fig.  6.55 ). Symptoms of osteoid osteoma are 
cured by removing the nidus. The nidus of the 
tumor must also be removed during surgery to 
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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 [ 273 ].

   “En bloc” resection is often not successful 
because the nidus is hard to fi nd and remove 
totally. Since the nidus is best localized with CT 
[ 274 ], 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 [ 275 ]. MRI also shows intra-
medullary 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 neoplastic osteoblasts in the nidus 
[ 256 ]. Intra-articular and intramedullary osteoid 
osteomas present special problems. Joint effu-
sion 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 nonspe-
cifi c symptoms often seen with these lesions and 
diagnosis may be delayed.  

   Osteoblastoma 
 As stated earlier, this tumor is related to osteoid 
osteoma and affects most commonly the spine 
and lower extremities. Scintigraphically, osteo-
blastoma shows intense uptake similar to oste-
oid osteoma. Radiographically, a pattern of lysis 
with or without a rim of surrounding sclerosis is 
 characteristic. Extensive surrounding sclerosis is 
usually absent; however, surrounding infl amma-
tory changes are often identifi ed on MRI.  

   Osteochondroma 
 This tumor could appear as sessile/pedunculated 
(exostosis) or asessile. The lesions particularly 
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  Fig. 6.55    ( a – c ) Flow ( a ), blood pool ( b ), and delayed ( c ) images of a patient with osteoid osteoma of the left femur 
showing intense fl ow and blood pool activity and on delayed images the specifi c pattern of double intensity ( arrow )       
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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 [ 276 ]. We encountered a case of this 
condition where the patient has more than 300 
lesions, which show variable degree of uptake on 
bone scintigraphy. 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 malig-
nant transformation in up to 30 % of cases [ 277 ]. 
MRI delineates and assesses the thickness of car-
tilage 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.  6.56 ) is seen 
which may refl ect the lesion’s activity; however, 
active peripheral lesions particularly if small may 
not show enough uptake to be detected on bone 
scans [ 278 – 280 ].

       Osteogenic Sarcoma 
 Scintigraphically, osteogenic sarcoma presents as 
an area of intense uptake (Fig.  6.57 ). Rarely, the 
tumor may present as a cold lesion [ 281 ]. CT and 
particularly MRI are superior to bone scan in 
evaluating the extent of the tumor. Bloem [ 282 ] 
evaluated the relative value of MRI, CT, Tc99m 
bone scintigraphy, and angiography prospec-
tively in local tumor staging in 56 patients with a 
primary bone sarcoma. MRI was signifi cantly 
superior to CT and scintigraphy in defi ning 
intraosseous tumor lengths and as accurate as CT 
in demonstrating cortical bone and joint involve-
ment. Additionally, MRI was superior to CT in 
demonstrating involvement of skeletal muscle. 
Bone metastases are extremely rare at presenta-
tion. McKillop et al. [ 283 ] found only one, out of 
55 patients, who presented with bone metastases. 
On the other hand, during follow-up, bone metas-
tases developed in 20 patients who developed 
abnormal bone scan, but approximately half were 
asymptomatic. The authors concluded that initial 
bone scan yield is small, but it is a justifi ed pro-
cedure on presentation because the results may 
profoundly alter the treatment of the patient and 
is indicated in all patients routinely during fol-
low- up even if they are asymptomatic.

   Bone scintigraphy is useful in detecting tumor 
recurrence. FDG-PET does not have advantage 
over the bone scan in this task. However, it is 
more helpful and particularly useful in the follow-
 up of the response of the tumor to therapy [ 28 ,  29 , 
 284 ,  285 ] (Fig.  6.58 ). Tc99m MIBI and thal-
lium-201 are also useful for this purpose and pre-
dict the prognosis. Studies have suggested that 
P-glycoprotein (Pgp) expression is a prognostic 
factor for patients with osteosarcoma. Some 
investigators found relationship between the 
washout rate of  99m Tc-MIBI and the Pgp score, 
with a signifi cant difference in washout rate being 

RT Anterior LT LT Posterior RT

  Fig. 6.56    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 representing the 
typical pattern of pedunculated osteochondroma       
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observed between patients with high and patients 
with low Pgp expression [ 286 ]. Others found that 
Tc99m-MIBI imaging is not an effective predic-
tor of prognosis since the Tc99m- MIBI half-life 
and uptake ratio showed no correlation with histo-
logical necrosis following induction chemother-
apy and did not correlate with P-glycoprotein 
expression [ 287 ]. Using thallium-201, the pattern 
of doughnut uptake was found to be a predictor of 
lower event-free survival in patients with extrem-
ity osteogenic sarcoma, but does not correlate 
with histologic response to therapy [ 288 ].

   FDG-PET/CT has a high diagnostic accuracy 
for detecting bone metastases of osteogenic sar-
coma (98 %) compared to 96 % bone scan [ 289 ]. 
In the same study, lesion-based analysis demon-

strated that the sensitivity of PET/CT + BS 
(100 %) was signifi cantly higher than that of 
PET/CT (92 %) or BS (74 %) alone. BS detected 
signifi cantly less bone metastases in the growth 
plate region than outside the growth plate region 
(22 vs. 77 %) [ 289 ]. 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 [ 290 ].  

   Myeloma 
 Traditional staging of myeloma depends par-
tially on the extent of the disease evaluated by 

  Fig. 6.57    A 14-year-old male with pain and swelling of the 
left upper leg proven later to be osteogenic sarcoma. Bone 
scan showing hypervascularity    ( a ,  b ) and intense delayed 
uptake ( c ) corresponding to the X-ray ( d    ) and MRI ( e ) fi nd-
ings ( arrows ). Note the mildly diffuse increased uptake in 

the bones of the left lower extremity due to disuse. No dis-
tant metastases. Note the outlines of the tumor on MRI 
images which are superior to bone scan in regional staging 
of the tumor         
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a b

  Fig. 6.58    ( 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 signifi cant 
decrease of the initial uptake with a drop of SUV to 4.2, 
indicating a good response       

d e
Fig. 6.57 (continued)

full skeletal survey. The tumor presents on radio-
graphs as osteolytic areas due to demineraliza-
tion of bone by the tumor.  99m Tc-MDP, Tc99m 

MIBI, and thallium-201 have all been used to 
image multiple myeloma as well as  measurement 
of bone mineral density by dual-energy X-ray 
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absorptiometry [ 291 ,  292 ]. Bone scan is viewed 
to be in general unreliable for staging although 
in a recent study reviewing the literature com-
paring the usefulness of conventional 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 osteolytic lesions of myeloma, 
is in fact more sensitive than radiography in 
detecting lesions in the ribs, scapula, and spine 
[ 68 ]. Radiographs however are also known to 
underestimate the extent of bone and bone mar-
row involvement [ 293 ]. Although cold areas are 
commonly seen on bone scans, increased uptake 

(Fig.  6.59 ) is the most common scintigraphic 
pattern [ 294 ,  295 ]. This should not contradict the 
fact that myeloma is the most common tumor to 
cause cold lesions on bone scan. For following 
up the disease, Tl-201 and Tc99m MIBI have no 
clear role in this tumor. CT scan and MRI are the 
most useful but cannot determine the activity of 
the disease, and PET has a promising role in this 
tumor.

      Ewing’s Sarcoma 
 As with other primary bone tumors, morpho-
logic modalities including CT and MRI are the 
 primary imaging modalities for assessing local 

POST ANT

POST

a

c d

b

  Fig. 6.59    ( 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       
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extent of this primary tumor. Bone scan how-
ever is indicated when metastases need to be 
excluded   . The detection of osseous metastases 
of Ewing’s sarcoma, therapy monitoring, and 
the diagnosis of recurrences are potentially use-
ful clinical indications for FDG-PET [ 296 ]. 
FDG-PET was reported to detect more lesions 
of metastatic Ewing’s sarcoma than bone and 
gallium scans, especially for those with bone 
marrow involvement [ 297 ]. Tc99m MIBI was 
also used in this tumor to provide an imaging 
assessment of multiple drug resistance. The 
presence or absence of Tc-99m MIBI uptake at 
diagnosis or after therapy was found to have no 
prognostic signifi cance. Tc-99m MIBI was 
present in the two tumors that were 
P-glycoprotein positive and in only one of four 
tumors that were P-glycoprotein negative. 
Tc-99m MIBI imaging does not appear to be 
useful in Ewing’s sarcoma [ 298 ].    

6.4.2     Metastatic Bone Disease 

 Metastasis means “the transfer of disease from one 
organ or part to another not directly connected with 
it” [ 299 ]. In general, several events are required for 
the metastatic spread of tumors (Fig.  6.60 ). The 
sequence of these events is as follows:
     1.    Neoplastic cells separate from primary tumors.   
   2.    They gain access to an effi cient 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 
including proteolytic enzymes, cell adhesion 
molecules (CAMs), and growth factors [ 300 ]. 

6.4.2.1     Methods of Tumor Cell 
Transport 

 In addition to direct extension, tumor cells are 
transported to produce metastases by:
    Lymphatic spread . Lymphatic spread is relatively 

unimportant for the transport of tumor cells to 
distant bones. However, metastases in regional 
draining lymph nodes may secondarily involve 
the adjacent bones.  

   Hematogenous spread . Hematogenous spread is 
a major way of transporting malignant cells to 
the skeleton; it may happen through the arte-
rial system or through the venous system, par-
ticularly the vertebral plexus of the veins of 
Batson [ 301 ]. The relative roles of the arterial 
and venous systems in the spread of tumor to 
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  Fig. 6.60    Events required for metastatic spread:  1  sepa-
ration of cells from primary tumor,  2  access of separated 
cells to an effi cient lymph channel or blood cap,  3  survival 
of cells during transport,  4  successful attachment of cells 
to the endothelium of a distant cap bed,  5  exit of cells 
from vessel at new site,  6  successful development of a 
supporting blood supply       
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bone are diffi cult to defi ne. 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 fi ndings which sup-
ports the signifi cance 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.  6.61 ) in the spinal canal 
and with the caval, portal, intercostal, pulmo-
nary, and renal systems [ 302 ].

      Intraspinal spread . Intraspinal dissemination 
allows secondary deposits in the spinal canal 
to develop in patients with intracranial tumors. 
This occurs by subarachnoid spread, second-
ary to fragmentation of a tumor bathed with 
cerebrospinal fl uid, shedding of portions of 
the tumor at the time of surgery, ependymal 
breaching by the primary intracranial tumor, 
or fi ssuring secondary to hydrocephalus [ 302 ]. 
Dissemination of intracranial neoplasms via 
the cerebrospinal fl uid represents only one of 
the mechanisms of spread of metastatic foci to 
the spinal cord. Arterial, venous, and direct 
extension pathways are additional routes.     

6.4.2.2    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 
[ 303 ,  304 ].   

   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  metastasis. 

In this type of bone formation, intramem-
branous ossifi cation takes place in areas of 
fi brous stroma within the tumor. This 
occurs only in those skeletal metastases 
which are associated with the development 
of fi brous 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 
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  Fig. 6.61    Batson’s plexus       
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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 
insignifi cant [ 304 ].          

6.4.2.3     Distribution of Bone 
Metastases 

 The distribution of skeletal metastases varies 
with the type of primary malignant tumor and age 
(Fig.  6.62 ). However, metastases typically 
involve the axial skeleton, which is the region 
rich in red bone marrow (Fig.  6.63 ). Factors 
favoring the predominant involvement of the red 
marrow include a large capillary network, a slug-
gish blood fl ow, and the suitability of this tissue 
for the growth of tumor emboli. It is estimated 
that blood fl ow is 5–13 times higher to cancellous 
bone containing marrow than to cortical bone [ 5 ]. 
In decreasing order, the usual locations of bone 
metastases are the vertebral column, pelvic 
bones, ribs, sternum, femoral and humeral shaft, 
and skull. Less common sites of skeletal metasta-
ses 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 
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      

6.4.2.4     Classifi cation of Bone 
Metastases 

 Skeletal metastases begin as medullary lesions. 
As the lesion enlarges, the surrounding cortical 
bone undergoes both osteoclastic and osteoblastic 

Before age 25 After age 25

  Fig. 6.62    Distribution of bone metastases according to age       
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  Fig. 6.63    A whole-body bone scan with metastatic bone 
disease distributed axially illustrating the most common 
sites and corresponding to the axial skeleton       
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changes, and bone may be destroyed directly by 
the tumor cells or indirectly by specifi c mediators 
which stimulate resorption by osteoclasts [ 305 ]. 
Bone metastases can be classifi ed on the basis 
of several factors, including number of lesions, 
location, calcium content (as seen on radio-
graphs), and patterns of bone response. 
Depending on the proportion of these osteoclas-
tic and osteoblastic changes, the radiographic 
appearance will be lytic, blastic, or mixed [ 306 ]. 
The skeleton might at times respond to the vari-
ous metastatic foci of a tumor in a uniform man-
ner. However, this is not constant. Sometimes 
bone metastases show, for example, purely osteo-
blastic or mixed osteoblastic/osteolytic lesions in 
certain sites and purely osteolytic lesions in oth-
ers. Based on the pattern of bone response, 
metastases can be classifi ed as:
•    Purely osteolytic: typically arising from carci-

nomas of the thyroid, kidney, adrenal, uterus, 
and gastrointestinal tract. Lytic lesions may be 
associated with a very rapidly growing metas-
tasis; 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 as seen in 
metastases derived from myeloma or thyroid 
carcinoma. 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 [ 307 ].  

•   Mixed osteolytic/osteoblastic: arising from 
carcinomas of the breast, lung, cervix, ovary, 
and testis     

6.4.2.5    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 accounts 
for 60 % of bone metastases, while in women, 
breast cancer accounts for 70 % of such metasta-
ses. Following is a brief presentation of the rele-
vant pathological considerations concerning 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/osteo-
blastic lesions. Rarely, breast cancer gives rise 
to only osteoblastic lesions. The bone metas-
tases develop most rapidly during the fi rst 2 
years. Pain is not a good predictor of bone 
metastases, since such metastases are found in 
asymptomatic breast cancer patients and in 
only 60 % of patients with constant pain 
[ 308 – 311 ].  

   Prostate Cancer . Prostate cancer is also a com-
mon source of bone metastases that are char-
acteristically 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 sensi-
tive than other imaging and laboratory modal-
ities. 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 skel-
eton, including the appendicular. The lesions 
are predominantly osteolytic and mixed, 
although only osteoblastic lesions can occur 
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in a  minority 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 
adenocarcinoma, squamous cell being the least 
aggressive [ 302 ].  

   Renal Cell Carcinoma . Renal cell carcinoma 
produces skeletal metastases rather com-
monly. Although symptoms related to metas-
tases might be the presenting feature, these 
symptoms are inconsistent, and pain is not a 
reliable predictor. The tumor produces skele-
tal metastases through (a) lymphatic channels 
to para- aortic, hilar, paratracheal, and/or 
mediastinal nodes with invasion of bone later 
and (b) invasion of renal veins which leads to 
the inferior vena cava, right atrium, and then 
pulmonary vessels, to be disseminated to 
bones. The metastatic lesions are predomi-
nantly osteolytic and in some cases expansile 
[ 311 ,  312 ].     

6.4.2.6     Sequelae of Skeletal 
Metastases 

 Local consequences include:
    1.    Pathological fractures 

 Metastases cause weakening of the involved 
bones and may lead to fractures in the verte-
brae (compression fractures) or long bones, 
most commonly affecting the proximal por-
tion of the femur [ 312 ].   

   2.    Periosteal new bone formation 
 In general, periosteal reaction due to metasta-
ses is minimal if present compared with sig-
nifi cant new bone formation in association 
with primary bone tumors.   

   3.    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.   

   4.    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 unidentifi ed humoral substance capable of 
stimulating osteoclasts in some cancer 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 D 3 , 
hypocalcemia, and hypophosphatemia are 
recognized and associated with generalized 
weakness and pain of bones and muscles 
(oncogenic osteomalacia).      

6.4.2.7     Imaging of Metastatic Bone 
Disease 

 In general, four main modalities are routinely uti-
lized clinically to assess for existence of 
 metastatic lesions. These modalities include 
 standard radiography, CT scan, scintigraphy, and 
MRI [ 313 ]. 

   Tc99m Diphosphonate Bone Scintigraphy 
 Either direct visualization of tumor cells or iden-
tifi cation 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 fl uoride 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 identifi es disease seen on 
CT but missed on planar scintigraphy in one- 
third of patients [ 314 ]. SPECT is useful in the 
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assessment of metastatic disease because of its 
precise localization of vertebral involvement as 
well as greater sensitivity for the detection of ver-
tebral metastases. Based on these features, it is 
able to improve the differentiation between 
malignant and benign lesions [ 315 ,  316 ]. 

   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 
confi ned to bone marrow [ 317 ]. 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.  6.64 ), usually in the axial skeleton, follow-
ing the distribution of certain bone marrow 
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 [ 318 ] can cause a pattern that may 
mimic metastases:
     1.    Tuberculosis   
   2.    Atypical mycobacteria   
   3.    Coccidioidomycosis   
   4.    Tertiary syphilis   
   5.    Brucellosis   

Anterior Posterior Anterior Posterior

3hBlood pool

  Fig. 6.64    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       

 

A.H. Elgazzar and D. Shehab



243

   6.    Sarcoidosis   
   7.    Multiple fractures    

  Atypical patterns include:
    1.    Solitary lesions 

 These occur in the axial and in the appen-
dicular skeleton in a variable percentage of 
patients (Fig.  6.65 ). The incidence of malig-
nancy in solitary lesions varies with the 
location. The incidence is highest in the ver-
tebrae. These lesions are commonly asymp-
tomatic and are not suspected clinically. 
Less than half 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.  6.66 ). This is 
seen frequently in multiple myeloma and 

renal cell carcinoma, although the most 
common pattern of multiple myeloma on bone 
scan is hot spots [ 319 ].

       3.    Equilibrium pattern 
 Hot lesions may have a relatively normal 
appearance with time, refl ecting 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 [ 320 ].   

   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.  6.67 ) and Paget’s disease    (Table  6.21 ).

     A superscan secondary to metastases shows 
increased uptake that is usually confi ned to the 
axial skeleton, while in case of metabolic disor-
ders, it also involves the skull, mandible, ster-
num, and metaphyses of long bones. Preferential 
increase of uptake at the osteochondral 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, 
infl ammatory changes with increasing blood 
fl ow occur early after therapy. Since the 
tumors are in bones, reactive bone formation 
increases with successful therapy [ 321 ]. 

 Following radiation therapy, there is 
increased activity on blood pool images, and 
delayed images may be seen early on due to 
infl ammatory reaction. Later, these changes 
disappear, and decreased uptake is typically 
seen. It should be noted that the effects of 

Ant Post

  Fig. 6.65    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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Posterior

  Fig. 6.66    A whole body 
bone scan with a magnifi ed 
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 9t thoracic vertebra and 
the medial part of the 10th 
right rib ( arrows ) represent-
ing “old” metastatic pattern 
that is common with certain 
aggressive tumors including 
renal cell carcinoma       

therapeutic radiation depend on the time after 
treatment and the dose. 

 Follow-up scans are more frequently 
obtained after chemotherapy than after radia-
tion therapy, and the changes that are seen con-
tinue 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 signifi cant 
and continue for several months even with suc-
cessful 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 earlier 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  6.22  summarizes correlation between 
common pathologic changes of bone and the 
scintigraphic fi ndings on bone scan.       
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   Imaging Metastases with Other Modalities 
 MRI has been found to detect more vertebral 
metastases than bone scan [ 322 ,  323 ]. PET is 
increasingly evaluated for detection of bone 
metastases (Fig.  6.68 ), and the initial experience 
is promising and was shown by several studies to 
be more sensitive than bone scan, though not 
fully supported [ 324 – 327 ]. In a comparative 
study, the diagnostic accuracy of whole-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 detec-
tion 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 [ 324 ]. 
Another study of 56 patients with malignant lym-
phoma also showed that FDG-PET is more sensi-
tive but, in contrast, more specifi c than bone 
scintigraphy [ 326 ]. It is important to remember 
that PET provides direct visualization of metasta-
ses, while bone scan visualizes the reactive bone 
in response to the presence of metastases. FDG- 
PET can help differentiate fl are from progression 
and evaluate the tumor status when bone scan is 
stable [ 328 ] (Figs.  6.69  and  6.70 ).

   Table 6.21    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 
  Myelofi brosis 
  Hypervitaminosis D 

   Table 6.22    Scintigraphic pathological correlation   

 Pathological etiology 
 Scintigraphic pattern 
on bone scan 

 Osteoblastic response  Increased uptake 
 Increased vascularity  Increased fl ow 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, refl ex sympathetic 
dystrophy 

 Periarticular increased 
uptake 

 Equilibrium of bone 
destruction and bone formation 

 Near-normal 
appearance 

Anterior Posterior

  Fig. 6.67    ( 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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     The use of 18F as the fl uoride ion has increased. 
18F-sodium fl uoride (NaF) PET/CT is used for 
bone imaging with some established indications. 
The uptake mechanism of 18F-fl uoride resembles 
that of  99m Tc-methylene diphosphonate (MDP), 
with better  pharmacokinetic  characteristics 
including faster blood (Fig.  6.71 ) clearance and 
twofold higher uptake in bone. After diffusing into 
the extracellular fl uid of bone, the fl uoride ion is 
exchanged for a hydroxyl group in the bone crys-
tal and forms fl uorapatite. Increased 18F-fl uoride 
uptake may be detected in both sclerotic and lytic 
lesions. In general, 18F-fl uoride is best for blastic 
lesions. The minimal osteoblastic activity accom-
panying a lytic lesion, which may not be identi-
fi ed on  99m Tc-MDP bone scan, may be readily 
identifi ed with 18F-fl uoride PET imaging   .

    18 F-fl uoride however shows also increased 
uptake in benign bone lesions including degener-

ative change, fractures, Paget’s disease, enchon-
droma, and osteoma. The use of low-dose CT 
in conjunction with 18F-fl uoride PET improves 
sensitivity and specifi city and improves the abil-
ity to distinguish benign from malignant lesions 
[ 329 – 331 ]. PET/CT studies are valuable in evalu-
ation of metastatic bone disease (Fig.  6.72 ) and 
in following patients with bone-dominant metas-
tases. However, there is no defi nite evidence yet 
that 18F-fl uoride PET is more sensitive in detect-
ing bone metastases to justify replacing conven-
tional bone scan.

   PET imaging with 18F-fl uoro-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 marrow involvement. This indicates 
that this radiotracer will be best for lytic lesions. 
Since 18F-FDG-PET has low uptake in normal 

CT FUSEDFDG

  Fig. 6.68    F-18 PET/CT study illustrating multiple hypermetabolic foci in the cervical, thoracic, and lumbar spine 
representing multiple vertebral metastases (Courtesy of Dr. Sherif Elrifae with thanks)       
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MDP

FDG

7 months
ChT

“Flare”

Remission

  Fig. 6.69    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 in 
CA 15.3 tumor marker. BS showed uptake in the left 
humeral head suspicious of necrosis on the basis of long-
term corticotherapy and nonspecifi c uptake in the spine 
( top left ). PET showed intense FDG uptake in both the 
humeral head and the seventh right costovertebral junction 

and fi rst lumbar vertebra ( bottom left ). The patient was 
treated with chemotherapy. Seven months after treatment, 
BS showed persistent uptake in the left humeral head with 
increased activity in the right humeral head, seventh right 
costovertebral junction, and fi rst lumbar vertebra ( top 
right ). PET scan showed resolution of the previous lesions 
( bottom right ). On the basis of the PET fi ndings, the results 
on BS should be interpreted as representing a fl are phe-
nomenon (From [ 301 ] with permission)       

MDP

FDG

8 months
ChT

Persistent
reaction

Remission

  Fig. 6.70    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 metastases, with a 
different distribution, probably 
due to the lytic/blastic behavior. 
The patient was treated with 
chemotherapy. Eight months 
after treatment, BS remained 
similar ( top right ). PET scan 
showed resolution of previous 
lesions ( bottom right ). On the 
basis of the PET fi ndings, BS 
results should be interpreted as 
representing a persistent bone 
reaction, not active metastatic 
disease (Figure printed with 
permission from [ 301 ])       
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red marrow, it allows for early detection of 
malignant bone marrow involvement preceding 
detection of bone metastases by bone scan using 
 diphosphonates. 18F-FDG-PET can detect 
all three types of skeletal metastases includ-
ing lytic, blastic, and mixed, but preferably 
18F-FDG-PET is more sensitive for detection of 
lytic rather than osteoblastic metastases which 
are usually less aggressive lesions [ 332 – 334 ]. 
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 [ 335 ]. 

 Compared to  99m Tc-MDP and 18F-fl uoride, 
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 [ 336 ].    FDG-PET/
CT was found to have a very high PPV of 98 % 
in the evaluation of bone malignancy 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 versus adja-
cent soft tissue [ 337 ,  338 ]. Most recently 
fl uorocholine(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 

  Fig. 6.71    PET Normal F-18 sodium fl uoride bone PET 
study illustrating the superior resolution       

  Fig. 6.72    F-18 sodium fl uoride bone PET study in a 
patient with lung cancer illustrating multiple metastases 
with excellent resolution       
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combined NaF/FDG-PET/CT for detection of 
osseous lesions when compared with separate 
NaF PET/CT and FDG-PET/CT [ 339 – 343 ]. 

 Table     6.23  summarizes the role of PET in pri-
mary and metastatic bone disease.
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7.1            Thyroid 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, and absent or aberrant descent results in 
ectopic locations, including the sublingual region 
and superior mediastinum (Fig.  7.1 ). The thyro-
glossal duct undergoes atrophy, though remnant 
duct tissue frequently is visualized by scintigra-
phy as an upper midline neck structure following 
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thyroidectomy and TSH stimulation. The duct 
remnant occasionally may form a cyst.

   The normal adult thyroid gland in iodine- 
suffi cient regions weighs about 14–18 g. It is gen-
erally 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 carti-
lage, and the lobes on the sides of the trachea. In 
older individuals with shorter necks, the thyroid 
may lie at or just above the suprasternal notch, 
and it is often partly substernal. The thyroid gland 
moves cephalad during swallowing, a characteris-
tic that aids in palpation and in distinction of the 
thyroid from non-thyroid neck masses.  

7.2     Hormone Synthesis 
and Secretion 

7.2.1     Iodide Transport 

 The thyroid follicle consists of a colloid center, 
which acts as a storage site for thyroid hormone, 
surrounded by epithelial cells. The thyroid epithe-
lial cell has a transport mechanism, also referred 
to as “trapping” or “uptake,” that enables thyroid 
concentration of iodide far in excess of that in 
the plasma [ 3 ,  4 ]. A plasma membrane protein, 
the sodium/iodide symporter (NIS), is respon-

sible for iodide transport. Symporter  activity is 
infl uenced primarily by pituitary thyrotropin, 
also called thyroid-stimulating hormone (TSH), 
which increases the transport of iodide. The 
trapped iodide subsequently undergoes organifi -
cation and incorporation into thyroid hormones. 

 Iodide is accumulated, though not organifi ed, 
in other organs including the salivary glands, 
stomach, mucous glands, skin, breast, and pla-
centa, which may be associated with undesirable 
consequences for the clinical use of radioiodine. 
After therapeutic administration of I-131    for thy-
roid cancer, uptake in the salivary glands and gas-
tric mucosa may cause sialitis and gastritis, 
respectively, while activity in the skin and mucous 
secretions may increase environmental contami-
nation and interfere with image interpretation [ 5 –
 7 ]. Iodide uptake by the placenta and mammary 
glands exposes the fetus and the nursing child to 
unacceptable amounts of radiation from both the 
therapeutic and diagnostic uses of I-131 [ 8 ,  9 ]. 

 Other anions, including pertechnetate, thio-
cyanate, and perchlorate, also are accumulated 
by the thyroid gland. The uptake of pertechne-
tate is the basis for Tc99m-pertechnetate scintig-
raphy. Thiocyanate, derived from certain foods, 
decreases thyroid accumulation of iodine and 
may exacerbate iodine defi ciency. Perchlorate 
has diagnostic and therapeutic applications 
 discussed later.  

ANTERIOR LLAT

MARKER

  Fig. 7.1    Scintigraphic images in the anterior and left lateral projections show partly descended thyroid gland extending 
from the sublingual region to the upper neck       
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7.2.2     Hormone Synthesis 

 Iodide transported via NIS at the basolateral 
cell membrane is converted to an oxidized form 
at the apical surface of the cell by thyroid per-
oxidase (TPO) in the presence of hydrogen per-
oxide. Oxidation of iodide permits its binding 
to the amino acid tyrosine .  Synthesis of hor-
mone takes place in thyroglobulin, a glycopro-
tein, which is produced in the thyroid cell and 
extruded into the colloid. Iodine combines with 
tyrosine in thyroglobulin to form monoiodo-
tyrosine (MIT) and diiodotyrosine (DIT). 
Subsequently, the iodotyrosines are coupled, 
with the formation of  thyroxine (T 4 ) and triio-
dothyronine (T3). The coupling reaction also is 
mediated by peroxidase. 

 Decrease in peroxidase, associated with cer-
tain congenital and acquired thyroid disorders, 
impairs organic iodination and increases the pro-
portion of unbound intrathyroidal iodine. 
Potassium perchlorate in pharmacological doses 
discharges unbound iodine from the thyroid. This 
is the basis for its use in the “perchlorate dis-
charge test” to detect an organifi cation defect 
[ 10 – 12 ] and in the treatment of thyroid dysfunc-
tion caused by amiodarone, an iodine-rich drug 
(see later).  

7.2.3     Release of Hormone 
and Thyroglobulin 

 In response to TSH, a small amount of colloid is 
engulfed by the epithelial cell and proteolyzed, 
with release of T 3  and T 4 , which diffuse into the 
circulation. Thyroglobulin not undergoing prote-
olysis also enters the circulation in small quanti-
ties. The serum thyroglobulin has been used as a 
tumor marker in differentiated thyroid cancer. 
Thyroglobulin decreases and eventually becomes 
undetectable following thyroidectomy and I-131 
ablation, and its subsequent rise indicates a recur-
rence. TSH stimulation, by promoting colloid 
endocytosis, increases the amount of thyroglobu-
lin released. Consequently, the serum thyroglob-
ulin is a more reliable tumor marker at high TSH 
levels [ 13 ,  14 ].  

7.2.4     T 3  and T 4  

 Most of the circulating thyroid hormones are 
bound to plasma proteins, the free fraction com-
prising about 0.05 % of T 4  and 0.2 % of T 3 . 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. 

 T 3  is considered the active hormone. About 
20–30 % of the circulating T 3  is secreted by the 
thyroid gland, and the remainder is produced by 
monodeiodination of T 4  in extrathyroid tissues, 
notably the liver, kidney, brain, and pituitary 
[ 14 ]. Decrease in the peripheral conversion of T 4  
to T 3  is a basis for the use of some antithyroid 
drugs (see below). 

 Synthetic forms of thyroid hormones are com-
monly used for replacement and/or suppressive 
therapy. Thyroxine is preferred for this purpose 
because it has a longer biological half-life 
(6–7 days) compared with T 3  (about 1–2 days). 
However, T 3  has a more rapid onset of action and 
may be useful in selected clinical situations.  

7.2.5     Antithyroid Drugs 

 Antithyroid drugs generally block one or more 
steps in the synthesis and metabolism of thyroid 
hormone. The thiourea derivatives (“thion-
amides”), including propylthiouracil (PTU) and 
methimazole, are the most common antithyroid 
agents in use [ 14 ,  15 ]. Both decrease hormone 
synthesis primarily by blocking iodine organifi -
cation, while PTU alone decreases the monodeio-
dination of T 4  to T 3 . These drugs also are 
associated with decrease in serum levels of thyro-
tropin receptor autoantibodies (TRAB), which 
are responsible for Graves’ hyperthyroidism. 
Methimazole or PTU may be used to control 
hyperthyroidism in Graves’ disease and toxic 
nodular goiter before I-131 treatment or 
 thyroidectomy. In selected patients, particularly 
children, these drugs also are used as primary 
therapy for Graves’ disease. Remission occurs in 
a minority of patients after thionamide treatment 
for 1–2 years or longer. Methimazole is generally 
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the preferred drug since PTU may be associated 
with serious hepatotoxicity [ 16 ]. 

 Other drugs used for their antithyroid actions 
include glucocorticoids, iodides, lithium, and 
potassium perchlorate [ 14 ]. Glucocorticoids have 
a rapid inhibitory effect on the peripheral conver-
sion of T 4  to T 3  and are a useful adjunct in thyroid 
storm. Their anti-infl ammatory and cell 
membrane- stabilizing actions have been utilized 
in Graves’ ophthalmopathy and protracted sub-
acute thyroiditis. Iodide in pharmacological 
amounts decreases the synthesis of thyroid hor-
mones, permitting rapid control of hyperthyroid-
ism in thyroid storm (see Sect.  7.5.2.1 ). It also 
blocks thyroid uptake of radioiodine and is rec-
ommended as a prophylactic measure after a 
nuclear reactor accident [ 17 ]. Lithium blocks the 
release of thyroid hormone and may be used as 
an adjunct for the control of severe hyperthyroid-
ism. Potassium perchlorate decreases thyroid 
iodine uptake and discharges unbound iodine. It 
may be used for the treatment of thyroid dysfunc-
tion caused by amiodarone, a drug with a high 
iodine content, and after accidental exposure to 
radioactive iodine.  

7.2.6     Summary 

 Synthesis and secretion of thyroid hormone are 
regulated primarily by thyrotropin. Circulating 
iodide is trapped by the thyroid epithelial cell, 
oxidized, and bound to tyrosine. Coupling of 
iodotyrosines yields T 3  and T 4 . Thyroid peroxi-
dase promotes oxidation of iodide, a necessary 
step for iodination of tyrosine, as well as cou-
pling of iodotyrosines. Thyroid hormone action 
is mediated by T 3 . About 20–30 % of the cir-
culating T 3  is secreted by the thyroid, and the 
remainder is derived from the peripheral mono-
deiodination of T 4 . Among the drugs with anti-
thyroid actions, PTU and methimazole are most 
commonly used. Both drugs decrease hormone 
synthesis, while PTU alone decreases the conver-
sion of T 4  to T 3 .   

7.3     Thyroid Handling 
of Radiotracers 

7.3.1    Technetium-99m- 
Pertechnetate  

 Technetium-99m-pertechnetate is widely used 
for imaging the thyroid gland. The popularity of 
this radiotracer stems from its easy availability 
(from portable molybdenum-99 generators) and 
low absorbed radiation dose (short half-life of 6 h 
and absence of beta emissions) [ 18 ]. 

 Technetium-99 m-pertechnetate is trapped by 
the thyroid, but unlike iodine, it does not undergo 
organifi cation and remains in the gland for a rela-
tively short period. Therefore, imaging is done 
about 20–30 min after administration of the radio-
tracer. Approximately 5–10 mCi (185–370 MBq) 
is used. The thyroid-to-background activity ratio 
is not as high as that with radioiodine so that 
Tc99m - pertechnetate  is unsuitable for imaging of 
metastatic thyroid carcinoma, which usually func-
tions poorly compared with normal tissue. Imaging 
of ectopic mediastinal thyroid tissue also may be 
suboptimal due to high blood and soft tissue back-
ground activity.  

7.3.2     Iodine-123 

 Iodine-123 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 background [ 18 ]. 
However, it is less readily available and more 
expensive than Tc99m-pertechnetate.  123 I under-
goes organic binding in the thyroid gland, and 
imaging is usually done 4–24 h after the adminis-
tration of 200–400 μCi (7.4–14.8 MBq) of radio-
tracer. Because of its superior biodistribution 
characteristics,  123 I is preferred over Tc99m - 
pertechnetate  for imaging of poorly functioning 
and ectopic thyroid glands.  123 I also may be used 
for whole-body imaging in differentiated thyroid 
cancer (see below). Approximately 2–4 mCi 
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(74–148 MBq) of the radiotracer is used for this 
purpose.  

7.3.3     Iodine-131 

 Iodine-131 may be used for the measurement of thy-
roid uptake, which requires only small amounts of 
radiotracer. It is no longer used for routine imaging 
of the thyroid gland because of a high absorbed radi-
ation dose related to the long physical half-life of 
8 days and beta emissions. I-131, however, contin-
ues to be valuable for the detection of metastases and 
recurrences in differentiated thyroid cancer [ 13 ,  18 , 
 19 ]. Following appropriate patient preparation to 
increase TSH levels (see Sect.  7.4.3 ), 2–4 mCi (74–
148 MBq) of I-131 is administered, and imaging is 
performed 48–96 h later. Radioiodine imaging has 
diagnostic as well as prognostic value. Iodine-avid 
tumors tend to have well-differentiated histological 
features and a favorable prognosis, whereas tumors 
that do not accumulate iodine are likely to be less 
differentiated and more aggressive [ 13 ,  20 ,  21 ]. 

 Iodine-131 delivers a high absorbed radiation 
dose    to the thyroid, with relative sparing of non- 
thyroid tissues. It is therefore ideal for the treat-
ment of thyroid disease and used extensively in 
the management of Graves’ disease, toxic nodu-
lar goiter, and differentiated thyroid cancer.  

7.3.4    Fluorine-18- 
Fluorodeoxyglucose  

 Positron emission tomography (PET) with 
 18 F-fl uorodeoxyglucose (FDG) is used in evaluat-
ing a variety of neoplasms including differentiated 
thyroid cancer. Imaging is possible for two reasons. 
First, malignant tumors derive energy from a higher 
rate of glycolysis, so that the uptake of glucose 
(and FDG) is increased. Second, unlike glucose, 
FDG is not metabolized completely and retained 
longer within the tumor. 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 [ 22 ,  23 ]. Whole-body FDG-
PET, therefore, 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 [ 24 ,  25 ]. Focal uptake of FDG 
within the thyroid gland, an occasional fi nding at 
evaluation of non-thyroid cancers, may be related 
to a benign or malignant pathology [ 26 ].  

7.3.5     Summary 

 Technetium-99 m-pertechnetate is trapped but 
not organifi ed by thyroid tissue. Imaging with 
this radiotracer is limited to the intact thyroid 
gland.  123 I and I-131 are trapped and organifi ed 
and provide higher thyroid-to-background uptake 
ratios. Both tracers are used to detect thyroid can-
cer metastases, while  123 I is also used for imaging 
the thyroid gland. I-131 delivers a high absorbed 
radiation dose to thyroid tissue and is a mainstay 
in the management of Graves’ disease, toxic nod-
ular goiter, and differentiated thyroid cancer. 
Imaging and treatment of thyroid cancer metasta-
ses with I-131 require high TSH levels.  18 F-FDG, 
a glucose analogue, is accumulated in various 
malignant tumors including differentiated thy-
roid cancer. FDG-PET is particularly useful in 
high-risk thyroid cancer, where it may detect 
metastases not visualized at radioiodine imaging 
and provide prognostic information. Tumor 
uptake of FDG is increased by TSH stimulation.   

7.4     TSH and Thyroid Function 

7.4.1     TSH Secretion 

 Thyrotropin-releasing hormone (TRH), a tripep-
tide originating from the hypothalamic median 
eminence, stimulates the secretion and synthesis of 
thyroid-stimulating hormone (TSH, thyrotropin), a 
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glycoprotein, by the anterior pituitary. TSH com-
prises an alpha unit, also present in other anterior 
pituitary hormones (FSH, LH), and a beta unit 
responsible for its specifi c actions. It acts on spe-
cifi c membrane-bound receptors of the thyroid epi-
thelial cell, activating the adenylate cyclase system 
and increasing sodium/iodide symporter expres-
sion. As a result, the transport of iodide, synthesis 
of hormone, and release of T 3 , T 4,  and thyroglobu-
lin are increased. 

 The production and release of TSH are infl u-
enced by the concentration of T 3  within the pitu-
itary. When the T 3  concentration falls below a 
“set point,” TSH secretion increases, and synthe-
sis and release of thyroid hormones are acceler-
ated. Conversely, when the T 3  level rises above 
the set point, TSH release is inhibited. In addi-
tion to its pituitary effect, T 3  inhibits hypotha-
lamic TRH release. Other mechanisms reported 
more recently include the inhibitory actions of 
the released TSH on TRH secretion and on TSH 
receptors in the pituitary itself. In sum, TSH secre-
tion is infl uenced by thyroid-to-pituitary, thyroid-
to-hypothalamus, pituitary-to- hypothalamus, and 
pituitary-to-pituitary feedback control mecha-
nisms, which combine to reduce fl uctuations in 
circulating T 3  and T 4  [ 14 ,  27 ,  28 ]. In the rare con-
dition of partial tissue resistance to thyroid hor-
mone, the pituitary fails to respond to increasing 
T 3  levels, so that TSH continues to be secreted 
and serum TSH and thyroid hormones are both 
elevated. Individuals with this condition may 
become hyperthyroid if tissue resistance is lim-
ited to the pituitary or remain euthyroid if resis-
tance is generalized [ 29 ]. 

 In addition to regulation of thyroid function, 
TSH promotes thyroid growth. If thyroid hor-
mone synthesis is chronically impaired, as in 
iodine defi ciency and autoimmune thyroid dis-
ease, chronic TSH stimulation eventually may 
lead to the development of a goiter.  

7.4.2     Serum TSH in Thyroid 
Disorders 

 The serum TSH is a sensitive and specifi c 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. During early 
gestation, TSH tends to be at low normal (at 
times below normal) levels, which coincide with 
a surge in human chorionic gonadotropin (hCG) 
release. Serum TSH is increased in primary 
hypothyroidism and decreased in hyperthyroxin-
emia of all etiologies except for the uncommon 
entity of thyrotropin-induced hyperthyroidism. 

 The availability of high-sensitivity assays, which 
can accurately measure very low TSH levels, has 
signifi cantly improved the ability to diagnose mild 
hyperthyroidism. Currently, most assays can detect 
levels to 0.01 μunits/ml or lower and are particularly 
helpful in establishing subclinical hyperthyroidism 
in nodular thyroid disease and athyrotic persons 
receiving replacement levothyroxine therapy [ 27 , 
 30 ]. Subclinical hyperthyroidism in older individu-
als may be associated with adverse effects on the 
heart and bone mineral density [ 31 – 35 ]. 

 The serum TSH is also a sensitive marker of 
hypothyroidism. As such it is commonly used to 
detect hypothyroidism in Hashimoto’s disease, 
newborns, and hyperthyroid patients treated with 
I-131. The TRH stimulation test measures the 
TSH response to TRH. It was used in the past for 
the diagnosis of subtle thyroid dysfunction 
including central hypothyroidism but has been 
largely abandoned with the emergence of high- 
sensitivity TSH assays [ 36 ].  

7.4.3      Manipulation of TSH Levels 

7.4.3.1     Suppressing TSH Levels 
 The secretion of TSH is suppressed with exog-
enous thyroid hormone to avoid stimulation 
of tumor growth in patients with differentiated 
thyroid cancer and to decrease thyroid size or 
arrest thyroid growth in the early stages of goi-
ter development. While levothyroxine (T 4 ) is 
the traditional thyroid hormone preparation for 
this purpose, regimens combining T 4  and T 3  are 
currently under investigation. Not infrequently, 
patients receiving levothyroxine are referred 
for a nuclear uptake and scan, requiring hor-
mone withdrawal to allow the recovery of the 
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hypothalamus- pituitary-thyroid axis. It may take 
as long as 8 weeks for recovery and for return of 
radioiodine uptakes to baseline values; however, 
shorter periods of up to 3 weeks may suffi ce for 
evaluating nodular function.  

7.4.3.2     Increasing TSH Levels 
 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 
[ 13 ,  37 ]. Thyroid-stimulating hormone levels 
are allowed to rise to 30–50 μunits/ml or higher 
after withholding thyroid hormone supplements 
or after administering recombinant human TSH. 
The latter is gaining in popularity since it short-
ens the preparation time and avoids a period 
of hypothyroidism [ 37 – 41 ]. In thyroid cancer, 
recombinant TSH is approved for routine use 
in diagnosis, i.e., for scintigraphy and monitor-
ing of serum thyroglobulin, and for radioiodine 
ablation of thyroid remnants after thyroidectomy. 
As noted earlier, PET with fl uorodeoxyglucose is 
optimal at high TSH levels, and it may be com-
bined with radioiodine imaging and thyroglobu-
lin measurement in selected patients [ 22 – 25 ]. 

 Recombinant human TSH may have the 
potential to facilitate the treatment of large nod-
ular goiters with I-131. Radioiodine uptake in 
these goiters is usually low and heterogeneous. 
As a result, large and multiple therapeutic I-131 
doses may be needed to reduce goiter volume 
and cure the associated hyperthyroidism. In a 
number of studies, a small dose of recombinant 
TSH resulted in a more uniform I-131 distribu-
tion, a higher 24-h uptake, and an increased ther-
apeutic effi cacy [ 42 – 44 ].   

7.4.4     Summary 

 Thyroid-stimulating hormone (thyrotropin) pro-
motes iodide transport and the synthesis and release 
of thyroid hormone and thyroglobulin. The secre-
tion of TSH is modulated by the hypothalamus- 
pituitary-thyroid axis. The serum TSH level is a 
sensitive and specifi c marker of primary hyper-

thyroidism and hypothyroidism and is particularly 
valuable for diagnosing subclinical thyroid dys-
function. The suppression of TSH secretion with 
exogenous thyroid hormone may help reduce goi-
ter size and limit the growth of thyroid cancer. In 
athyrotic patients with  differentiated thyroid can-
cer, a high serum TSH is needed for radioiodine/
FDG imaging, thyroglobulin measurement, and 
I-131 treatment. The serum TSH may be increased 
by withdrawing thyroid hormone or by adminis-
tering recombinant human TSH.   

7.5      Iodine Intake and Thyroid 
Function 

7.5.1     Iodine Defi ciency 

 The daily requirement for iodine is about 150 
μg, increasing to roughly 200–250 μg during 
pregnancy. Iodine defi ciency is most prevalent 
in the mountainous regions of the Himalayas, 
Alps, and Andes and in some lowlands remote 
from the ocean. Iodine defi ciency alone or in 
combination with goitrogens present in cer-
tain foods results in decreased thyroid hormone 
synthesis [ 45 ,  46 ]. Selenium defi ciency may be 
a contributing factor. Reduced synthesis of thy-
roid hormone is compensated, at least in part, by 
increased TSH secretion, resulting eventually in 
goiter formation. Because an adequate supply of 
thyroid hormone is needed for fetal neurological 
development, maternal and fetal hypothyroidism 
resulting from iodine defi ciency is associated 
with varying degrees of neuropsychological defi -
cits including cretinism [ 47 – 49 ].  

7.5.2     Iodine Excess 

7.5.2.1      Thyroid Autoregulation 
 Thyroid hormone homeostasis is maintained by 
an intrathyroid autoregulatory mechanism in 
addition to the hypothalamus-pituitary-thyroid 
axis. When intrathyroid iodine concentrations are 
signifi cantly increased, the rate of thyroid hor-
mone synthesis is decreased, with a reduction in 
iodothyronine synthesis and decrease in the DIT/
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MIT ratio. This response is referred to as the 
Wolff-Chaikoff effect [ 50 ]. 

 The amount of intrathyroid iodine needed to 
trigger the Wolff-Chaikoff effect varies, depend-
ing on prior long-term iodine intake and thyroid 
function. Barring other mechanisms, continued 
exposure to large amounts of iodine would even-
tually lead to hypothyroidism, with compensatory 
increase in TSH and development of goiter. While 
this does occur occasionally (see below), adapta-
tion or “escape” from the effects of chronic iodide 
excess is more likely. Adaptation appears to be the 
result of an absolute decrease in iodide transport, 
so that intrathyroid iodine is reduced to levels that 
allow resumption of hormone synthesis. 

 The inhibitory effect of iodides on thyroid 
function is utilized clinically for prompt control of 
severe hyperthyroidism and thyroid storm. In 
Graves’ disease, large doses of iodide decrease not 
only hormone synthesis but also hormone release 
[ 51 ,  52 ]. Since escape from the inhibitory effect is 
likely, iodide therapy is only a short-term measure 
for lowering thyroid hormone levels rapidly.  

7.5.2.2     Thyroid Dysfunction 
 Iodine excess may lead to hyperthyroidism or 
hypothyroidism [ 50 ,  53 ,  54 ]. Iodine-induced 
hyperthyroidism, referred to as jodbasedow, char-
acteristically occurs in persons with hyperplastic 
thyroid glands. Hyperthyroidism occurring after 
iodine supplementation in endemic goiter areas is a 
classical example. Iodine- containing medical prod-
ucts, including amiodarone, radiographic dyes, and 
kelp, also have the potential to cause jodbasedow 
[ 55 – 58 ]. Amiodarone, a cardiac antiarrhythmic 
drug, is perhaps the commonest source of iodine 
today. Each 200 mg tablet yields about 7 mg free 
iodine, while the daily requirement is only 0.15 
mg. Amiodarone-related hyperthyroidism may be 
related to another mechanism. The drug may cause 
thyroiditis, which is discussed later (see Sect.  7.7 ). 

 Hypothyroidism related to increased iodine 
intake results from the inability to escape from 
the Wolff-Chaikoff effect. It is more frequent in 
iodine-suffi cient areas, where autoimmune disease 
is more common than nodular disease [ 53 – 55 ]. In 
the past, “iodide goiter” with or without hypothy-
roidism was related to the use of iodine solutions as 

mucolytic agents in bronchial asthma, often with 
reversal of clinical manifestations after stopping 
the drug. A similar condition has been reported 
from ingestion of large  quantities of (iodine-rich) 
seaweed in the coastal regions of Japan [ 59 ].  

7.5.2.3     Iodine and Autoimmune 
Thyroid Disease 

 Iodine appears to have another, more insidious 
effect on the thyroid. In regions that were previ-
ously iodine-defi cient, a rise in autoimmune thy-
roid disease has been observed after the institution 
of iodine supplementation in foods [ 54 ,  60 ]. 
Experimental work in animals confi rms an asso-
ciation between iodine and autoimmunity, proba-
bly related in part to the greater antigenic potential 
of highly iodinated thyroglobulin [ 61 ]. 
Autoimmune thyroid disease and associated disor-
ders are discussed under “Hashimoto’s Disease.”   

7.5.3     Summary 

 Excessive amounts of iodine may cause hypothy-
roidism or hyperthyroidism. A signifi cant increase 
in thyroid concentration of iodine may initiate an 
autoregulatory response, the Wolff- Chaikoff 
effect, which decreases hormone synthesis. 
Although this effect is usually temporary, occa-
sionally it may be sustained and lead to hypothy-
roidism. Iodine-induced hypothyroidism is more 
frequent in iodine-replete regions with a high prev-
alence of autoimmune thyroid disease. Excessive 
iodine also may lead to hyperthyroidism. This may 
occur in individuals with nodular thyroid glands, 
and it is more common in iodine- defi cient areas. In 
addition to its effects on thyroid function, iodine is 
believed to promote the development of autoim-
mune thyroid disease, a view supported by epide-
miological and experimental evidence.   

7.6      Endemic Goiter 

 Endemic goiter is attributed primarily to iodine 
defi ciency, possibly in association with selenium 
defi ciency or goitrogens. Goitrogens are present 
in certain foods and chemicals and cause either 
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decreased synthesis or increased metabolism of 
thyroid hormone. 

7.6.1     Goitrogens 

 Certain foods including cassava and bamboo 
shoots contain cyanogenic compounds, which 
may interfere with thyroid accumulation of iodine 
and exacerbate iodine defi ciency [ 62 ]. Other 
foods with goitrogenic potential include pearl 
millet and plants from the  brassica  family [ 63 ]. 

 Various chemicals may alter thyroid hormone 
metabolism and lead to the development of goiter. 
Contamination of drinking water with ammonium 
perchlorate from discarded rocket fuel was a con-
cern. However, the suggested regulatory limit for 
perchlorate concentration in water is well below the 
amount needed to block iodine uptake [ 64 ]. 
Cigarette smoking has been linked to thyroid dis-
ease and aggravation of Graves’ ophthalmopathy. 
The effects presumably are mediated in part by thio-
cyanate [ 65 ]. Other industrial chemicals and drugs 
may induce hepatic enzymes that accelerate the 
metabolic elimination of thyroid hormone [ 66 ,  67 ].  

7.6.2     Pathophysiology 

 The thyroid enlarges primarily in response to 
TSH stimulation resulting from ineffi cient hor-
mone synthesis. There is natural heterogeneity in 
cellular growth and response to TSH, and rapid 
proliferation of thyrocytes with a growth advan-
tage leads eventually to the development of nod-
ules. An additional mechanism for nodule 
formation involves the activation of the adenylate 
cyclase system, usually by somatic mutations of 
the TSH receptor, with increase in cell replication 
rates [ 68 – 71 ]. Evidence of such mutations has 
been found in both solitary nodules and nodules 
associated with multinodular goiters. The devel-
opment of toxic nodular goiter occurs over a 
period of years, if not decades, with gradual tran-
sition of cell clones to micronodules and subse-
quently to macronodules of suffi cient size to 
cause hyperthyroidism. The disorder, therefore, 
is typically seen in older individuals. 

 Hyperthyroidism associated with nodular goi-
ter is often subclinical, with a suppressed TSH 
and a normal free T4. Nonetheless, treatment 
with I-131 or surgery is generally recommended 
in the elderly because of increased risk of osteo-
penia and of adverse cardiovascular sequelae 
including atrial fi brillation [ 31 – 35 ]. Suppressive 
levothyroxine therapy is often attempted to arrest 
nodular growth in euthyroid patients, but is rarely 
successful since the nodules are largely indepen-
dent of TSH control [ 72 ]. 

 Hyperfunctioning nodules may become 
“cold” or nonfunctional due to hemorrhage and 
necrosis. Cold nodules also may be caused by the 
failure of iodide transport with aging, rapid pro-
liferation of cells with decreased function, and 
malignant transformation.  

7.6.3     Radionuclide Procedures 

 Toxic multinodular goiters typically show irregu-
lar distribution of radioiodine or technetium- 
pertechnetate and a normal or mildly elevated 
24-h radioiodine uptake. The irregular tracer dis-
tribution is consistent with heterogeneity in cell 
function and growth and the presence of micro- 
and macronodules (Fig.  7.2 ). Large and discrete 
hyperfunctioning nodules may be associated with 
poor uptake in the extranodular thyroid tissue. 
The latter consists of “suppressed” normal tissue 
and/or small autonomous nodules with relatively 
less tracer accumulation. Following I-131 treat-
ment, the areas that were previously “cold” may 
appear more active. A dominant nonfunctioning 
nodule may be related to a number of causes but 
may require additional diagnostic work-up to 
exclude malignancy.

   Nodular disease may be treated with I-131 or 
surgery [ 73 ]. For large multinodular goiters, the 
goal of I-131 treatment is to reduce thyroid vol-
ume and cure hyperthyroidism if present. But the 
treatment may fail because radioiodine distribu-
tion is heterogeneous and the 24-h uptake is not 
signifi cantly elevated. Stimulation with recombi-
nant human TSH causes a global increase in thy-
roid uptake of I-131 and appears to improve the 
therapeutic outcome    [ 43 ,  44 ].
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7.6.4          Summary 

 Endemic goiter is the result of iodine defi ciency, 
occasionally in association with goitrogens, with 
decrease in hormone production and compensa-
tory increase in TSH secretion. Hyperfunctioning 
nodules may result from a growth advantage of 
some cells or gain-of-function mutations of the 
TSH receptor. Nodular thyroid disease is a 
 common cause of subclinical hyperthyroidism in 
the elderly, and it may be associated with atrial 
fi brillation and osteopenia. Radionuclide studies 
typically show heterogeneous tracer distribution 
in the thyroid gland, with a normal or mildly 

elevated 24-h radioiodine uptake. Recombinant 
human TSH increases the thyroid uptake globally 
and may facilitate the treatment of nodular goi-
ters with I-131.   

7.7      Destructive (“Subacute”) 
Thyroiditis 

 Destructive thyroiditis, also referred to as “sub-
acute thyroiditis” or simply “thyroiditis,” is char-
acterized by cell membrane breakdown and 
release of excessive amounts of thyroid hormone 
into the circulation. Serum thyroglobulin levels 

a b

Anterior

c d

  Fig. 7.2    Scintigraphic images in four types of hyperthyroidism show ( a ) multinodular goiter, ( b ) solitary hyperfunc-
tioning thyroid nodule, ( c ) thyroiditis, and ( d ) Graves’ disease       
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also are increased. The usual causes are autoim-
mune thyroid disease, viral infection, and amio-
darone treatment. These are discussed below. 
Less commonly, thyroiditis may be related to 
treatment with such oncological drugs as inter-
feron alpha, interleukin-2, and lymphokine- 
activated killer (LAK) cells and with lithium. 
These therapeutic agents probably exacerbate 
existing autoimmune thyroid disease [ 74 – 77 ]. 
Bacterial thyroiditis is rarely encountered today. 

 Thyroiditis tends to resolve spontaneously. 
Hyperthyroidism in the active phase is followed by 
transient hypothyroidism before restoration of the 
euthyroid state, usually in 6–12 months. Treatment 
usually consists of β-adrenergic blockers in the 
hyperthyroid phase, with analgesics for pain. 
Protracted thyroiditis may require glucocorticoids. 

7.7.1      Postpartum Thyroiditis 

 Postpartum thyroiditis, also known as “painless” 
or “subacute lymphocytic” thyroiditis, is the prin-
cipal thyroid disorder in postpartum women. It 
may be considered an accelerated form of autoim-
mune thyroid disease, attributed to suppression of 
immune-related disorders during pregnancy with a 
rebound after childbirth [ 78 – 81 ]. For the same rea-
son, Graves’ disease also may occur in the post-
partum period, though less frequently, and a strong 
association with insulin- dependent diabetes mel-
litus, an autoimmune condition, has been noted .  

 Postpartum thyroiditis, like other forms of 
destructive thyroiditis, is a self-limited disease, 
but tends to reoccur in subsequent pregnancies. 
Permanent hypothyroidism occurs in 20–25 % of 
patients over a period of 5 years. The incidence is 
greater in iodine-replete regions with a higher 
prevalence of autoimmune thyroid disease. 
Elevated thyroid peroxidase (“antimicrosomal”) 
antibodies during pregnancy are associated with 
a sharp increase in postpartum thyroiditis.  

7.7.2     Viral Thyroiditis 

 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 [ 82 ]. It usu-
ally presents as a painful and tender goiter, associ-
ated with general malaise and possibly fever. 
Infl ammation frequently begins in one lobe of the 
thyroid and gradually spreads to involve the entire 
gland. Permanent hypothyroidism is uncommon.  

7.7.3     Thyroiditis and Other Effects 
of Amiodarone 

 Amiodarone is an iodine-rich benzofuran deriva-
tive used to treat and prevent cardiac arrhythmias. 
It may precipitate a number of thyroid conditions 
including thyroiditis, which appears to be related 
to a cytotoxic effect [ 55 ,  56 ]. Since amiodarone 
and its metabolite desethylamiodarone 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 thyroiditis generally requires treatment 
with a glucocorticoid. Permanent hypothyroid-
ism is uncommon. 

 Other side effects of amiodarone stem from its 
high iodine content (see Sect.  7.5 ). Thyroid hor-
mone synthesis may increase or decrease. 
Increased hormone synthesis (jodbasedow) typi-
cally occurs in nodular thyroid glands, which are 
common in iodine-defi cient areas. Decreased 
hormone synthesis, resulting from a persistent 
Wolff-Chaikoff effect, is more frequent in iodine- 
suffi cient regions with a higher incidence of auto-
immune thyroid disease. 

 Treatment of amiodarone-induced hyperthy-
roidism depends on the cause, although this may 
be diffi cult to determine. Thyroiditis, as noted 
earlier, responds to glucocorticoid therapy. 
Jodbasedow is treated with a thionamide and if 
needed with potassium perchlorate to deplete 
thyroid iodine content. A clear distinction 
between thyroiditis and jodbasedow is frequently 
not possible, and treatment should be initiated 
with both a glucocorticoid and a thionamide. In 
resistant cases, I-131 treatment may be feasible if 
the radioiodine uptake is adequate. Thyroidectomy 
may be an alternative in refractory cases or when 
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continued amiodarone treatment and prompt 
relief of hyperthyroidism are required. 

 Other actions of amiodarone are worth noting. 
It blocks 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 [ 83 ].  

7.7.4     Radionuclide Procedures 

 Poor radioiodine/Tc99m-pertechnetate uptake in 
the thyroid gland is the hallmark of subacute thy-
roiditis of any etiology (Fig.  7.2 ). Decreased 
tracer uptake is related to TSH suppression by 
excessive thyroid hormone released from dam-
aged follicles and to decreased hormone synthe-
sis in the damaged gland. The thyroid uptake and 
scan normalize with resolution of thyroiditis. 

 The nuclear study is frequently used in hyper-
thyroid individuals to differentiate autoimmune 
thyroiditis, with low uptake, from Graves’ dis-
ease, with high uptake [ 73 ]. Radioiodine treat-
ment may have a place in rare instances of 
recurrent debilitating thyroiditis [ 84 ]. 

 A thyroid uptake/scan may be worthwhile in 
amiodarone-related hyperthyroidism, which may 
be due to jodbasedow or thyroiditis. A low thyroid 
uptake is frequently found in patients treated with 
amiodarone and is nondiagnostic, while a normal or 
high uptake suggests that jodbasedow is likely. The 
thyroid uptake measurement also helps determine 
the feasibility of I-131 treatment in refractory cases.  

7.7.5     Summary 

 Subacute thyroiditis is usually caused by exacerba-
tion of autoimmune disease, viral infection, and 
amiodarone therapy. It is characterized by an initial 
thyroid-destructive phase, with release of stored 
hormone into the circulation. Nuclear studies in 
this phase show poor radiotracer uptake and help 
differentiate thyroiditis from other causes of hyper-
thyroidism. The disorder is self- limited and treated 
symptomatically, though amiodarone- related thy-
roiditis tends to last longer and generally requires a 

glucocorticoid. Amiodarone may be associated 
with other thyroid disorders related to its high 
iodine content, including jodbasedow (iodine-
induced hyperthyroidism) and hypothyroidism.   

7.8     Autoimmune Thyroid 
Disease 

7.8.1     Etiological Factors 

 Autoimmune thyroid disease comprises two 
major entities, Hashimoto’s disease (also known 
as chronic autoimmune thyroiditis) and Graves’ 
disease. Variants of Hashimoto’s disease include 
“subacute” thyroiditis, which occurs typically in 
the postpartum period, and atrophic thyroiditis. 
There is a genetic predisposition to the disease, 
with contribution from environmental factors [ 65 , 
 85 – 90 ]. As discussed earlier, iodine excess has 
been associated with autoimmune thyroid dis-
ease. Cigarette smoking has been linked to exac-
erbation of autoimmune thyroid conditions 
including Graves’ ophthalmopathy, and increased 
occurrence in women implies a role of sex ste-
roids. The relationship between psychological 
stress and Graves’ disease presumably is related 
to immune suppression and rebound. A similar 
mechanism is believed to apply to postpartum 
thyroid dysfunction. The occasional occurrence 
of Graves’ disease in couples suggests that infec-
tion may be a precipitating factor. In support of 
this hypothesis, antibodies to certain microbial 
proteins have been found to cross-react with the 
human TSH receptor. Rarely, Graves’ disease 
may be precipitated by I-131 treatment of nodular 
goiter in patients with underlying autoimmune 
thyroid disease [ 91 ]. Follicular disruption and 
release of thyroid antigens are believed to be the 
initiating events in these instances. Onset of 
Graves’ disease after subacute thyroiditis proba-
bly represents an analogous situation [ 85 ,  92 ,  93 ].  

7.8.2     Pathophysiology 

 Elevation of thyroid peroxidase antibodies is char-
acteristic of Hashimoto’s disease [ 86 ,  90 ]. 
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Antithyroglobulin antibodies also may be elevated. 
Hormone synthesis is impaired with compensa-
tory increase in TSH secretion, which stimulates 
thyroid function and growth. Eventually, many 
patients become hypothyroid. Both overt hypothy-
roidism and subclinical  hypothyroidism related to 
autoimmune disease are widely prevalent in 
iodine-suffi cient regions [ 94 ,  95 ]. Exacerbation of 
Hashimoto’s disease, frequently occurring in the 
postpartum period, is a cause of subacute thyroid-
itis (see Sect.  7.7.1 ). Graves’ disease is associated 
with high levels of thyrotropin receptor autoanti-
bodies (TRAB) that stimulate thyroid growth and 
thyroid hormone synthesis and release [ 85 – 89 ]. 
Most organ systems are affected by Graves’ dis-
ease, the cardiovascular manifestations being the 
most apparent [ 31 ,  32 ]. Increased heart rate and 
contractility increase 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 vol-
ume, and heightened sensitivity to sympathetic 
stimulation. Blood volume is increased by the acti-
vation of the renin-angiotensin- aldosterone sys-
tem caused by the reduction in systemic vascular 
resistance and by increased erythropoietin activity. 
Overt cardiac failure may result from severe and 
prolonged hyperthyroidism, but is rarely seen 
today. Atrial fi brillation is not an uncommon com-
plication, occurring in up to 15 % of patients with 
hyperthyroidism.  

7.8.3     Radionuclide Procedures 

 Nuclear studies are nonspecifi c in Hashimoto’s dis-
ease. The thyroid gland is usually symmetrically 
enlarged with uniform tracer distribution, and the 
24-h uptake is normal. In subacute thyroiditis 
resulting from exacerbation of Hashimoto’s dis-
ease, tracer uptake is typically absent or very low. 

 Graves’ disease typically shows uniformly 
increased tracer uptake in a diffusely enlarged 
thyroid gland, frequently with visualization of a 
pyramidal lobe (Fig.  7.2 ). However, atypical 
appearances, particularly in Graves’ disease 
superimposed on nodular goiter, are occasionally 
encountered. If needed, TRAB measurement 

may assist in confi rming the diagnosis. The 24-h 
uptake is elevated and, on average, much higher 
than in toxic nodular goiter. I-131 treatment, sur-
gery, and antithyroid drugs are the primary means 
of management of Graves’ disease, with an 
increase in antithyroid drug treatment in recent 
years [ 73 ,  96 ,  97 ].  

7.8.4     Summary 

 Autoimmune thyroid disorders, including 
Hashimoto’s disease and Graves’ disease, are 
related primarily to genetic susceptibility, with 
contributions from environmental factors includ-
ing chronic iodine excess. Elevated serum anti- 
TPO antibodies are characteristic of Hashimoto’s 
disease. Exacerbation of Hashimoto’s disease, 
usually observed in postpartum women, may 
cause subacute thyroiditis with hyperthyroidism. 
Scintigraphy in such cases shows poor tracer 
uptake in the thyroid gland. Graves’ disease is 
characterized by elevated TSH receptor antibod-
ies (TRAB). It affects most organ systems, but 
the cardiovascular manifestations generally are 
the most pronounced, and cardiac complications 
are not uncommon. The thyroid uptake and scan 
may be used to confi rm the diagnosis of Graves’ 
disease and differentiate it from a destructive 
thyroiditis.   

7.9     Nodular Thyroid Disease 

7.9.1     Pathophysiology 

 The pathogenesis of nodular disease is discussed 
in Sect.  7.6  under “Endemic Goiter.” While clini-
cally detectable thyroid nodules are common in 
areas of iodine defi ciency, they are also found in 
an iodine-suffi cient region such as the United 
States in about 4 % of the population. To be pal-
pable, thyroid nodules must be at least 1 cm in 
diameter. Diffi culty in palpation also may arise 
from such other factors as kyphosis, obesity, and 
location of the nodule. The incidence of non- 
palpable thyroid nodules detected at ultrasonog-
raphy is far greater. Thyroid nodules are more 
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common in women, older age, and individuals 
who had childhood exposure to external beam 
head/neck radiation or radioiodine fallout from 
the Chernobyl reactor accident [ 98 ,  99 ]. Iodine 
defi ciency and goitrogens are known predispos-
ing factors in certain parts of the world. The etiol-
ogy of thyroid nodules is diverse and includes 
both benign and malignant lesions. These are dis-
cussed in later sections. 

 Most thyroid nodules    are benign, although 
malignancy has been reported to occur in up to 
about 20 % of patients with toxic and nontoxic 
nodular goiters undergoing thyroidectomy [ 100 ]. 
Certain factors are associated with increased risk 
of malignancy in thyroid nodules [ 101 – 106 ]. 
These factors are listed in Table  7.1 .

   Nodules may be characterized on the basis of 
clinicopathological and imaging criteria. 

7.9.1.1     Clinicopathological Criteria 
   Nonneoplastic (“Pseudo”) Nodules 
 These nodules arise “spontaneously” or follow 
previous partial thyroidectomy and may be asso-
ciated with thyroid hemi-agenesis with hyperpla-
sia of the contralateral lobe and with Hashimoto’s 
thyroiditis and focal subacute thyroiditis.  

   Neoplastic Nodules 
 These nodules include adenoma and carcinoma. 
Approximately 80 % of malignant nodules are 

due to differentiated thyroid cancer of the follicu-
lar epithelium consisting of papillary cancer, 
which is the most common, and follicular and 
Hurthle cell cancer. Other malignancies are 
uncommon and include anaplastic carcinoma, 
medullary cancer (originating from the calcitonin- 
producing parafollicular C-cells), and lymphoma. 
Metastasis to the thyroid is a rare cause of a thy-
roid nodule.  

   Micronodules 
 Micronodules are 1 cm or less in diameter. These 
“incidentalomas” are increasingly discovered on 
sonographic and other radiological exams. In 
the absence of suspicious clinical and/or sono-
graphic criteria, such nodules only require peri-
odic follow-up.    

7.9.2     Scintigraphy and Other 
Procedures 

 Based on scintigraphy, thyroid nodules are classi-
fi ed as functioning (hot), i.e., able to concentrate 
radioactive iodine or Tc99m-pertechnetate, and 
nonfunctioning (cold), i.e., unable to concentrate as 
much radiotracer as normal thyroid tissue. Hot 
nodules are 3–4 times more frequent in females 
and tend to occur in persons over 40 years of age. 
In most instances, hot nodules are benign, but 
 caution is urged in children since cancer associated 
with a  hyperfunctioning nodule cannot be entirely 
excluded [ 107 ]. Cold nodules account for more 
than 80 % of all thyroid nodules. On average, 
 thyroid cancer is found in approximately 10 % 
of cold nodules that are solid or mixed at sonogra-
phy. Interestingly, cold nodules associated with 
Graves’ disease have a higher incidence of malig-
nancy [ 105 ,  106 ]. 

 Thyroid scintigraphy is routine for a single 
nodule with low serum TSH, presumably a toxic 
adenoma, and for all multinodular goiters. It may 
be used selectively for a single nodule without 
suppressed TSH (Figs.  7.3 ,  7.4 , and  7.5 ). 
Iodine-123 and Tc99m- pertechnetate are gener-
ally used for thyroid imaging. Not infrequently, 
F-18 FDG uptake is noted in a thyroid nodule on 
a PET study done for other reasons. Incidental 

    Table 7.1    Risk factors for cancer in thyroid nodules   

 Characteristics of nodule 
  Solitary nodule at extremes of age 
  Feels hard on palpation 
  Growing rapidly 
  Suspicious ultrasound characteristics 
   Incidental fi nding of increased fl uorodeoxyglucose 

uptake 
 Other factors 
  Symptoms of local invasion such as hoarseness 
  Nodule associated with cervical lymphadenopathy 
  Nodule associated with Graves’ disease 
  History of external radiation to the head or neck 
   History of exposure to radioiodine fallout from 

Chernobyl accident 
  Family history of thyroid cancer, MEN-2 syndrome 
  Familial polyposis, Cowden’s syndrome 
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focal FDG uptake is associated with a 25–50 % 
risk of malignancy [ 103 ,  104 ]. The use of FDG-
PET whole-body imaging in thyroid cancer is 
discussed in Chaps.   12     and   20    . 

 Sonography is performed in all patients with 
nodular disease. Nodules are characterized as 
cystic, solid, or mixed (solid and cystic compo-
nents). Pure cysts are generally benign, whereas 
such fi ndings as hypoechogenicity, increased 

vascularity, microcalcifi cations, and irregular 
margins suggest a higher risk of malignancy 
[ 108 ,  109 ]. 

 Fine-needle aspiration biopsy (FNAB) affords 
a more defi nitive means of distinguishing a benign 
from a malignant thyroid lesion. However, FNAB 
may be nondiagnostic for a number of reasons 
including paucity of cells resulting from an erro-
neous biopsy technique. The category of “follicu-
lar neoplasm” or “Hurthle cell neoplasm” also 
presents a challenge. The assessment of the pres-
ence or absence of high-risk clinical and imaging 
characteristics (Table  7.1 ) would be helpful in 
these cases. Recent studies of molecular markers 
to predict malignancy in patients with nondiag-
nostic FNAB appear promising [ 110 ,  111 ].  

7.9.3    Summary 

 Most thyroid nodules are detected at ultrasonog-
raphy, and only a small proportion are palpable. 
The majority of nodules are benign, with the risk 
of malignancy increasing in the presence of such 
factors as cervical lymphadenopathy, suspicious 
sonographic fi ndings, and childhood exposure to 
external head/neck radiation or fallout from the 
Chernobyl reactor accident. While an ultrasound 
examination may offer clues regarding the malig-
nant potential of nodules, fi ne needle aspiration 

Tc99m Pertechnetate

Anterior

  Fig. 7.3    Large    solitary cold nodule ( arrow head )       

Tc99m Pertechnetate

Anterior

  Fig. 7.4    Multinodular goiter with ( left ) solitary toxic nodule, ( right ) mixture of cold and hot nodules       
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biopsy (FNAB) remains the mainstay of diagno-
sis. The use of molecular markers as an addi-
tional diagnostic aid is currently under 
investigation.  

 Thyroid scintigraphy with radioiodine or 
Tc99m-pertechnetate may be used selectively to 
evaluate for malignancy. A hot nodule generally 
excludes malignancy, while a cold nodule may 
harbor cancer. Scintigraphy has a greater role in 
the evaluation of hyperthyroid patients. 
Characteristic scan fi ndings assist in differentiat-
ing nodular thyroid disease from Graves’ disease 
and thyroiditis.   

7.10     Thyroid Dysfunction During 
Gestation 

7.10.1     Hyperthyroidism 

 Hyperthyroidism during pregnancy is usually 
caused by gestational transient thyrotoxicosis 
(GTT) or Graves’ disease [ 48 ,  49 ]. Gestational 
transient thyrotoxicosis appears to be related to 
the TSH-like effects of human chorionic gonado-
tropin (hCG), which increases in early gestation. 
The condition resolves spontaneously in the sec-
ond half of pregnancy. The incidence and sever-

ity of GTT are variable. It is occasionally 
associated with hyperemesis gravidarum. As in 
other hyperthyroid conditions, the serum TSH is 
low and free T4 may be elevated, but thyroid 
autoantibodies including TSH receptor antibod-
ies (TRAB) are absent, since GTT is not an auto-
immune condition. 

 Graves’ disease in pregnancy is a more serious 
condition associated with signifi cant maternal 
and fetal risks, including preeclampsia, prema-
ture delivery, low infant birth weight, neonatal 
Graves’ disease, and central congenital hypothy-
roidism [ 48 ,  49 ,  108 ]. Characteristically, TRAB 
levels are elevated. Management of gestational 
Graves’ disease poses several challenges. I-131 
therapy is contraindicated, and thyroidectomy is 
inherently risky for both the mother and the fetus. 
Left untreated or inadequately treated, Graves’ 
disease in pregnancy increases the risk of fetal 
hyperthyroidism because of the transplacental 
passage of maternal TRAB. Of the available 
treatment options, thionamides – either PTU or 
methimazole – appear to be the safest. These 
drugs help control hyperthyroidism and reduce 
TRAB levels, but should be used only in small 
doses since they cross the placenta and may 
decrease fetal thyroid function [ 15 ,  49 ]. Graves’ 
disease tends to improve in the later stages of 
pregnancy, probably due to immune suppression, 
allowing thionamides to be tapered or discontin-
ued. But therapy should be resumed after child-
birth because of the risk of recurrence related to 
postpartum immune rebound.  

7.10.2     Hypothyroidism 

 Normal neurological development is dependent 
on adequate maternal and fetal thyroid function 
and on thyroid hormone suffi ciency in the early 
neonatal period [ 45 – 49 ,  112 ,  113 ]. Iodine defi -
ciency, present in regions of endemic goiter, may 
be associated with hypothyroidism in both the 
mother and the fetus and may cause varying 
severities of neurological and growth retardation 
including cretinism. Fortunately, the incidence of 
these disorders has declined due to iodine supple-
mentation programs. 

Tc99m Pertechnetate 

Anterior

  Fig. 7.5    Toxic nodule in the right lower lobe ( arrow 
head ) with suppression of the remainder of the gland       

 

S.D. Sarkar



277

 Maternal thyroid hormone is increasingly rec-
ognized as an important factor in fetal development 
in the second and third trimesters. Maternal hypo-
thyroidism alone, i.e., without fetal hypothyroid-
ism, has been linked to neuropsychological defi cits 
in the offspring and to increased risk of fetal loss 
and preterm delivery. Autoimmune thyroid disease 
is the most frequent cause of hypothyroidism in the 
mother. While overt iodine defi ciency is relatively 
uncommon today, iodine intake has gradually 
declined in many “iodine- suffi cient” areas and may 
actually fall short of requirement during pregnancy. 
This may have the potential to aggravate autoim-
mune hypothyroidism.  

7.10.3     Summary 

 Hyperthyroidism in pregnancy is generally 
caused by GTT or Graves’ disease. The manage-
ment of Graves’ disease remains a challenge, 
with thionamide treatment as the best option. 
Patients should be monitored closely because 
undertreatment, with persistently high maternal 
TRAB, increases the risk of fetal hyperthyroid-
ism, while overtreatment may cause fetal hypo-
thyroidism. Gestational hypothyroidism is 
usually related to autoimmune thyroid disease 
and less frequently to iodine defi ciency. The lat-
ter may be associated with fetal hypothyroidism 
as well. Neurological development is infl uenced 
by maternal thyroid function, fetal thyroid func-
tion, and thyroid hormone levels in the newborn.      
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8.1            Introduction 

 The last organ to be recognized in man, the para-
thyroid glands, was discovered in 1880 by Ivar 
Sandstrom, a Swedish medical student. The dis-
covery attracted little attention initially. Later, 
with the uncovering of the relationship of the 
glands to signifi cant bone disease, interest quick-
ened. In the early 1900s, Jacob Erdheim demon-
strated that the four parathyroid glands were 
enlarged in osteomalacia and in rickets and 
thought it was a compensatory phenomenon. 
Subsequently, occasional cases of bone disease 
were encountered in which only a single gland 
was enlarged. In 1915, Friedrich Schlaugenhaufer 
suggested that enlargement of a single parathy-
roid gland might be the cause of the bone disease, 
not its result. The fi rst parathyroidectomy for von 
Recklinghausen’s disease of the bone was per-
formed by Felix Mandl in 1925 in Vienna. 
Subsequently, the parathyroid glands were shown 
to be affected by a number of primary pathologi-
cal processes – neoplasia (adenoma and carci-
noma) and hyperplasia (wasserhelle cell and 
chief cell types) – that resulted in overactivity 
and required surgical removal of one or more of 
them [ 1 ]. 

 The frequency of hyperparathyroidism has 
been increasing in the past few decades. It has 
also been recognized that this condition has vari-
ous clinical presentations and can be associated 
with normocalcemia or borderline hypercalce-
mia. The condition, even with atypical laboratory 
fi ndings, is known to be associated with an 
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increasing number of complications, including 
the more recent fi ndings of the resultant neuro-
muscular and psychiatric disorders. Accordingly, 
the management of hyperparathyroidism by the 
proper surgical approach is crucial. Although the 
success rate of surgical excision of abnormal 
parathyroid glands is high, certain factors and 
new developments favor preoperative identifi ca-
tion of abnormal glands [ 2 – 7 ]. Exploring the 
pathophysiology of the parathyroids can help to 
enhance our understanding of the currently used 
preoperative localization procedures and their 
future modifi cations. Optimal interpretation of 
parathyroid scintigraphy requires an understand-
ing of (a) the embryological, anatomical, and 
physiologic features of the parathyroid glands 
and (b) the properties of the two common imag-
ing agents, technetium-99 m sestamibi and 
Tc-99m tetrofosmin. Normal parathyroid glands 
are too small to be visualized, but parathyroid 
disease often produces visibly enlarged glands. 
Enlarged parathyroid glands may be found near 
the thyroid gland or outside their expected loca-
tions. Characteristic abnormal scintigraphic pat-
terns may be described as focal or multifocal, 
usual or ectopic in location, and associated with a 
normal or abnormal thyroid gland. Patients who 
are referred for parathyroid imaging should have 
an abnormal biochemical profi le. The fi rst step in 
evaluating images of a patient suspected to have 
parathyroid disease is correlating the normal or 
abnormal scintigraphic patterns with the clinical 
and surgical history. By integrating the clinical, 
pathophysiologic, and technical data of parathy-
roid scintigraphy, the interpreting physician can 
be more confi dent in establishing a correct diag-
nosis and can precisely guide the surgeon to a 
single parathyroid adenoma, multiple parathy-
roid adenomas, or multigland hyperplasia [ 8 ].  

8.2     Anatomical and 
Physiological Considerations 

 The parathyroid glands have some of the most 
variable features of human anatomy in terms of 
their size, shape, number, and location [ 9 ,  10 ]. The 
superior glands are derived from the endoderm of 

the fourth pharyngeal pouch. Because of their 
shorter pathway of migration during the embryo-
logical development, the superior glands are less 
variable in location and are typically located at the 
cricothyroid junction above the anatomical demar-
cation of the inferior thyroid artery and the recur-
rent laryngeal nerve. The inferior glands are 
derived from the third pharyngeal pouch. They are 
more variable in location due to the relatively lon-
ger embryological pathway of migration and are 
commonly located at the anterolateral or postero-
lateral aspects of the lower pole of the thyroid. 
Ectopic parathyroid glands can be found in multi-
ple locations related to the pathway of embryo-
logical migration. Ectopic superior glands are 
commonly found embedded within the thyroid 
gland or its capsule because of the shared embryo-
logical origin with the parafollicular cells of the 
thyroid. On the other hand, ectopic inferior glands 
are commonly found along the migration pathway 
of the thymus from the third pharyngeal pouch, 
including the thyrothymic ligament, the upper 
mediastinum, and within the thymus itself. 
Normally, human beings have four glands, but 
more or fewer than this number are found in some 
individuals [ 2 ]. Among healthy adults, 80–97 % 
have four parathyroids, approximately 5 % have 
fewer than four glands, and 3–13 % have supernu-
merary glands [ 11 ]. 

 The superior parathyroid    glands usually 
receive blood supply from the inferior thyroid 
artery or superior thyroid artery or by an anasto-
mosis between the inferior and superior thyroid 
arteries. The inferior parathyroid glands usually 
receive blood supply from the inferior thyroid 
artery (Fig.  8.1 ). 

 The normal glands vary considerably in shape 
and size between individuals and within the same 
individual. Because of the variable shapes of the 
parathyroids, the diameters vary. 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 shape but 
may be elongated, fl attened into a leafl ike struc-
ture, or multi-lobulated [ 3 ]. The weight of the 
glands is therefore a better estimate of the glan-
dular tissue; they are usually 30–50 mg each, 
with the largest normal gland not exceeding 
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70 mg. The relatively new important parameter, 
the weight of the functioning parenchyma, can be 
calculated from the glandular weight and the rel-
ative proportions of the two main glandular com-
ponents, parenchymal and fat cells. The total 
weight of the four glands is less than 210 mg, and 
the total parenchymal cell weight is less than 
145 mg [ 3 ]. The proportion of fat cells in the 
parathyroid glands varies with age, since they are 
sparse up to adolescence and increase gradually 
to constitute 10–25 % of the glandular volume by 
the age of 30: the proportion remains fairly con-
stant except when the individual suffers from 
obesity, which causes a larger amount of fat cells 
as opposed to cachectic persons who have essen-
tially no fat cells. In normal glands, parenchymal 
cells are predominantly chief cells which contain 
cytoplasmic fat droplets. Oxyphilic and transi-
tional oxyphilic cells are sparsely present in chil-
dren 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 larger than the chief cells. Their cytoplasm is 
more eosinophilic because it contains more mito-
chondria [ 12 ]. Water-clear cells are vacuolated 
with distended organelles. Each of the three cell 
types may contain varying amounts of lipid drop-
lets and residual bodies. 

 Table  8.1  summarizes the types of parathyroid 
cells and their function.

   Parathyroid hormone is a polypeptide that con-
sists of 84 amino acids [ 13 ]. It has four principal 
actions: (a) to increase calcium absorption from 
the gastrointestinal tract; (b) to stimulate osteo-
clastic activity, resulting in resorption of calcium 
and phosphate from the bone; (c) to inhibit phos-

phate reabsorption by the proximal renal tubules; 
and (d) to enhance renal tubular calcium reabsorp-
tion. Parathyroid hormone secretion is controlled 
mainly by the extracellular calcium concentra-
tion. The parathyroid cell surface is thought to be 
equipped with a cation- sensitive receptor mecha-
nism through which ambient calcium regulates 
the cytosolic calcium (Ca 2+ i) concentration and 
parathyroid hormone secretion. Activation of this 
receptor causes also activation of protein kinase 
C [ 3 ]. 1,25-Dihydroxycholecalciferol reduces the 
secretion of parathyroid hormone independent of 
any changes in calcium concentration. Parathyroid 
hormone is metabolized in Kupffer 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 [ 5 ,  14 ].

8.3        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 chemis-
try 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 

   Table 8.1    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 
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 calcium 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). 

8.3.1     Primary Hyperparathyroidism 

 Primary hyperparathyroidism occurs due to neo-
plastic or hyperplastic parathyroid glands or when 
nonparathyroid tumors such as bronchogenic or 
renal cell carcinomas secrete ectopically parathy-
roid hormone or a biologically similar product. 
The incidence in the USA has been estimated at 
approximately 27.7 cases per 100,000 population 
per year [ 15 ]. The condition is more prevalent 
in females than males by a ratio of 3–1. More 

than 80 % of patients with primary hyperpara-
thyroidism have a solitary 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 such as with renal cell 
carcinomas. 

 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. 
MEN2A is defi ned by medullary thyroid carci-
noma, pheochromocytoma (about 50 %), and 
hyperparathyroidism caused by parathyroid 
gland hyperplasia (about 20 %). MEN2B is 
defi ned by medullary thyroid tumor and pheo-
chromocytoma. Both MEN1 and MEN2 are 
inherited autosomal dominant cancer syndromes. 
The gene responsible for MEN1 is a tumor sup-
pressor gene located on chromosome 11. 

 Primary hyperparathyroidism is the most com-
mon manifestation of MEN1 (80 % occurrence) 
and is caused by hyperplasia of all four parathy-
roid glands. This is followed by pancreatic islet 
cell tumors and involvement of the pituitary gland 
[ 16 – 19 ]. There is a high frequency of carcinoid 
tumors of foregut origin with male predominance 
for thymic involvement and female predominance 
for bronchial lesions [ 17 ,  20 ]. Type1 MEN has a 
potentially lethal outcome with hemorrhagic pep-
tic ulcer disease and metastatic pancreatic neo-
plasms [ 17 ]. Primary hyperparathyroidism is also 
associated with thyroid pathology in 15–70 % of 
patients [ 21 ,  22 ]. This includes thyroid carcinoma 
which has been reported in the range of 1.7–6.2 % 
(Table  8.2 ) of patients with primary hyperparathy-
roidism [ 21 – 30 ].

8.3.2        Secondary 
Hyperparathyroidism 

 Secondary hyperparathyroidism occurs when 
there is a condition causing chronic hypocalce-
mia such as chronic renal failure,  malabsorption 
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  Fig. 8.1    A diagram showing typical locations of parathy-
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syndromes, dietary rickets, and ingestion of 
drugs such as phenytoin, phenobarbital, and 
laxatives, which decrease intestinal absorp-
tion of calcium. Secondary hyperparathyroid-
ism is simply a compensatory hyperplasia in 
response to hypocalcemia. In this condition, 
reduced renal production of 1,25-dihydroxyvi-
tamin D 3  (active metabolite of vitamin D) leads 
to decreased intestinal absorption of calcium, 
resulting in hypocalcemia. Tubular failure to 
excrete phosphate results in hyperphosphatemia. 
Hypocalcemia along with hyperphosphatemia is 
compensated for by hyperplasia of the parathy-
roids to overproduce PTH [ 31 ].  

8.3.3     Tertiary Hyperparathyroidism 

 Tertiary hyperparathyroidism describes the 
condition of patients who develop hypercal-
cemia following long-standing secondary 
 hyperparathyroidism due to the development of 
autonomous parathyroid hyperplasia, which may 
not regress after correction of the underlying 
 condition, as with renal transplantation.  

8.3.4     Eutopic Parathyroid Disease 

 Parathyroid disease with typical location of 
glands (eutopic) represents 80–90 % of all cases 
[ 32 ]. There is a relatively fi xed location for the 
superior parathyroids and they are found close to 
the dorsal aspect of the upper thyroid [ 11 ,  33 ]. 
On the other hand, inferior parathyroids have a 
more widespread distribution, which is closely 
related to the migration of the thymus. Inferior 
parathyroids are mostly located inferior, poste-
rior, or lateral to the lower thyroid [ 11 ]. 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 sym-
metry, which is helpful in the surgical exploration 
of eutopic disease [ 33 ].  

8.3.5     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 
[ 32 ]. 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 
[ 32 ]. 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 [ 32 ,  34 – 36 ].  

8.3.6     Parathyroid Adenoma 

 Parathyroid adenoma is a benign tumor that is 
usually solitary, although multiple adenomas have 

   Table 8.2    Incidence of thyroid cancer among patients 
with primary hyperparathyroidism: cumulative literature 
data   

 Author  Year 
 # of 
patients 

 % with 
thyroid cancer 

 Ogburn and 
Black [ 23 ] 

 1956  230  4 (1.7 %) 

 Nishiyama et al. 
[ 22 ] 

 1979  420  13 (3 %) 

 Prinz et al. [ 24 ]  1982  351  16 (4.6 %) 
 Hedman and 
Tisell [ 25 ] 

 1984  426  25 (5.8 %) 

 Attie and 
Vardhan [ 26 ] 

 1992  948  31 (3.3 %) 

 Burmeister et al. 
[ 27 ] 

 1997  700  18 (2.6 %) 

 Sidhu and 
Campbell [ 28 ] 

 2000  65  4 (6.2 %) 

 Bentrem et al. [ 29 ]  2002  580  12 (2 %) 
 Beus and 
Stack [ 21 ] 

 2004  101  3 (3 %) 

 Total  3,821  126 (3.3 %) 
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been reported in a low percentage. The tumor var-
ies in weight from less than 100 mg to more than 
100 g. The most commonly found adenomas, 
however, weigh 300 mg to1 g. The size was found 
to correlate to the degree of hypercalcemia [ 5 ]. 

 Microscopically, the vast majority of typi-
cal 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 present 
outside the capsule of the adenoma and can serve 
to distinguish it from parathyroid carcinoma. The 
chief cells in adenomas are usually enlarged, and 
their nuclei are larger and more variable in size 
than in normal chief cells. Nuclear pleomorphism 
may be prominent; this is not considered a sign 
of malignancy but a criterion for discriminating 
adenoma from hyperplasia, which lacks this fea-
ture. The following variants of parathyroid ade-
noma may be recognized: 

8.3.6.1     Solitary Adenoma 
 Solitary adenoma is found in 80–85 % of patients 
with primary hyperparathyroidism [ 33 ]. There is 
no signifi cant predominance in location among 
the four parathyroids with each responsible for 
approximately 25 % of all solitary adenomas 
[ 32 ]. The remainder of parathyroid glands associ-
ated with single adenomas usually have lower 
weight and parenchymal cell mass than the aver-
age normal glands and show signs of secretory 
inactivity on electron microscopy [ 3 ].  

8.3.6.2     Double or Multiple Adenomas 
 Double or multiple adenomas occur in up to 12 % 
of cases of primary hyperparathyroidism [ 37 , 
 38 ]. Double adenomas are bilateral in 55–88% of 
cases and are seen predominantly in patients 
beyond the sixth decade of life [ 39 ]. These 
patients have more prominent symptoms and 
usually have higher parathyroid hormone and 
alkaline phosphatase levels than those with a 
 solitary parathyroid adenoma or hyperplasia. 
However, symptoms and laboratory values do not 
enable the diagnosis of double adenoma. 
Preoperative detection of double or multiple ade-
nomas with any imaging modality is not reliable 
[ 40 ]. Tc-99m sestamibi scintigraphy has a 

 sensitivity of less than 37 % for detection of mul-
tisite disease [ 41 ,  42 ].  

8.3.6.3     Cystic Adenoma 
 Cystic adenomas are thought to represent central 
necrosis or cystic degeneration of adenomas and 
account for less than 9 % of all parathyroid adeno-
mas [ 43 ]. Contrary to the asymptomatic true para-
thyroid cysts which are due to embryological 
vestiges of the third and fourth pharyngeal 
pouches or enlargement of microcysts within the 
parathyroid as a manifestation of colloid retention 
[ 43 ,  44 ], cystic adenomas are frequently associ-
ated with hyperparathyroidism. Cystic adenoma 
may not be visualized on sestamibi studies.  

8.3.6.4     Lipoadenoma 
 Parathyroid lipoadenoma, composed of hyper-
functioning parathyroid tissue and fatty stroma 
[ 45 ], is a rare entity that occurs in patients beyond 
the fourth decade of life [ 45 ]. Compared to 
typical adenoma, there is no gender predilection 
and no difference in terms of symptoms. On 
Tc-99m-sestamibi studies, the target-to-back-
ground signal ratio of lipoadenoma may be low 
due to the high adipose content of the tumor [ 45 ].  

8.3.6.5     Oncocytic (Oxyphil) Adenoma 
 In contrast to the typical adenoma that is com-
posed of chief cells or mixture of chief, oxyphil, 
or transitional oxyphil cells, oncocytic adenoma 
is formed of exclusively oxyphil cells or of more 
than 80 % of such cells. It is rare subtypes with an 
average size double that of chief cell adenoma. 
Because of the low rate of PTH production from 
oxyphil cells, oxyphil adenoma should be rela-
tively large to overcome the ineffi cient hormone 
production and result in hyperparathyroidism 
[ 46 ]. It is found in the sixth or seventh decades 
and like the typical adenomas is more common in 
women [ 47 ]. Oxyphil adenoma has been reported 
to cause severe clinical and biochemical manifes-
tations similar to that of parathyroid carcinoma.   

8.3.7     Parathyroid Hyperplasia 

 Parathyroid hyperplasia affects the glands to vary-
ing degrees, and commonly one or two glands 
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are of normal size even though microscopic signs 
of endocrine hyperfunction, described later, are 
present, at least focally, in all glands. Chief cell 
hyperplasia is the most common and is com-
posed of chief cells or a mixture of chief cells 
and to a lesser extent oxyphil cells. The cells 
are arranged diffusely, in nodules, or there is a 
mixture of both patterns. Water-clear cell hyper-
plasia is rare and is characterized by substantial 
enlargement of most parathyroid glands. The 
large water-clear cells are usually arranged in a 
diffuse pattern [ 48 ]. 

 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  8.3 ). In the tertiary form, the glands are 
more often markedly and asymmetrically 
enlarged with frequent prominent parenchymal 
cell nodules.

   Pathologically, it is diffi cult 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 [ 49 ]. 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 [ 50 ].  

8.3.8     Parathyroid Carcinoma 

 Parathyroid carcinoma is a rare cause of hyper-
parathyroidism with a low incidence that does 
not warrant unique classifi cation and manage-
ment guidelines [ 51 ]. It 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, fi rm, and 
uncapsulated masses that often adhere to the sur-
rounding soft tissue structures [ 52 ]. The involved 
glands usually weigh more than 1 g, and the diag-
nosis is restricted histologically to the lesions 
displaying infi ltrative growth into the vessel or 
capsule, since pleomorphism can be seen in many 
adenomas. Patients with parathyroid carcinoma 
usually present with severe or atypical clinical 
picture. The PTH and calcium levels are usually 
signifi cantly high. The bone and kidney are usu-
ally more frequently affected and with greater 
severity [ 46 ].  

8.3.9     Hyperfunctioning Parathyroid 
Transplant 

 Autotransplantation of parathyroid tissue is 
 performed in cases of recurrent, persistent type 1 
MEN and symptomatic secondary hyperparathy-
roidism [ 19 ] in association with total parathyroid-
ectomy. After total parathyroidectomy, the most 
normal glands, usually one or two, are used for 
the graft. They are diced into small fragments 
approximately 1–2× 1 × 1 mm with each fragment 
placed in an individual bed beneath the mus-
cle sheath and between muscle fi bers [ 19 ,  53 ]. 

   Table 8.3    Classifi cation 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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The graft consists of a cluster of 10–25 parathy-
roid fragments. The remainder of the healthy 
gland (or glands) is cryopreserved for potential 
retransplantation [ 19 ,  40 ,  53 ]. Graft may be placed 
into the brachioradial muscle or fl exor muscle 
group of the forearm or into the sternocleidomas-
toid muscle. A graft site in the forearm is pre-
ferred for accessibility for laboratory workup of 
parathyroid hormone levels and surgical re-explo-
ration in cases of recurrent hyperparathyroidism 
[ 18 ]. The graft may be functional in 8–9 days 
after surgery [ 39 ]. 

 After autotransplantation, recurrent hyper-
parathyroidism occurs in approximately 14 % of 
cases [ 54 ]. The hyperfunctioning transplant is a 
possible cause as is residual or ectopic diseased 
parathyroid tissue. A hyperfunctioning graft in 
the forearm is easily demonstrated with Doppler 
US or Tc-99m sestamibi scintigraphy [ 19 ,  55 ].   

8.4     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. The following 
abnormalities may occur (Table  8.4 ):
•     Genitourinary such as nephrolithiasis and 

nephrocalcinosis.  
•   Gastrointestinal including nausea, vomiting, 

constipation, peptic ulcers, heartburn (hyper-
calcemia causes increased gastric acidity), and 
pancreatitis.  

•   Musculoskeletal abnormalities include myop-
athy, muscle weakness, osteoporosis, and oth-
ers. In all forms of hyperparathyroidism, there 
is increased bone resorption associated with 
increased osteoblastic activity, leading to 
increased uptake of bone-seeking radiophar-
maceuticals. See also Chap.   6.      

•   Neuropsychiatric abnormalities as memory 
loss, anxiety, sleeplessness, confusion, lassi-
tude, coma, depression, impaired thinking, 
and psychosis.  

•   Others such as fatigue, hypertension, pruritus, 
metastatic calcifi cation including cardiocalci-
nosis, and band keratopathy (present in the 
medial and lateral aspects of the cornea).    
 The fi ve disease-specifi c symptoms are mus-

cle weakness, polydipsia, dry skin and itching, 

   Table 8.4    Consequences of hyperparathyroidism   

 Type of 
abnormality  Presentation 

 Genitourinary  Nephrolithiasis 
 Nephrocalcinosis 
 Renal insuffi ciency 
 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 
 Sleeplessness 
 Confusion 
 Lassitude, coma 
 Depression 
 Impaired thinking 
 Psychosis 

 Others  Fatigue 
 Hypertension 
 Pruritus 
 Metastatic calcifi cation including 
cardiocalcinosis 
 Band keratopathy (present in the 
medial and lateral aspects of the 
cornea) 
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memory loss, and anxiety. Overall, the symp-
toms, particularly the disease-specifi c ones, show 
signifi cant decline after successful parathyroid-
ectomy [ 56 ].  

8.5     Management of 
Hyperparathyroidism 

 The routine blood chemistry screening has been 
behind the recent increase in the recognition of 
hyperparathyroidism. Surgery is the major and 
only current curative modality in treating primary 
hyperparathyroidism. It is recommended for all 
patients who are operative candidates and for 
many asymptomatic patients. Parathyroidectomy 
is successful in more than 90 % of cases in expe-
rienced hands, based on intraoperative localiza-
tion by the surgeon [ 13 ]. 

 Identifying the glands can be diffi cult, how-
ever, particularly with removal of multiple glands 
and with reoperation [ 57 ]. Three important fac-
tors contribute to successful surgical explora-
tions: correct preoperative diagnosis, accurate 
preoperative localization of abnormal glands, and 
meticulous surgical technique [ 2 ]. 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 
[ 57 ]. Surgical re-exploration with violated anat-
omy is even more diffi cult 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 exploration. Since surgeons’ 
experience with neck exploration is dwindling 
due to the reduced incidence of thyroid surgery 
with the expanding use of iodine-131 for therapy 
of hyperthyroidism, preoperative localization of 
parathyroid lesions is even more important than 
before. 

 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 [ 58 ]. Compared with bilateral neck 

exploration, it has a shorter hospital stay, less 
morbidity, and better cosmetic result [ 59 ]. The 
development of this minimally invasive surgical 
technique has placed an even greater emphasis on 
preoperative localization [ 60 ]. The forms that 
preoperative localization can take include com-
puted tomography (CT), ultrasound, magnetic 
resonance imaging (MRI), arteriography, selec-
tive venous sampling,  Tc-99m  sestamibi (MIBI) 
scintigraphy,  18 F-fl uorodeoxyglucose positron 
emission tomography (FDG PET), and 
 11 C-methionine PET.  

8.6     Preoperative Localization 

 Surgical removal of the abnormal gland(s) 
remains the only cure for hyperparathyroidism. 
The classical surgical procedure is bilateral neck 
exploration with identifying and removing the 
abnormal gland(s). The success rate of this pro-
cedure is more than 90 % in experienced hands. 
Therefore, preoperative parathyroid localization 
was not an essential part of management except 
in cases of recurrent hyperparathyroidism or fail-
ure of the initial surgery. More recently, mini-
mally invasive parathyroidectomy is becoming 
the procedure of choice for single parathyroid 
adenoma, which accounts for more than 80 % of 
cases of hyperparathyroidism. It has many advan-
tages over the classical procedure including 
shorter hospital stay, less side effects, and better 
cosmetic results. This new surgical procedure has 
placed greater emphasis on the preoperative 
localization of abnormal gland(s). 

 Several imaging and non-imaging methods 
have been used to localize the abnormal glands 
and guide the surgeon. Invasive techniques 
include arteriography and selective venous sam-
pling via neck vein catheterization. Although 
these techniques are reliable, they are expensive, 
time-consuming, and technically diffi cult and 
involve some risks. Noninvasive techniques are 
many, indicating that none of them is ideal. 
In general, older noninvasive techniques such as 
barium swallow, thermography, ultrasound, com-
puterized tomography, and scintigraphy using 
selenomethionine-75 have not been  considered 
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very useful for preoperative localization. The 
morphologic imaging modalities, such as CT, 
ultrasound, and MRI, have the disadvantage that 
they cannot distinguish functional parathyroid 
tissue from other types of tissue. However, they 
provide excellent image resolution and contrast. 
Overall, their accuracy is inadequate and varies. 
Ultrasound, for example, is operator dependent 
and has a wide range of accuracy, with a range of 
sensitivity between 36 and 76 %. Computed 
tomography has a similar range, between 46 and 
76 %. More recently, MRI has also been used 
with a reported sensitivity of 50–78 % [ 61 – 65 ]. 

8.6.1     Scintigraphic Imaging 
Localization 

 Parathyroid scintigraphy is not a screening study 
to be used in each patient with hypercalcemia of 
unknown etiology. It should be reserved for 
localization in patients with biochemically 
proven hyperparathyroidism. 

 Ideally, a radiotracer that is specifi c to the 
parathyroid glands alone should be used for 
localization. Unfortunately, such a tracer does 
not exist at the present time. Therefore, a number 
of tracers have been used in different methods 
with each one of them having its own limitations 
and advantages over the other ones. 

8.6.1.1     Dual Isotope Method 
 This method is also known as the subtraction 
method and it was the fi rst method to gain 
widespread acceptance for parathyroid imag-
ing on the early 1980s. Multiple isotopes have 
been used to perform this method including 
thallium-201 (Tl-  201), Tc-99m pertechnetate, 
and iodine-123 (123I). Tl-201 accumulates in 
both the thyroid and parathyroid tissues. 
Therefore, thyroid activity should be subtracted 
from the image to allow for the identifi cation of 
the parathyroid activity. This can be achieved 
by the use of another isotope that accumulates 
only in the thyroid tissue like Tc-99m pertech-
netate or 123I. The thyroid image is then digi-
tally subtracted from the thallium image. The 
resulting image is known as the subtraction 

image which represents activity within the 
abnormal parathyroid tissue. 

 There are many disadvantages of this method. 
The physical characteristics of Tl-201 are subop-
timal resulting in a poor image quality. These 
include the photon energy of 69–80 KeV which is 
not ideal for the gamma camera. As well, the 
high radiation dose from this tracer limits the 
amount of dose administered. Digital subtraction 
of the images may be diffi cult due to technical 
problems like patient motion in between the two 
images. The reported sensitivity of this method 
for primary parathyroid adenoma varies from 42 
to 96 % [ 66 ].  

8.6.1.2     Dual-Phase Method 
 This method is based on the differential washout 
rate of sestamibi from the thyroid and the abnor-
mal parathyroid glands. Taillefer and coworkers 
[ 67 ] introduced the concept of this single isotope, 
dual-phase method. It was observed that Tc-99m 
sestamibi washes out more rapidly from the thy-
roid than from the abnormal parathyroid tissue. 
It is assumed that the retention of the tracer in the 
abnormal parathyroid tissue is related to the pres-
ence of mitochondria-rich oxyphil cells. 

 This method is easy to perform as it requires a 
single injection of 370–740 MBq (10–20 mCi) of 
Tc-99m sestamibi. Early images are acquired at 
10–20 min followed by delayed images at 2–3 h 
after tracer injection. These images can be 
acquired by parallel hole or pinhole collimators 
(Figs.  8.2 ,  8.3 ,  8.4 ,  8.5  and  8.6 ). Pinhole collima-
tor is preferred as it improves the sensitivity for 
smaller lesions and provides the highest resolu-
tion among other collimators in addition to mag-
nifi cation of small structures [ 13 ]. Additional 
image of the chest should be also obtained as 
parathyroid adenoma can be found ectopically in 
the mediastinal area.

     Some institutions combine the subtraction 
method with the dual-phase sestamibi image by 
acquiring additional thyroid image using either 
123I or Tc-99m pertechnetate. This technique is 
especially helpful in patients with thyroid 
abnormalities as some thyroid lesions also 
accumulate and retain sestamibi in both early 
and delayed phases resulting in false-positive 
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results [ 13 ]. When using 123I, the thyroid image 
should be acquired fi rst with correction of 
crosstalk between the 123I and Tc-99m win-
dows. With the use of Tc-99m pertechnetate, 
the thyroid image can be acquired either before 
or, preferably, after the sestamibi images [ 66 ]. 
The thyroid image is then digitally subtracted 
from the sestamibi images and the residual 
activity will represent parathyroid tissue. Some 
institutions use the dynamic pinhole acquisition 
at 2 min/frame followed by Tc-99m pertechne-
tate injection. This protocol is particularly 
helpful in parathyroid lesions that show fast 
sestamibi clearance. 

 Single-photon emission computed tomogra-
phy (SPECT) imaging has been used routinely or 
optionally. The study is usually performed by 
acquiring 64 frames (32 × 2 in case of using dual 
head camera), 30 s each using a matrix of 
128 × 128 with a circular orbit of 360°. The fi eld 
of view encompasses the neck and thorax [ 39 ]. 

 SPECT improves the localization of abnor-
mal lesions making it easier to differentiate 

 thyroid lesion from parathyroid lesion, which is 
usually located more posteriorly [ 13 ,  68 ]. 
SPECT is also useful in the localization of ecto-
pic lesions. SPECT can also be combined with 
CT (SPECT/CT) to enhance the anatomical 
details of the lesion in relation to other struc-
tures such as the spine, sternum, clavicle, and 
heart. SPECT/CT has proven to be most accu-
rate in localizing parathyroid glands and is cur-
rently the recommended procedure. It has 
proven to be a useful tool for preoperative 
assessment, not only for ectopic glands but also 
for patients with previous neck surgery. It also 
increases reporting confi dence for physicians 
[ 69 ,  70 ] and for performing a scan- directed min-
imally invasive surgery. 

 Tetrofosmin (Myoview) is a lipophilic cat-
ionic diphosphine that can be used to image the 
parathyroid gland. It has little washout from 
the thyroid gland, and, therefore, dual-phase 
method is less reliable with this tracer [ 66 ]. It 
has been also used in a 2-day protocol using 
Tc-99m pertechnetate imaging of  thyroid and 

SS notch marker Early Delayed

  Fig. 8.2    Tc-99m Sestamibi study acquired 15 minutes 
and 90 minutes post injection using pinhole collimator. 
The delayed image shows differential clearance of activ-

ity from the thyroid gland with retained and intense 
uptake by a large parathyroid adenoma ( arrow )       

SS notch marker Early Delayed 

TC99m MIBI 

  Fig. 8.3    Hyperplastic parathyroid glands ( arrows ) with persistent uptake on delayed  Tc-99m  sestamibi pinhole image       
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single acquisition of Tc-99m Myoview next 
day. Comparing the activity of both scans 
(Fig.  8.5 ) obtained 15 min postinjection facili-
tates detecting focal activity of parathyroid 
adenomas and hyperplastic glands with high 
accuracy. Despite the comparable results to 
sestamibi, tetrofosmin never gained wide-
spread use for parathyroid localization.

8.6.1.3        Positron Emission 
Tomography (PET)  

 Recently, PET has been investigated for localiz-
ing parathyroid glands. Initial studies using FDG 
showed confl icting results in imaging the para-
thyroid glands in primary hyperparathyroidism. 
11C-methionine PET was suggested to be more 
promising than FDG in  parathyroid  localization. 

a

d

b

c

  Fig. 8.4    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 

 pinhole 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 pertechne-
tate thyroid scan ( d ) shows a solitary cold nodule corre-
sponding to the fi nding on sestamibi study and was proved 
to be parathyroid carcinoma       
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The exact mechanism of 11C-methionine accumu-
lation in parathyroid glands is not clear. Sundin 
et al. [ 71 ] studied 32 patients with primary hyper-
parathyroidism and reported a sensitivity of 85 % 
for proper localization with 11C-methionine. Cook 
et al. [ 72 ] in 8 patients with persistent or recur-
rent hyperparathyroidism after surgery found 
that  11 C-methionine PET showed all the abnor-
mal parathyroid glands correctly. More recently, 
Beggs reported a sensitivity of 83 %, a specifi c-
ity of 100 %, and an accuracy of 88 % in suc-
cessfully locating parathyroid adenomas among 
51 patients presenting with hyperparathyroidism 
and in whom other imaging techniques including 
Tc-99m MIBI had failed to defi nitely identify the 
site of adenoma. Most false-negatives were due to 
adenomas in the lower mediastinum that was out-
side the area of scanning [ 73 ]. The largest study to 
date on the use of 11C-methionine for parathyroid 
imaging was conducted by Weber and coworkers 
[ 74 ]. They prospectively investigated the role of 
11C-methionine in the preoperative localization 
of parathyroid adenoma in 102 patients. They 
reported a sensitivity of 91 % and PPV of 93 % 
despite the high number of concomitant thyroid 
nodules (34 %) in the study [ 74 ]. F-18 choline, 

a choline analog that is used in prostate cancer 
imaging, may also have a promising role in imag-
ing parathyroid adenoma. Few case reports sug-
gested a possible role of this tracer in localizing 
ectopic parathyroid lesions [ 75 ].   

8.6.2     Factors Affecting Scan 
Sensitivity 

8.6.2.1     Tracer and Technique Used 
 Several nuclear medicine tracers and techniques 
have been used including thallium-201,  Tc-99m  
pertechnetate,  99m Tc tetrofosmin (Myoview), 
 Tc-99m  sestamibi, and PET. 

  Tc-99m  sestamibi is a cationic and lipophilic 
isonitrile derivative that was shown to be taken 
up by abnormal parathyroid cells. Although the 
exact mechanism is not fully understood, the 
mitochondria have been implicated in its uptake 
by parathyroid cells [ 76 ]. P-glycoprotein, a mem-
brane transport protein encoded for by the multi-
drug resistance (MDR) gene, may also be 
additionally responsible for uptake, since it trans-
ports other products with structural similarity to 
 Tc-99m  sestamibi [ 77 ]. The uptake and retention 

a b

  Fig. 8.5    Dual-tracer study using Tc-99m pertechnetate 
for thyroid scan ( a ) fl owed the next day by Tc-99m 
Myoview ( b ). Comparing the two images clearly shows 
right-sided localized accumulation of Myoview with no 

matching fi nding on pertechnetate scan. A large parathy-
roid adenoma was found. This method was reported in a 
preliminary experience to be easy for interpretation and 
has high accuracy (Courtesy of Dr Sahar As-Sobaie)       
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of  Tc-99m  sestamibi by the abnormal neoplastic 
and hyperplastic lesions are probably due to the 
alterations in the biology of the abnormal para-
thyroid cells, as noted earlier, and the mitochon-
dria are probably the site of retention. 

 Scintigraphy using  Tc-99m  sestamibi is cur-
rently the preferred nuclear medicine method for 
parathyroid imaging. It is the most sensitive and 
cost-effective modality for preoperative localiza-
tion of hyperfunctioning parathyroid tissue [ 4 – 6 ]. 
Due to a wide variation in scintigraphic tech-
niques [ 7 ,  14 ], the reported sensitivities of MIBI 
scan range from 80 to 100 %. 

 The use of SPECT may affect the sensitivity 
of the scan. The additive sensitivity of SPECT is 
controversial. Studies using SPECT showed sen-
sitivities of 53, 87, 81, 57, and 73 %, respectively 
[ 78 – 82 ]. It is diffi cult to know why reported sen-
sitivities differ so much. The low sensitivity    
reported by De Feo et al. [ 81 ] may be secondary 
to the use of low-dose sestamibi (240 MBq 
(6.5 mCi) compared with 370–740 MBq (10–
20 mCi) for other studies), although Neumann 
et al. [ 78 ] used 740 MBq (20 mCi). Cheung and 
coworkers published a recent meta-analysis of 
the preoperative localization techniques for pri-
mary hyperparathyroidism and reported a pooled 
sensitivity for sestamibi SPECT of 78.9 % (range 
64–90.6 %) and a PPV of 90.7 % (range 
83.5–96 %). 

 The timing of imaging after sestamibi injec-
tion may also affect sensitivity, but there is no 
consensus in the literature about optimal timing. 
Neumann et al. [ 78 ] imaged at 10 min, Bonjer 
et al. [ 80 ] at 30 min, De Feo et al. [ 81 ] at 10 and 
90 min, Kliegler and O’Mara [ 84 ] at 30 min and 
2 h, Mazzeo et al. [ 85 ] at 30 min and 3 h, and 
Slater at 2 h [ 82 ]. 

 Subtraction method using 201Tl and Tc-99m 
pertechnetate has been used since early 1980s. 
Thallium-201 is a cationic analog of potassium 
that is also used as a myocardial perfusion agent, 
and its uptake is dependent on the active transport 
of Na/K ATPase pump. 

 Techniques that are based on subtraction 
such as  201 Tl/ Tc-99m -pertechnetate are not cur-
rently preferred, due to the technical problems 
associated with subtraction and misregistration 

[ 86 ,  87 ]. Although the activity per gram of tis-
sue in thyroid and parathyroid gland is higher 
with  201 Tl than with     Tc-99m  sestamibi, the 
slower washout of sestamibi from parathyroid 
lesions results in a higher target-to-nontarget 
ratio than with  201 Tl [ 76 ]. Since the activity in 
the lesion compared with that in the surrounding 
tissue affects image contrast, one would expect 
to distinguish parathyroid lesion from thyroid 
tissue (Fig.  8.6 ) better with sestamibi [ 84 ] and 
allow for smaller gland localization. In our 
experience, switching from  201 Tl to  Tc-99m  ses-
tamibi resulted in a signifi cant improvement of 
the accuracy in localizing parathyroid lesions 
preoperatively.

   A recent study found that parathyroid sesta-
mibi SPECT scan interpretation by nuclear medi-
cine physician with an endocrine surgeon resulted 
in improved accuracy of gland localization and 
lateralization compared to a nuclear medicine 
physician reading alone. This improvement may 
be due to increased awareness of clinical data and 
head and neck anatomy [ 82 ].  

8.6.2.2     Lesion Characteristics 
 The size of the lesions is an important factor in 
the visualization of parathyroid adenoma 
because it relates to the system resolution and 
the amount of tracer uptake. However, it cannot 
alone explain the uptake and retention. This 
rationale is strengthened by the observation that 
some large adenomas are occasionally not visu-
alized while small ectopic implants are seen by 
the technique [ 76 ]. In a recent study, Takebayashi 
et al. found the size and the cellularity of the 
abnormal gland to correlate with its sestamibi 
uptake [ 88 ]. The authors found a signifi cantly 
higher count ratio in high cellular glands than in 
low cellular ones on either early or delayed 
images. Bénard et al. [ 89 ] reported a large ade-
noma which was missed on MIBI scan seem-
ingly due to a rapid washout along with the 
presence of few oxyphil cells. One study which 
correlated thallium-201 scintigraphy with ultra-
structural alterations in hyperfunctioning para-
thyroid lesions has suggested that the ability of 
this tracer to localize the abnormal glands might 
depend upon the amount of mitochondria- rich 
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oxyphil cells [ 90 ]. Generally speaking, the 
uptake mechanisms of thallium-201 and Tc-99m 
sestamibi differ signifi cantly. That of thallium 
depends predominantly on Na +  and K +  ATPase 
pump, while Tc-99m sestamibi uptake has been 
related to the mitochondria. Accordingly, the 
fi ndings regarding the correlation of thallium 
uptake by parathyroid adenomas and ultrastruc-
tural changes may not be applicable to Tc-99m 
sestamibi. 

 Carpentier et al. [ 91 ] reported positive cor-
relation between sestamibi uptake on delayed 
images with oxyphil cells in parathyroid adeno-
mas. Other studies did not fi nd a correlation 
between the degree of hypercellularity of oxy-
phil cell and sestamibi uptake [ 83 ] or a relation 
between the percentage of chief and oxyphil 
cells and  scintigraphic fi ndings [ 92 ]. 
Parathyroid lesions detected by  201 Tl scintigra-
phy have been shown to have signifi cantly 
higher numbers of mitochondria- rich oxyphil 
cells compared with nonvisualized lesions, 
indicating further that the uptake depends in 
part on the metabolic activity of the lesion [ 90 ]. 
Recently, our group found that the amount of 
mitochondria (Fig.  8.7 ) in adenoma cells cor-
relates with the degree of uptake [ 93 ]. A recent 
retrospective study done by Bleier and cowork-

ers in 63 patients concluded that sestamibi 
uptake and sensitivity are augmented in oxyphil 
cell-dominant adenoma in a statistically signifi -
cant manner [ 94 ].

   Signifi cant P-glycoprotein or multidrug 
resistance- related protein expression was 
reported to limit the sensitivity of Tc-99m 
sestamibi imaging in localizing parathyroid 
adenomas [ 95 ]. Sun and coworkers found 
that some parathyroid adenomas and normal 
parathyroid glands express this glycoprotein. 
They reported that parathyroid adenomas that 
express this glycoprotein fail to accumulate 
sestamibi. 

 Sestamibi has a lower sensitivity in detect-
ing parathyroid lesions in multigland disease 
than in single-gland disease. Nichols and 
coworkers investigated the data of 651 patients 
and concluded that the sensitivity of sestamibi 
decreases progressively as the number of 
lesions increases [ 96 ]. Possible explanation of 
this inverse relationship could be due to the 
smaller size of lesions in multigland disease. 
Another possible explanation could be attrib-
uted to the type of parathyroid lesion as hyper-
plasia is usually the cause in multigland disease 
while adenoma is the usual cause in single-
gland disease.  

Early Delayed

  Fig. 8.6    Tc-99m sestamibi study acquired 15 and 90 min 
postinjection using parallel hole. The delayed image 
shows differential clearance of activity from the thyroid 

gland with retained and intense uptake by a large parathy-
roid adenoma of the same patient of Fig.  8.7        
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8.6.2.3     Atypical Washout 
of Radiotracer 

 As outlined, the diagnosis of parathyroid lesion 
with Tc-99m sestamibi scintigraphy is based on 
the differential washout rate between the thyroid 
and diseased parathyroids. Atypical radiotracer 
clearance whether fast parathyroid or delayed 
thyroid gland washout will limit the effi cacy of 
detection of parathyroid disease with dual-phase 
Tc-99m sestamibi scintigraphy as well as with 
using the intraoperative probe. This variable 
behavior of abnormal parathyroid glands is due 
to the varying ultrastructure of the cells, the 
 various combinations of cell types, and their bio-
logical activity. 

 Early parathyroid washout is frequently 
seen in parathyroid hyperplasia; the detection 
rate for this entity is approximately half of that 
for parathyroid adenoma [ 55 ]. Scintigraphy 
performs worse in cases of multisite hyperpla-
sia, in which only the most prominent radio-
tracer-avid gland is visualized. In addition, 
rapid washout from a parathyroid adenoma has 
been attributed, without unanimous confi rma-
tion, to the histological composition of the ade-
noma [ 27 ,  55 ]. The expression of P-glycoprotein 
or multidrug resistance-related protein may 
also increase the effl ux of the tracer from the 
cells [ 95 ]. 

 Modifying the imaging protocol with addi-
tional interval scanning between the standard 
15-min and 2–4-h acquisitions may be helpful in 
demonstrating rapid washout. In addition, another 
useful protocol is the use of the dynamic acquisi-
tion followed by planar static images of the neck 
and mediastinum every 20 min until the complete 
or signifi cant clearance of the radiotracer from 
the thyroid gland. 

 Delayed radiotracer washout from the thyroid 
parenchyma makes dual-phase scintigraphic 
assessment diffi cult. It was observed that the 
delay varies and signifi cant washout may not 
occur even several hours after injection of the 
radiotracer. This retention of Tc-99m sestamibi 
occurs in thyroid diseases such as multinodular 
goiter, Hashimoto thyroiditis, thyroid adenoma, 
and thyroid carcinoma owing to the hypermeta-
bolic characteristics of these diseases [ 41 ,  42 ]. 
Extended delayed-phase imaging of Tc-99m ses-
tamibi along with in-depth clinical examination 
may be useful in the diagnosis of concomitant 
thyroid and parathyroid disease [ 97 ]. SPECT 
(Fig.  8.8 ) or SPECT/CT (Fig.  8.9 ) is useful in this 
case as it helps to  differentiate thyroid from para-
thyroid lesion. The parathyroid glands are located 
at the posterior aspect of the thyroid, and there-
fore, parathyroid lesions will be typically located 
more posteriorly on the SPECT images (Fig.  8.8 ). 

  Fig. 8.7    Electron microscopic photograph of a parathyroid adenoma showing the cells packed with mitochondria       
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Another helpful technique in this situation is the 
use of     123 I (Fig.  8.10 ) or Tc-99m pertechnetate 
(Fig.  8.4 ) thyroid imaging for comparison or sub-
traction from the sestamibi images. Anatomical 
evaluation of the thyroid gland with ultrasound is 
also helpful for comparison with the scan 
fi ndings.

    Rapid washout and small size of parathyroid 
glands would cause false-negative localization 
studies. Other causes of false-negative results 
include parathyroid hyperplasia, multigland dis-
ease, and few oxyphil cells in the lesion [ 13 ]. 
Thyroid abnormalities, like thyroid nodules and 
multinodular goiter, are common cause of false- 

Earlya

c

b Delayed

  Fig. 8.8    ( a – c ) Tc-99m sestamibi parathyroid localiza-
tion study showing retained activity in a parathyroid ade-
noma ( arrow ) in the left lower pole. SPECT study was 

obtained. Representative coronal images illustrate the 
abnormal uptake at the adenoma seen on planar images 
( arrowheads )       
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positive results. Several pathologies can also 
cause false-positive studies (Table  8.5 ). Activated 
brown fat, due to exposure to cold temperature, 
can result in increased sestamibi uptake at the 
supraclavicular area (Fig.  8.11 ). This can result 
in false-positive results and may also decrease 
the scan sensitivity for ectopic lesions.

8.6.3          Intraoperative Probe 
Localization 

 Localization using intraoperative gamma probe 
has recently gained popularity [ 94 ]. On the day 

Anterior

a b c

Early Tc99M MIBI Delay Tc99M MIBI 1-123

  Fig. 8.10    Tc-99m sestamibi study shows increased 
uptake in the left lower pole on early image ( a ) with reten-
tion of activity on delayed image ( b ). 123I 4-h study ( c ) 

was acquired on the same day following the sestamibi 
study that illustrates the diffi culty in differentiating para-
thyroid pathology from thyroid abnormalities       

   Table 8.5    Causes of false-positive Tc-99m sestamibi 
[ 41 ,  55 ,  98 ,  99 ]   

 Lymph nodes 
  Supraclavicular 
  Axillary 
 Hyperplastic thymus a  
 Sarcoidosis b  
 Carcinoid tumor 
 Malignant tumors 
 Brown tumors 
 Brown fat 

   a Confused with an intrathymic or mediastinal parathyroid 
adenoma 
  b Thorax  

  Fig. 8.9    Tc-99m MIBI SPECT/CT study showing parathyroid adenoma in the left inferior pole location ( arrow )       
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of surgery, the patients receive the same dose of 
MIBI as for imaging 2 h before the surgery. 
Prior to skin incision, counts over four 
 quadrants in the neck as well as over the medi-
astinum are obtained [ 100 ]. In addition, the 
probe can be also used to confi rm the removal 
of the parathyroid adenoma at the end of the 
surgery. This is achieved by measuring the 
counts over the surgical bed and the removed 
adenoma [ 66 ].

8.7         Summary 

 To understand the various scintigraphic patterns 
of parathyroid disease, it is important to under-
stand parathyroid embryology and anatomy. 
Although experienced neck surgeons can achieve 
high success rate of parathyroidectomy after 
bilateral neck exploration without prior localiz-
ing study [ 2 ,  3 ], a preoperative localization study 
would decrease operative time and morbidity and 
is frequently needed for the minimally invasive 
surgical approach that is currently practiced with 
increasing frequency. The most commonly used 
and most cost-effective modality for preoperative 
localization is Tc-99m sestamibi and alterna-

tively Tc-99m Myoview. The technique is being 
used before the initial surgery but is most clearly 
indicated for the preoperative evaluation of recur-
rent or persistent hyperparathyroidism. SPECT 
and particularly pinhole acquisition are valuable 
to improve the accuracy of localization. 
Intraoperative gamma probe localization is 
increasingly used also along with the minimally 
invasive surgical approach. The spectrum of 
parathyroid disease demonstrated with Tc-99m 
sestamibi scintigraphy includes eutopic disease, 
ectopic disease, solitary adenoma, double or mul-
tiple adenomas, cystic adenoma, lipoadenoma, 
multiple endocrine neoplasia, hyperfunctioning 
parathyroid transplant, and others. The diagnosis 
of parathyroid tumors with Tc-99m sestamibi 
scintigraphy is based on the difference in clear-
ance rates between the thyroid and diseased para-
thyroid glands, and any condition that interferes 
with radiotracer clearance will limit the effective-
ness of the study. Atypical washout is one of the 
known entities that can limit the accuracy of 
these studies, and it is probably related to the 
mitochondrial contents of the cells of the abnor-
mal glands. Adding thyroid scan and ultrasonog-
raphy improves results but is not cost-effective to 
be a routine practice. 

Tc99m MIBI

Early Delayed

a b

  Fig. 8.11    Early ( a ) and delayed ( b ) images were acquired 
following the administration of Tc-99m sestamibi. The 
early images demonstrate asymmetrical uptake within the 
thyroid gland with more uptake at the right upper pole. 
Faint uptake is noted at the supraclavicular areas bilater-

ally. The delayed image demonstrates increased uptake at 
the supraclavicular areas more than the early images in 
keeping with brown fat. The presence of sestamibi avid 
brown fat makes it diffi cult to evaluate the study and 
results in false-positive results for ectopic lesions       
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 Subtraction Tc-99m sestamibi, iodine-123 
scintigraphy, or more recently PET may be help-
ful in diffi cult cases.     
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9.1            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, and the inner medulla about 
10 %. The cortex is rich with vessels and receives 
its main blood supply from branches of the infe-
rior phrenic artery, the renal arteries, and the 
aorta. These small arteries form an arterial plexus 
beneath the capsule and then enter a sinusoid sys-
tem that penetrates the cortex and medulla, drain-
ing into a single central vein in each gland [ 1 ]. 

 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 
more lipid and thus are termed clear cells. The 
zona reticularis produces weak androgens 
(Table  9.1 ). 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 
hormones. Therefore, a radioactive cholesterol is 
useful in evaluating the functional status of adre-
nocortical lesions. The adrenal medulla is com-
posed histologically of chromaffi n cells, which 
are large ovoid columnar cells arranged in clumps 
or cords around blood vessels and surrounded by 
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capillaries and sinusoids. They have large nuclei 
and a well-developed Golgi apparatus; they have 
a large number of granules containing catechol-
amines. The adrenal medulla also contains some 
sympathetic ganglia. The cells of adrenal medulla 
are innervated by preganglionic sympathetic 
fi bers. Most of the blood supply to the hormon-
ally active cells of the medulla is derived from a 
portal vascular system arising from the capillar-
ies in the cortex. There is also a network of lym-
phatics that drain into a plexus around the central 
vein [ 2 ]. The adrenals provide adjustment of 
heart performance and vascular tone. Epinephrine 
is found essentially only in the adrenal medulla, 
constituting greater than 80 % of its output. 
Norepinephrine is synthesized by adrenergic 
neurons and cells of the adrenal medulla; there-
fore, a radioactive norepinephrine analog is used 
to evaluate adrenomedullary lesions.  

9.2     Adrenal Cortex 

9.2.1     Pathophysiology 

9.2.1.1     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 familial hyperaldosteronism have 
recently been identifi ed: Type I is glucocorticoid 
suppressible and associated with bilateral hyper-
plasia, and type II is associated with adrenocorti-
cal adenoma. Adrenal carcinoma is a very rare 
cause of this syndrome. The patients typically 
come to medical attention because of clinical 
signs of  hypokalemia or detection of previously 
unsuspected hypertension during the course of a 
routine physical 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 pro-
vided by CT or MRI in localizing adenomas is 
both accurate and practical and they are the ini-
tial approach of choice. Some smaller adenomas 
which are not clearly visualized by CT can be 
depicted by scintigraphy.  

9.2.1.2     Cushing’s Syndrome 
 The most common (60–70 % of cases) pathologi-
cal cause of this syndrome is the stimulation of 
the zona fasciculata by excess ACTH from the 

   Table 9.1    Adrenal    hormones and their effects   

 Structure  Secreted hormone  Functions 

  Adrenal cortex  
 Zona glomerulosa  Mineralocorticoids, especially aldosterone  Conserves blood volume through reabsorption 

of sodium (and water) from distal tubules 
 Zona fasciculata  Glucocorticoids, especially cortisol  Increases blood glucose level, stimulates 

protein catabolism and lipolysis, and increases 
resistance to stress 

 Zona reticularis  Androgens, especially 
dehydroepiandrosterone 

 Sustains normal pubic and axillary hair and 
stimulates RBC production, protein synthesis, 
and growth 

  Adrenal medulla  
 Epinephrine  More β-receptor effects, e.g., relaxation of 

musculature of the gastrointestinal tract, 
uterus, bronchi, and urinary bladder 

 Norepinephrine  More α-receptor effects, e.g., vasoconstriction 
and contraction of the sphincters and uterus 
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pituitary gland (Cushing’s disease) or, less com-
monly, the ectopic production of ACTH (as in 
small cell lung cancer and neural crest tumors) or 
corticotropin-releasing factor (CRF) (as in bron-
chial 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 
hyperfunctioning 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 
disease 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.  

9.2.1.3     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 [ 3 ].   

9.2.2     Scintigraphy 

9.2.2.1     Radiolabeled Cholesterol 
Analogs 

 NP( 131 I 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 documented 
cases of adrenal excess secretion and negative or 

equivocal CT or MRI fi ndings. This radiopharma-
ceutical is a cholesterol analog that is bound to 
and transported by low-density lipoproteins 
(LDL) to specifi c LDL receptors on adrenocorti-
cal cells; therefore, endogenous hypercholesterol-
emia may limit the number of receptors available 
for radiocholesterol localization through competi-
tive inhibition. Once liberated from LDL, NP-59 
is esterifi ed but is not further converted to steroid 
hormones [ 3 ]. This scan should be done only on 
patients with clinically hyperfunctioning adrenal 
cortex verifi ed by lab results, CT, or MRI. 

   Patient Preparation 
     1.    Suppression of the 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. starting 
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 fi nal imaging to 
diminish bowel activity. Enemas may be 
required. The dose of  131 I-NP-59 is 1 mCi, to 
be strictly injected i.v. through a secured i.v. 
line over 2 min. NP-59 background clearance 
and accumulation in the adrenals occurs 
slowly, but by day 5, accumulation in the nor-
mal 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 hyperandrogenism, the 
pelvis and genitalia should be included.     
 The normal distribution is seen in the liver, 

gallbladder, and colon. In 90 % of cases, the right 
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adrenal gland is more cephalad and deeper than 
the left adrenal gland. In two-thirds of normal 
subjects, the activity in the right adrenal appears 
greater than that in the left in the posterior projec-
tion; this is because the right adrenal occupies 
a more posterior location than the left adrenal. 
In some instances the gallbladder can be con-
fused with the right adrenal. In the lateral view, 
the gallbladder is located anteriorly. In diffi cult 
cases, cholecystokinin can clear the gallbladder 
activity. Interfering colonic activity can be 
reduced by cathartics. Although count rates are 
low, single-photon emission computed tomogra-
phy (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 
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.   

9.2.2.2    PET/CT 
 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 [ 4 ,  5 ]. 

 CT is used as the fi rst-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 [ 5 ,  6 ]. However, some adenomas show 

increased FDG tracer uptake similar to cancer 
and some do not. It has been suggested that the 
functional state of an adenoma is a factor deter-
mining the intensity of uptake, with 18F-FDG 
uptake being increased in functioning adrenal 
masses [ 7 ]. 

 Specifi c inhibitors of adrenal steroidogenesis, 
etomidate and metomidate, have recently been 
used to develop suitable PET tracer. These 
molecules seem to be suitable as in vivo tracers 
for specifi c visualization of the normal adrenal 
cortex and positive identifi cation 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.    

9.3     Adrenal Medulla 

9.3.1     Pathophysiology 

9.3.1.1    Pheochromocytoma 
 Pheochromocytoma is a rare tumor arising 
from chromaffi n cells of the adrenal medulla. 
Most pheochromocytomas produce exces-
sive amounts of norepinephrine, attributable to 
autonomous functioning of the tumor, although 
large tumors secrete both norepinephrine and 
epinephrine [ 5 ] and in some cases also dopa-
mine. Releasing the catecholamine into the cir-
culation causes hypertension and other signs. 
Other catecholamine- producing tumors (e.g., 
chemodectoma and ganglioneuroma) may also 
cause a syndrome similar to that seen with pheo-
chromocytoma. Furthermore, they also produce 
some active peptides such as somatostatin, 
ACTH, and calcitonin. Pheochromocytomas 
vary in size from less than 1 g to several kilo-
grams; in general, they are small, most weigh-
ing 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 gran-
ules. Multinucleated cells, pleomorphic nuclei, 
mitosis, and extension into capsule and vessels 
are sometimes seen but do not indicate that the 
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tumor is malignant. The chromogranin existing 
within secretory granules in the tumor tends 
to form  Zellballen  (cell balls); these structures 
are surrounded by sustentacular cells. Five to 
10 % of cases are malignant, and malignancy is 
determined by the only biological behavior of 
the tumor. It is estimated that 0.1 % of hyper-
tensive patients have pheochromocytoma. More 
than 90 % of patients with pheochromocytoma 
exhibit hypertension, which is sustained in two-
thirds of patients. These tumors are observed 
somewhat more frequently in women than in 
men and at all ages, including infancy; they are 
most common in the fi fth and sixth decades [ 5 ]. 

 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 sporadic, 
but about 10–20 % of cases are familial and arise 
alone or as part of several hereditary syndromes 
including multiple endocrine neoplasia (MEN) 
type IIa and type IIb, neuroectodermal disorders 
(tuberous sclerosis, von Hippel-Lindau disease, 
and neurofi bromatosis type I), Carney’s syndrome 
(pulmonary chondroma, gastric epithelioid leio-
myosarcoma, and paraganglioma), and McCune-
Albright syndrome. Pheochromocytoma can be 
found anywhere 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 pheochromocytoma, 80 % of the tumors 
are unilateral, 10 % bilateral, and 10 % extra-adre-
nal (paraganglioma). By 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 as follows: para-
aortic sympathetic chain (8 %), organ of 
Zuckerkandl at the origin of the inferior mesenteric 
artery (2–5 %), and gonads, scrotum, and urinary 
bladder (1 %). Fewer than 10 % of these tumors are 
malignant and metastasize by lymphatic or hema-
togenous routes; metastases are usually found in 
the skeleton, liver, lymph nodes, and lungs [ 6 ]. The 
differential diagnosis includes thyrotoxicosis, 
migraine, sympathomimetic drug use, menopausal 
hot fl ushes, and anxiety disorders. Patients with 

persistent symptoms and hypertension may develop 
complications such as nephropathy, retinopathy, 
myocardial infarction, cerebrovascular accidents, 
and congestive heart failure. 

 The diagnosis is confi rmed 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 T 2  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.  

9.3.1.2    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-fi ve percent of 
neuroblastoma patients are younger than 4 years; 
the tumor is usually more than 5 cm in the largest 
diameter and tends to extend across the midline; 
it has the potential to mature into pheochromocy-
toma or ganglioneuroma. Metastases are the fi rst 
manifestation in up to 60 % of cases. The  electron 
microscopic appearance of NB cells is  distinctive. 
The malignant neuroblasts exhibit peripheral 
dendritic processes containing longitudinally ori-
ented microtubules, neurosecretory granules, and 
fi laments in the cytoplasm. Neuroblastomas 
readily infi ltrate the surrounding structures and 
metastasize to the regional lymph nodes, liver, 
lungs, and bones; metastases to the orbit may 
result in proptosis [ 8 ]. Areas of necrosis, hemor-
rhage, calcifi cation, and cystic changes are fre-
quently present. Around one-third of cases are 
found in the adrenal gland, another third in other 
abdominal sites, and 20 % in the posterior medi-
astinum. More than 90 % of these tumors pro-
duce catecholamine in excess, but they rarely 
cause typical clinical syndromes. Severe diarrhea 
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may be caused by secretion of vasoactive intesti-
nal peptides by the neuroblastoma.  

9.3.1.3    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 medias-
tinum. Histologically, the tumor consists of 
mature ganglion cells and is well encapsulated; it 
is frequently calcifi ed and rarely hormone active.   

9.3.2     Scintigraphy 

9.3.2.1    Metaiodobenzylguanidine 
 Metaiodobenzylguanidine (MIBG) is a guanethidine 
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 [ 9 ]. Neural 
crest tumors have these synaptosomes in abundance. 

  Preparation . The patient should be given 
Lugol solution orally (   three drops b.i.d.) for 
4–5 days, starting 2 days before injection to block 
the thyroid uptake of free  131 I. The patient should 
stop taking reserpine, imipramine, calcium chan-
nel blockers, cocaine, labetalol, amphetamine- 
like drugs, and others. 

 The dose of  131 I-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  123 I-MIBG is 3–10 mCi, with a 
radiation dose of 0.80 rads/mCi to the adrenal 
medulla. The normal distribution of  123 I-MIBG is to 
the salivary gland, liver, urinary bladder, gastrointes-
tinal tract, lung, myocardium, normal adrenal gland, 
thyroid, spleen, and uterus [ 10 – 12 ]; in small chil-
dren, uptake may also be seen in the nape of the 
neck, which is currently believed to be related to 
accumulation in brown adipose tissue [ 13 ]. 

 Eighty-fi ve percent of the injected dose is 
excreted unchanged by the kidneys. Imaging is 
performed at 24 and 48 h after injection of 

 131 I-MIBG and at 6 and 24 h after injection of 
 123 I-MIBG (Figs.  9.1  and  9.2 ). When  123 I-MIBG 
SPECT is used (Figs.  9.3  and  9.4 ), increased 
certainty is achieved in interpreting the studies 
[ 9 ]. It is worthy of mention that  123 I is better than 
 131 I, especially in the pediatric population, 
because of the lower radiation exposure to the 
adrenals in addition to the superior image qual-
ity of the former. The sensitivity of  131 I-MIBG in 
 pheochromocytoma is 80–90 %, and the speci-
fi city is more than 90 %; positive MIBG uptake 
in benign solitary pheochromocytoma occurs in 
about 90 % of patients [ 14 ]; tumors as small as 
1–2 cm in diameter were detected especially 
with  123 I [ 15 ].

     Moreover, metastatic and recurrent tumors can 
also be located (Fig.  9.5 ). Adrenal medullary hyper-
plasia found in MEN IIa is diffi cult to diagnose with 
CT or MRI. MIBG scintigraphy 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 paraganglioma. 
111Indium-octreotide    (a somatostatin  analog) is 
less accurate in the detection of pheochromocy-
toma, probably due to normal physiological 
uptake in the liver, spleen, and kidneys and block-
ing of somatostatin receptors by endogenous 
somatostatin. 

 Radiolabeled MIBG imaging is now a well- 
established examination in the diagnostic evaluation 
of neuroblastoma.  123 I is preferred especially in pedi-
atric 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 scintig-
raphy has been reported to visualize MIBG-negative 
tumor sites in patients with NB. MIBG is essential as 
a prelude to  131 I-MIBG therapy.  

9.3.2.2    111Indium-Octreotide 
 In healthy human beings, somatostatin, a natural 
neuropeptide, is produced in various tissues, 
including the nervous system, endocrine pancreas, 
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a b

  Fig. 9.2    ( a )  123 I-MIBG of a 2-year-old boy with a large 
neuroblastoma ( arrows ) occupying the abdominal cavity 
and pushing the liver ( open arrow ) superolaterally. ( b ) CT 

scan of the abdomen of the same patient showing the 
tumor ( arrow )       

  Fig. 9.1    Thirty-two-year-old 
male with suspected 
pheochromocytoma. Anterior 
131I-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       
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  Fig. 9.4    A    planar (a) and SPECT (b) study of a patient 
with a large pheochromocytoma (arrow) illustrated on a 
representative slice of CT scan (c)         

  Fig. 9.3    Representative coronal images from a SPECT  123 I-MIBG study for a patient with neuroblastoma, showing 
metastases to the spine ( arrows )       

and gastrointestinal tract. Somatostatin inhibits 
the secretion of several hormones, most impor-
tantly GH and TSH. 

 Neuroendocrine (including the 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, neuroblas-
toma, and paraganglioma and others including 
pancreatic tumors and carcinoid. 

 Octreotide is usually tagged with  111 In   , 
although  123 I has also been used in the past. 
It is recommended that octreotide therapy be 
 withheld for at least 72 h prior to the injection 
of the  radiopharmaceutical. Following i.v. injec-
tion of a standard dose of 6 mCi, static images are 
obtained at 4 and 24 h (Fig.  9.6 ). SPECT images 
through the region of interest are then obtained 
at 4 h and at 24 h if needed. This radiopharma-
ceutical is excreted via glomerular fi ltration. In 
a normal patient, octreotide activity is identi-
fi ed in the thyroid, kidneys, liver, spleen, pitu-
itary, and gallbladder and, to a lesser extent, the 
bowel on delayed images. The kidney and spleen 
receive the highest absorbed dose. A focal area of 
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intense early radiotracer uptake is considered to 
be pathological, indicating primary neoplasm or 
metastasis. A false-negative scan is seen in cases 
where the tumor is small, has few somatosta-
tin receptors, or both.  111 In-octreotide scanning 
is highly sensitive for detecting tumors greater 
than 1.5 cm. Since the expression of somatosta-
tin receptors in neuroblastomas is variable with 
less receptors in more advanced disease, an accu-
rate sensitivity of  111 In-octreotide is not read-
ily defi nable. In children, several studies have 
compared  111 In-octreotide with MIBG scintigra-
phy for imaging neuroblastoma; the sensitivity 
of the  former ranged from 55 to 70 %, and that 
of the latter 83–94 % [ 16 – 24 ]. Several studies 
reported MIBG-negative tumor sites detected by 
111-In-pentetreotide in patients with neuroblasto-

mas [ 17 ,  20 ]. High affi nity of octreotide for the 
MIBG-negative neuroblastoma cell line has been 
found [ 20 ]. Tenenbaum et al.  recommended the 
use of octreotide to detect somatostatin recep-
tors when results from MIBG scans are negative 
[ 19 ]. Pashankar suggested that neuroblastoma 
can be imaged by either  111 In-octreotide or MIBG 
depending on local expertise, as they have a com-
plementary role in the initial diagnostic workup 
particularly since 111In-octreotide additionally 
correlates with prognosis [ 23 ].

    111 In-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 
 111 In-octreotide scintigraphy [ 25 ]. 

Coronal Transaxial

b

c

Fig. 9.4 (continued)
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  Fig. 9.5     123 I   -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

c

a b

d

 

A.H. Elgazzar and I. Alshammari



315

 Anderson et al. suggested that  111 In-DTPA-D- 
Phe-1-octreotide might be useful for radiation 
therapy of patients with surgically incurable 
tumors having high somatostatin receptor densi-
ties such as carcinoid [ 26 ].  

9.3.2.3    Positron Emission Tomography 
 PET has been used to evaluate adrenal masses 
(Fig.  9.7 ). The higher spatial resolution of 
PET scanners enables the detection of small 
pheochromocytomas 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. 
C-11 hydroxyephedrine, the first available 
positron-emitting tracer of the sympathetic 
nervous system, was found useful in the detec-
tion of pheochromocytomas, with a high level 
of accuracy [ 27 ]. Its uptake reflects catechol-
amine transport and storage and neuronal 
reuptake. In detecting metastatic pheochromo-
cytomas, (F-18)-dopamine was found to be 
superior to 131I-MIBG [ 28 ,  29 ].

9.4          Imaging of Incidental 
Adrenal Masses 

 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 [ 30 ,  31 ]. In these cases 
the patients should be screened for pheochromo-
cytoma clinically and biochemically. Adrenal 
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 [ 31 ,  32 ]. Only 
about 10 % of incidental adrenal masses are 
 functional [ 31 ]. Accordingly, NP-59 would not 
be an appropriate radiotracer for adrenal 
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Fig. 9.5 (continued)
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  Fig. 9.6     111 In-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 ( open arrow ) – 
the  physiological uptake in the liver, spleen, kidneys, 

bowel, and urinary bladder. Delayed image ( c ) shows per-
sistent focal abdominal activity representing true disease. 
This illustrates value of delayed imaging in differentiating 
disease from possible bowel physiologic activity such as 
in this case       

a b

  Fig. 9.7    ( 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 bilateral 
adrenal tumors ( arrows ) and a 2-cm-diameter tumor on the 

right side and a 4-cm-diameter tumor on the left side adre-
nal lesions ( arrows ). HED PET image ( b ) shows intense 
uptake in both. Surgery revealed bilateral pheochromocy-
tomas (From Anderson et al. [ 26 ] with permission)       
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 incidentaloma because 90 % of adrenal masses 
cannot incorporate NP-59 in their cells. 
Metomidate is an inhibitor of 11ß-hydroxylase, a 
key enzyme in the biosynthesis of cortisol and 
aldosterone by the adrenal cortex.  11 C-Metomidate 
is a promising PET tracer to identify incidentalo-
mas of adrenocortical origin [ 33 ,  34 ]. Khan et al. 
reported on the value of C-11 metomidate in 
evaluation of adrenocortical cancer [ 35 ]. 

 FDG-PET can help detect certain malignancy 
in adrenal incidentalomas particularly when they 
occur in patients with known extra-adrenal 
malignancies. The prevalence of adrenal metasta-
ses discovered by FDG-PET has been reported to 
be as high as 9.9 % in several studies. The upstag-
ing resulting from FDG-PET can play an impor-
tant role in modifying the plans of therapeutic 
strategies. In some patients, the adrenal metasta-
sis can be the fi rst manifestation of a cancer [ 36 ].     
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10.1            Introduction 

 Scintigraphy has provided a unique tool for the 
noninvasive evaluation of renal pathophysiology, 
and the past two decades have witnessed a rapid 
increase in the scope and number of radionuclide 
renal studies. This chapter is intended to familiar-
ize nuclear medicine physicians with the patho-
physiological basis of renal scintigraphy. To this 
end, a general review of relevant renal physiol-
ogy and scintigraphic techniques is followed by 
detailed discussions of specifi c disorders fre-
quently encountered in nuclear medicine. These 
include renovascular hypertension, urinary tract 
obstruction, acute pyelonephritis, and renal trans-
plant complications.  
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10.2     General Physiology 

10.2.1     The Nephron 

 The principal functions of the kidneys are the 
maintenance of water, electrolyte, and acid-base 
balance, elimination of waste products, and regu-
lation of blood pressure. The functional unit of 
the kidney is a nephron, which consists of a 
glomerulus and a tubule, and urine is formed as a 
result of glomerular fi ltration, tubular reabsorp-
tion, and tubular secretion [ 1 ]. 

 The  glomerulus  consists of a network of capil-
laries derived from the afferent glomerular arteri-
ole. The glomerular capillary tuft acts as a fi lter 
for plasma. It is encased by two epithelial layers, 
the inner layer becoming part of the outer capil-
lary wall and the outer layer lining Bowman’s 
space (capsule), which receives the fi ltered fl uid. 
The glomerular fi ltration rate (GFR) is dependent 
largely on the hydrostatic and colloid osmotic 
pressure in the glomerular capillaries and the 

hydrostatic pressure in Bowman’s space. Filtered 
fl uid from Bowman’s space enters the  tubule , 
which can be broadly divided into several por-
tions: the proximal tubule, loop of Henle, distal 
tubule, collecting tubule, and collecting duct sys-
tem (Fig.  10.1 ).

   The proximal tubule plays a key role in reab-
sorbing fi ltered 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 descending 
limb and an ascending limb, is the site of reab-
sorption of about 25 % of the fi ltered solutes. 
Reabsorption occurs primarily in the “thick” 
ascending limb, where the epithelial cells are 
thick and metabolically very active. It is in this 
section that “loop” diuretics such as furosemide 
exert their effects (see later). The reabsorbed sol-
utes enter the medullary interstitium and contrib-
ute to its hypertonicity. 

Proximal Convoluted
Tubule

Glomerulus
Distal Convoluted
Tubule

Collecting
Tubule

Descending Limb

Ascending Limb

Loop of Henle

  Fig. 10.1    The components of the nephron 
(Adapted from Brundage [ 100 ])       
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 The  distal tubule  transports sodium, chlo-
ride, and potassium, but not water, from its 
proximal part, similar to the loop of Henle. 
The terminal distal tubule shares similar func-
tions with the collecting tubules (see later). At 
the very beginning of the distal tubule is the 
 macula densa , a region of specialized cells in 
close proximity to the juxtaglomerular (JG) 
cells in the afferent arteriole that store renin. 
In response to changes in sodium and chloride 
concentration in this portion of the tubule, the 
macula densa sends signals to the JG cells to 
release renin. 

 The  collecting tubule  and terminal distal 
tubule are under the infl uence of  aldosterone  
and  antidiuretic hormone  (ADH). Aldosterone, 
released from the zona glomerulosa of the adre-
nal cortex in response to angiotensin II, increases 
potassium secretion and sodium reabsorption. 
The latter promotes water reabsorption by osmo-
sis and raises blood volume. ADH, originating 
in the hypothalamus and posterior pituitary and 
released in response to a rise in osmotic pres-
sure of extracellular fl uids or low blood pressure, 
increases the permeability of the cortical collect-
ing ducts to water, which helps to maintain body 
fl uid osmolality and effective plasma volume 
and to form concentrated urine. A hyperosmotic 
medullary interstitium, primarily the result of 
reabsorption of solutes from the thick ascending 
limb of the loop of Henle, also contributes to the 
reabsorption of fl uid and the formation of con-
centrated urine.  

10.2.2     Loop Diuretics 

 Furosemide, used for the scintigraphic evaluation 
of urinary tract obstruction, and other loop diuret-
ics block the reabsorption of sodium, chloride, 
and potassium in the thick ascending limb of the 
loop of Henle. Increased tubular sodium 
decreases water reabsorption by an osmotic 
effect. Additionally, decreased sodium reabsorp-
tion into the medullary interstitium reduces its 
osmolarity, which in turn reduces water reabsorp-
tion from the collecting tubules.  

10.2.3     Renal Vasculature 

 The renal artery enters through the hilum of 
the kidney and branches successively into the 
interlobar arteries, arcuate arteries, interlobular 
arteries, and afferent arterioles. Each afferent 
arteriole eventually branches into the glomeru-
lar capillaries. The distal glomerular capillaries 
merge to form the efferent arteriole. Efferent 
arterioles subdivide to form peritubular capillar-
ies in the cortex or the vasa recta in the medulla. 
As discussed later, changes in the afferent or 
efferent arteriolar tone play an important role in 
regulating the GFR.  

10.2.4     Juxtaglomerular Apparatus 

 The afferent arteriole has specialized smooth 
muscle cells called juxtaglomerular (JG) cells 
that store renin and stretch receptors that respond 
to changes in arteriolar pressure. 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 fi rst part of the distal tubule, and is located 
close to the JG cells. The macula densa signals 
the JG cells to release renin when the sodium and 
chloride content of this part of the tubule is low. 
Finally, the sympathetic nervous system can 
stimulate renin release in response to systemic 
baroreceptor stimuli. These mechanisms are dis-
cussed further under Sect.  10.4.    

10.3     Renal Scintigraphy 

10.3.1     Radiopharmaceuticals 

 Based on kinetics, renal radiopharmaceuticals 
can be divided into two broad classes—those that 
are excreted rapidly into the urine and those 
that are retained for prolonged periods in the 
renal parenchyma. In the fi rst category are 
  99m  Tc- mercaptoacetyltriglycine (MAG3),  99m  Tc- 
diethylenetriamine pentaacetic acid (DTPA), 
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and  131 I-orthoiodohippurate (OIH) and, in the 
second category,  99m  Tc- dimercaptosuccinic acid 
(DMSA) and  99m Tc-glucoheptonate. 

10.3.1.1     Rapidly Excreted 
Radiopharmaceuticals 

 The rapidly excreted radiopharmaceuticals are 
used to assess individual renal function [ 2 – 5 ]. 
 99m Tc-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 visu-
alization of poorly functioning kidneys that may 
not be adequately visualized by  99m Tc-DTPA or 
 131 I-OIH. The renal extraction fraction for MAG3 
(about 70 %) is lower than that for OIH (80–
90 %). Although this characteristic is not ideal 
for precise quantifi cation of renal blood fl ow, rea-
sonable estimates can be made with the use of 
correction factors. 

  99m Tc-DTPA was the most popular radiophar-
maceutical in its category prior to the introduction 
of  99m Tc-MAG3. It shows little protein binding 
(about 5 %) and is excreted exclusively by glo-
merular fi ltration. Renal uptake of  99m  Tc- DTPA is 
limited because only 20 % of the renal blood fl ow 
is fi ltered by the glomeruli. The 20 % extraction 
fraction is considerably lower than that of  99m Tc-
MAG3 and yields lower renal-to- background 
uptake ratios. However,  99m Tc-DTPA is less 
costly and may be used as an alternative to  99m Tc-
MAG3, particularly if a quantitative estimate of 
GFR is also needed. Functional assessment with 
 99m Tc-MAG3 and  99m Tc-DTPA generally is con-
cordant. However, differences may be noted with 
glomerular-tubular dissociation in some cases of 
tubulointerstitial disease. 

 Orthoiodohippurate is about 70 % protein 
bound. Approximately 15–20 % of the radio-
tracer is excreted by glomerular fi ltration and the 
remainder by tubular secretion. The use of  131  I- 
OIH for scintigraphy has been largely abandoned 
because of the limitations of a higher radiation 
exposure [ 6 ] 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 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 kidneys), is the highest among 
the radiopharmaceuticals in use today. Therefore, 
it can be used for the quantifi cation of renal blood 
fl ow.  

10.3.1.2     Slowly Excreted 
Radiopharmaceuticals 

 Prolonged cortical retention of the slowly 
excreted radiopharmaceuticals allows the assess-
ment of parenchymal morphology, and since 
accumulation occurs only in functioning tubules, 
uptake can be quantifi ed to assess differential 
renal function [ 2 ,  3 ]. Technetium-99m-DMSA, 
the preferred agent, is 90 % protein bound and 
accumulates in functioning tubules. Since very 
little of the radiotracer is excreted, interference 
from collecting system activity, particularly on 
delayed images, is minimal. A total of about 40 % 
of the administered amount is accumulated in the 
renal cortex versus about 20 % for Tc-99m glu-
coheptonate. Additionally, signifi cant amounts of 
 99m Tc-glucoheptonate are excreted by glomerular 
fi ltration, resulting in interfering activity in the 
collecting system.   

10.3.2     Interpretation 

10.3.2.1     Rapidly Excreted 
Radiopharmaceuticals 

 Renal scintigraphy using the rapidly excreted 
radiopharmaceuticals generally involves 
dynamic acquisition over a period of approxi-
mately 30 min after radiotracer administration. 
Images are usually grouped in 2-min frames and 
a time- activity histogram is obtained. Assessment 
of function is based on a number of criteria, 
including initial cortical uptake of the radio-
tracer, cortical retention, fi rst visualization of the 
collecting system, and time to peak cortical 
activity. It is cautioned, however, that these 
parameters also may be affected by the state of 
hydration. An adequate assessment should 
include analysis of both the images and the time-
activity curves. 
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   Cortical Uptake 
 The fi rst minute after radiotracer administration 
represents the vascular delivery phase. The next 
2 min constitutes the “parenchymal phase.” 
Uptake in the kidney during this interval, i.e., 
between 1 and 3 min after radiotracer injection, is 
proportional to its function, using either tubular 
or glomerular agents. In practice, renal counts are 
obtained over a 1-min period, typically between 
1 and 2 min for  99m Tc-MAG3, and expressed as a 
percentage of the combined renal counts.  

   Cortical Retention 
 The cortical retention of radiotracer, quantifi ed 
by expressing renal counts at 20–30 min on the 
time-activity curve as a percentage of the peak 
uptake, is a measure of the rapidity with which 
the radiotracer is excreted by the kidney. As renal 
function deteriorates, the percentage retained 
increases. An apparent increase in retention may 
occur with urine stasis in the collecting system, 
hence the need for evaluating the time-activity 
curve in conjunction with the images.  

   First Visualization of Collecting System 
 The interval between radiotracer administration 
and excretion of activity into the collecting sys-
tem, i.e., the pelvis and/or calyces, is a measure 
of  cortical  function. This interval, needless to 
say, is obtained from the sequential images. 
Delayed appearance of the collecting system is 
associated with renal insuffi ciency.  

   Time to Peak 
 The interval between radiotracer administration 
and maximum cortical activity is another param-
eter of function. It is more easily measured from 
the time-activity curve, although an accurate esti-
mate may not be possible in the absence of a 
peak, which is often the case in signifi cant renal 
dysfunction. 

 A 1-min dynamic fl ow study, with images 
grouped in 3-s frames, is frequently combined 
with the functional evaluation. These images 
refl ect renal perfusion and generally are concor-
dant with the functional study. Sophisticated quan-
titative techniques have been developed to quantify 
perfusion [ 7 ]. These may have a potential role, 

particularly for the transplanted kidney, but are not 
widely used.   

10.3.2.2     Slowly Excreted 
Radiopharmaceuticals 

 Scintigraphy with  99m Tc-DMSA and  99m  Tc- 
glucoheptonate is done between 4 and 24 h 
after radiotracer administration. It is usually 
used to detect renal parenchymal defects such 
as 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. Thus, relative 
renal function can be measured as with the rap-
idly excreted radiopharmaceuticals.    

10.4      Renovascular Hypertension 

10.4.1     Introduction 

 The teleological function of the renin- angiotensin 
system, i.e., maintenance of systemic blood pres-
sure, is well served in such conditions as hypo-
tension and shock. In signifi cant renal artery 
stenosis, however, activation of the renin- 
angiotensin system is a mixed blessing, limiting a 
fall in GFR but causing systemic (renovascular) 
hypertension. Systemic blood pressure is main-
tained primarily by increase in vascular tone and 
retention of sodium and water, while a sharp 
reduction in GFR is prevented by 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 fl ow) in 
the afferent arteriole raises capillary hydrostatic 
pressure and GFR, while decreased tone in the 
efferent arteriole or increased tone (decreased 
fl ow) in the afferent arteriole lowers GFR.  

10.4.2     Activation of Renin- 
Angiotensin System 

 The fi rst step in the activation of the renin- 
angiotensin system is the release of  renin  by the 
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renal JG cells. The following mechanisms are 
involved [ 8 ,  9 ]:
    1.    Signals from  baroreceptors  (“stretch” recep-

tors) in the afferent arteriole, stemming from 
decreased arteriolar pressure due to systemic 
hypotension/decreased effective blood vol-
ume or signifi cant renal artery stenosis. 
Baroreceptor signals are modulated by 
prostaglandins.   

   2.    Chemoreceptor signals from the  macula 
densa  (located in the initial portion of the dis-
tal tubule) related to decreased sodium and 
chloride in the distal tubule (reduction in GFR 
leads to slower fl ow and greater reabsorption 
of sodium and chloride in the loop of Henle). 
Macula densa signals are modulated by pros-
taglandins and adenosine.   

   3.    Increased  sympathetic activity  due to activa-
tion of systemic cardiopulmonary and carotid 
sinus baroreceptors by hypotension. The renal 
baroreceptor signals are modulated by prosta-
glandins and the macula densa signals by ade-
nosine and prostaglandins.    
  Renin released as a result of the above stimuli 

converts circulating  angiotensinogen , an alpha 2  
globulin produced by the liver, to  angiotensin I , a 
decapeptide. Angiotensin I is then converted to 
the active octapeptide form,  angiotensin II , by 
 angiotensin-converting enzyme  (ACE), found in 
vascular endothelium, and the bulk of this con-
version occurs in the pulmonary vascular bed. 
Angiotensin II is also produced in the kidney.  

10.4.3     Effects of Angiotensin II 

10.4.3.1     Systemic Effects 
 Angiotensin II raises systemic blood pressure 
primarily by increasing vascular tone and stimu-
lating the synthesis and secretion of aldosterone 
from the zona glomerulosa of the adrenal cortex, 
which promotes sodium and water reabsorption 
from the renal tubules.  

10.4.3.2     Intrarenal Effects 
 The intrarenal effects of angiotensin II help coun-
ter a fall in GFR due to decreased afferent arterio-
lar and glomerular capillary hydrostatic pressure 

[ 8 ,  9 ]. First, angiotensin II raises GFR by prefer-
ential constriction of the efferent glomerular arte-
riole. Second, angiotensin II increases tubular 
reabsorption of sodium and water directly and 
indirectly (increased tone in efferent arteriole 
decreases hydrostatic pressure in peritubular cap-
illaries with resultant increase in sodium and 
water reabsorption). In unilateral renal artery ste-
nosis, GFR remains unchanged in the contralat-
eral normal kidney, because 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 renovas-
cular disease, sodium retention is offset by pres-
sure natriuresis (decreased sodium chloride 
reabsorption in the proximal tubule) by the nor-
mal kidney. This limits the expansion in blood 
volume, so that pressure in the afferent arteriole 
of the stenotic kidney continues to be low. 
In bilateral renovascular disease, however, blood 
volume expansion may be suffi cient 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.   

10.4.4     Scintigraphy in Renovascular 
Hypertension 

10.4.4.1     Principles 
 The scintirenographic diagnosis of renovascular 
hypertension is based on the demonstration of 
changes in renal physiology following the admin-
istration of an ACE inhibitor [ 10 – 16 ]. 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 which, in turn, raises the glo-
merular capillary hydrostatic pressure. These 
changes are reversed by ACE inhibitors, which 
block the conversion of angiotensin I to angioten-
sin II. Consequently, there is a sharp drop in GFR 
and in proximal tubular urine fl ow. 

 Decreased GFR and tubular fl ow after the 
administration of an ACE inhibitor will result in 
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decreased uptake and prolonged cortical reten-
tion of  99m Tc-DTPA, a radiopharmaceutical 
excreted by glomerular fi ltration. Since renal 
blood fl ow generally is not signifi cantly changed, 
a blood fl ow agent such as  99m Tc-MAG3 shows 
only prolonged cortical retention without 
decreased uptake. Rarely, uptake of  99m Tc-MAG3 
may actually 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 renography 
also apply to patients receiving chronic treat-
ment with angiotensin II (AT1) receptor antago-
nists [ 17 ].  

10.4.4.2     Interpretation 
 Scintigraphic studies are generally interpreted by 
comparing a baseline examination with one per-
formed after the administration of ACE inhibitor. 
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-
nifi cant for renovascular hypertension [ 14 ,  15 ]:
    1.    Increase in cortical retention by at least 15 %   
   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    

10.4.4.3       Factors Infl uencing ACE 
Inhibitor Scintigraphy 

 Because of the complexity of the renin- angiotensin 
system, ACE inhibitor renography is subject to a 
number of variables that may result in false-posi-
tive or false-negative studies.
    1.    Hypotension or a marked change in blood 

pressure after ACE inhibitor administration is 
often associated with  bilateral symmetrical  
renal retention of radiotracer. Presumably, this 
is related to compensatory mechanisms trig-
gered by hypotension that promote fl uid reab-
sorption from the tubules and reduce urine 
fl ow. This fi nding should not be mistaken for 
bilateral renal artery stenosis, which charac-
teristically responds  asymmetrically  to ACE 
inhibition.   

   2.    Diuretics may cause dehydration, with resul-
tant decrease in tubular fl ow and increase in 
cortical radiotracer retention [ 18 ]. Here again, 
the abnormality is  symmetrical . Diuretics also 
increase the likelihood of hypotension after 
ACE inhibition. Therefore, adequate hydra-
tion is particularly important for patients 
receiving diuretic treatment.   

   3.    Chronic ACE inhibitor therapy potentially 
may 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 function appears 
symmetrical, renovascular hypertension is 
unlikely and a baseline study need not be 
done. However, if function is asymmetrical, 
the ACE inhibitor should be discontinued 
before the baseline study.   

   4.    Aspirin and such other nonsteroidal anti- 
infl ammatory agents as indomethacin may 
decrease the sensitivity of the test. As described 
earlier, renin release by the juxtaglomeru-
lar apparatus in response to baroreceptor and 
chemoreceptor stimuli is mediated by prosta-
glandins. Aspirin and indomethacin decrease 
prostaglandin activity and therefore indi-
rectly decrease renin-angiotensin activity. 
Consequently, their effect on scintigraphy is the 
same as that of chronic ACE inhibitor therapy. 
It is interesting that a single dose of aspirin may 
cause scintigraphic changes in a stenotic kid-
ney, not unlike those seen after captopril [ 19 ].   

   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 [ 20 ,  21 ]. The mechanisms 
responsible for this fi nding are not entirely 
clear. It appears that the effect of angiotensin 
II on efferent arteriolar constriction requires 
the presence of extracellular calcium and 
therefore can be attenuated by calcium chan-
nel blockers. Perhaps a marked decrease in 
GFR resulting from the combined effect of 
both calcium channel blockers and captopril 
may explain the above fi ndings.      

10 Genitourinary System



326

10.4.4.4     Relationship of Renal Artery 
Stenosis to Renovascular 
Hypertension 

 Approximately 3 % of hypertension is renovascu-
lar in origin. The incidence is higher in a selected 
hypertensive population and may be as high as 
30–40 %. Renal artery stenosis generally is due to 
atherosclerotic plaques or fi bromuscular dyspla-
sia, the latter occurring in younger individuals. 
“Signifi cant” stenosis, i.e., one that would trigger 
the activation of the renin- angiotensin system and 
lead to the development of renovascular hyperten-
sion, has been defi ned as a reduction in intralumi-
nal diameter by 50 % or greater. However, the 
degree of anatomically defi ned renal artery steno-
sis does not always correlate with the presence of 
renovascular hypertension. 

 In an autopsy study, 17 % of individuals who 
had been normotensive had ≥50 % renal artery 
stenosis [ 22 ]. In another study, half of the patients 
undergoing aortography for reasons other than 
hypertension had ≥50 % stenosis [ 23 ]. Thus, the 
characterization of “signifi cant stenosis” by ana-
tomical criteria remains uncertain. 

 Ideally, a test for the diagnosis of renovascular 
hypertension should allow the prediction of thera-
peutic outcome. In other words, those with posi-
tive studies should derive benefi t from 
revascularization and vice versa. Follow-up stud-
ies after ACE inhibitor renography have indeed 
shown good correlation with outcome after angio-
plasty, though additional prospective studies are 
clearly needed for corroboration [ 24 – 27 ]. The 
emergence of high-resolution, noninvasive imag-
ing techniques, notably contrast-enhanced mag-
netic resonance angiography, has considerably 
improved our ability to detect renal artery stenosis 
[ 28 – 33 ]. However, additional studies are needed 
to defi ne their place in the diagnostic algorithm.    

10.5     Urinary Tract Obstruction 

10.5.1     Introduction 

 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, exemplifi ed 
by UPJ obstruction in children. Chronic UPJ 
obstruction, however, may eventually lead to 
renal cortical atrophy. Hence diagnostic markers 
are needed to identify those patients at risk of 
progressive renal insuffi ciency. 

 Despite a large body of literature on the 
 diagnostic evaluation of urinary tract obstruction, 
the identifi cation of “signifi cant obstruction,” i.e., 
one that would result in progressive renal failure, 
remains somewhat elusive. This is because sig-
nifi cant obstruction is probably much more a 
functional entity than an anatomical one, and left 
untreated, similar types of obstruction may have 
markedly dissimilar outcomes. This section is 
devoted primarily to chronic (partial) UPJ 
obstruction in infants and young children, an 
entity frequently encountered by the nuclear 
medicine physician, and its relationship to hydro-
nephrosis and renal function.  

10.5.2     Ureteropelvic Junction 
Obstruction 

 UPJ obstruction may be extrinsic or intrinsic, and 
both conditions may exist in the same patient. 
 Extrinsic  obstruction is usually caused by adven-
titial bands compressing the upper ureter. 
Typically, this type of obstruction is intermittent 
and brought on by increased diuresis, which 
dilates the pelvis and increases the constrictive 
pressure of the adventitial bands. As might be 
expected, pressure-fl ow studies of the renal pel-
vis are not linear in this condition. More impor-
tantly, the diuretic renogram may be negative if 
adequate diuresis, i.e., adequate dilatation of the 
pelvis, is not achieved because of dehydration, 
inadequate diuretic dosage, or renal dysfunction. 

  Intrinsic  obstruction may be related to luminal 
narrowing of a segment of the upper ureter or to 
an adynamic segment. This type of obstruction 
generally exhibits a linear pressure-fl ow relation-
ship, and although considered “fi xed,” the 
obstruction is not necessarily permanent and 
does not invariably cause progressive renal 
deterioration.  
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10.5.3     Hydronephrosis 

 Hydronephrosis may be due to obstruction or to 
such nonobstructive conditions as vesicoureteral 
refl ux, congenital dysmorphism, and urinary tract 
infection. It may be temporary with spontaneous 
resolution in infants and young children, or inter-
mittent, or progressive with eventual stabiliza-
tion. Such variability is related to the multifactorial 
etiology of hydronephrosis [ 34 – 36 ]. These fac-
tors include the following:
    1.    Compliance and capacity of the renal pelvis, 

which determine intrapelvic pressure   
   2.    Renal function, which determines the rate of 

urine fl ow   
   3.    Degree of obstruction    

  Progression or stabilization of hydronephrosis 
depends on the degree of balance between these 
factors.  Pressure in the renal pelvis , though not 
measurable by diuretic renography, is a critical 
component in the pathogenesis of hydronephro-
sis and renal dysfunction. Pressure-fl ow studies 
suggest that the pelvis fi lls at low pressures ini-
tially until a critical volume (“capacity”) is 
reached, above which the pelvic pressure rises. 
Subsequent development of hydronephrosis 
tends to relieve pelvic pressure. A low-capacity 
pelvis is more likely to have higher pelvic pres-
sures with progressive hydronephrosis. In this 
instance, cortical atrophy eventually occurs, with 
decrease in urine formation and reduction of pel-
vic pressure.  

10.5.4     Diuretic Renography 

 Diuretic renography [ 35 – 39 ] is based on the 
premise that increased urine fl ow resulting after 
furosemide administration causes rapid “wash-
out” of radiotracer from the unobstructed collect-
ing system (Fig.  10.2 ), but delayed washout if 
obstruction is present (Fig.  10.3 ). While furose-
mide generally is administered intravenously 
after fi lling of the pelvicalyceal    system, adminis-
tration at the time of or prior to radiotracer 
administration also has been advocated. 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 wash-
out half-time may not be justifi ed because a num-
ber of factors may infl uence the diuretic 
renogram.

10.5.4.1        Rate of Urine Flow 
 Inadequate rate of urine fl ow after diuretic admin-
istration may prolong washout time and render 
the study falsely positive. This may be related to 
renal dysfunction, dehydration, or inadequate 
furosemide dosage. Thus, proper methodology is 
critical, and an abnormal washout time in a kid-
ney with decreased function should be held to 
greater scrutiny.  

10.5.4.2     Pelvic Capacity and Tone 
 Radiotracer washout tends to be delayed if the 
pelvis is atonic and large, and rapid if the pelvis 
is small, with good tone. Moreover, an 
“obstructed” renogram pattern may result simply 
from exaggerated enlargement of the pelvis in 
response to diuresis [ 40 ]. Pelvic compliance, 
therefore, remains an unknown variable.  

10.5.4.3     Disease Fluctuation 
 As noted earlier, signifi cant obstruction cannot 
be defi ned anatomically and may be best charac-
terized as one that results in progressive renal 
dysfunction. However, the factors that combine 
to cause signifi cant obstruction are not constant, 
and a single diuretic renogram may therefore pro-
vide misleading information. In fact, hydrone-
phrosis may stabilize or improve spontaneously, 
even in patients with positive diuretic renograms, 
questioning the prudence of routine early pyelo-
plasty in infants [ 40 – 42 ]. 

 The foregoing concerns notwithstanding, a 
number of steps may be taken to optimize the 
radionuclide evaluation of urinary tract obstruc-
tion. Since preservation of renal function is the 
overriding concern, it has been suggested that 
evaluation of renal cortical function 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 1 to about 3 months are more 
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  Fig. 10.2    Nonobstructive hydronephrosis: fl ow ( a ) and 
sequential ( b ) images and renogram ( c ) of a 14-year-old 
girl with right hydronephrosis (sonogram). Rapid wash-

out of right renal collecting system following administra-
tion of Lasix (furosemide), with washout T1/2 of 3 min       
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  Fig. 10.3    Left hydronephrosis in an 8-month-old boy, 
fi rst detected in the womb. Renal images with MAG3 fl ow 
( a ) and sequential ( b ) 2 min/frame show obstruction of 

hydronephrotic left kidney, with washout T1/2 of 47 min 
after Lasix administration ( c )       
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 desirable. Undue reliance on a single post-diure-
sis washout half-time also appears unwarranted 
for the reasons noted earlier. If methodology is 
standardized, periodic evaluation as for func-
tional assessment may improve the predictive 
ability of the washout parameter as well. 
An increasing washout time probably is more 
meaningful than a single “positive” study [ 43 ].    

10.6     Renal Transplantation 

10.6.1     Introduction 

 Advances in our understanding of the pathophys-
iology of renal transplants over the past several 
years have resulted in signifi cant improvement in 
graft survival and an increase in the number of 
transplantations. The key factors infl uencing sur-
vival are  donor/recipient histocompatibility  
(matching of HLA-A, HLA-B, HLA-DR anti-
gens) and  donor status  (living related, living 
unrelated, cadaver). Graft survival is best when 
the donor is an HLA-identical sibling and better 
for living-related than for cadaver donors with 
similar HLA matches. A host of other factors, 
including harvesting and transplantation tech-
nique, cold ischemia time (between harvest and 
transplantation), donor/recipient age, recurrence 
of primary renal disease, and race, also play an 
important role in graft survival. The surgical and 
medical complications of renal transplantation 
are considered below [ 44 – 50 ].  

10.6.2     Surgical Complications 

10.6.2.1     Urine Extravasation, Ureteral 
Obstruction 

 Extravasation of urine (“urinoma”) may result 
from ischemic injury related to devasculariza-
tion during harvesting or from leakage at the 
ureterovesical anastomosis. It may predispose to 
infection and therefore requires a timely diagno-
sis. While scintigraphy performed routinely after 
transplantation may detect urine extravasation, it 
is often used to confi rm a leak suspected clinically 
or sonographically. The scintigraphic appearance 

is that of an area of increased radiotracer activity, 
although such increase may not be apparent for up 
to 2–3 h after radiotracer administration 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 furosemide-induced 
diuresis if needed, may be helpful in the diagno-
sis and posttreatment evaluation of this 
condition.  

10.6.2.2     Hematoma, Lymphocele 
 Hematomas are generally perinephric or intra-
vesical in location. Scintigraphy, if positive, dem-
onstrates a photopenic region, i.e., with activity 
less than background. Hematomas are usually 
self-limited. 

 Lymphoceles are extrarenal collections of 
lymphatic fl uid from the kidney, occurring most 
frequently about 2–3 months after transplanta-
tion. They may be exacerbated by rejection, 
which increases renal lymph fl ow. 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 creation of a perito-
neal window. The characteristic scintigraphic 
fi nding 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. The 
same consideration holds for hematomas, which 
are also photopenic (see above). It should be 
noted, however, that lymphoceles occasionally 
may become isointense with the background or 
exceed background activity on later images [ 46 ].  

10.6.2.3     Renal Artery Stenosis 
 Hypertension is usually due to pathology in the 
native kidneys, transplant rejection, or cyclospo-
rine/tacrolimus treatment and less frequently to 
renal artery stenosis. The stricture is generally at 
the anastomotic site or distal to it, and blood 
pressure response has been shown following 
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angioplasty. The pathophysiological conse-
quences of renal artery stenosis in the trans-
planted kidney are somewhat different than those 
of unilateral stenosis in a patient with two kid-
neys. In the latter, elimination of sodium is 
decreased on the stenosed side, but increased 
sodium excretion by the normal kidney helps keep 
the blood volume from increasing. In the case of a 
transplanted kidney with renal artery stenosis, 
however, a normal kidney is not available for elim-
ination of excess sodium. Therefore, depending on 
the level of salt intake, the initial renin-dependent 
hypertension develops into a 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. It is fortuitous, however, that most of these 
patients are on diuretics and/or a salt-restricted 
diet, which helps to limit a rise in blood volume.   

10.6.3     Medical Complications 

10.6.3.1     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 pro-
longed interval between harvest and transplan-
tation. Urine output usually starts to decrease 
within the fi rst 24 h or so and improves spon-
taneously after a few days, although ATN may 
occasionally last a few weeks. It is often diffi -
cult to make a clinical distinction between ATN 
and rejection in the posttransplantation period. 
A clear scintigraphic distinction between these 
two conditions also has remained elusive, for two 
reasons. First, the scintigraphic diagnosis of ATN 
rests on the premise that graft perfusion is pre-
served despite decreasing function (Fig.  10.4 ), 
in contrast to rejection, where both perfusion 
and function decrease in parallel (Fig.  10.5 ). 
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 trans-
plant with impaired function is assumed to have 

ATN, and 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 scintigraphy, a sensi-
tive measure of graft function.  

10.6.3.2     Rejection 
 The histopathological criteria for the diagnosis 
and classifi cation of rejection have improved 
 signifi cantly in recent years and continue to 
evolve [ 44 ,  51 ]. From a large body of literature, a 
consensus referred to as the  Banff classifi cation  
has emerged. The new classifi cation shifts the 
focus from diagnosis of rejection to prognosis, to 
facilitate patient management. Distinction is 
made between rejection with  tubulointerstitial  
changes, representing milder disease, and rejec-
tion with  vasculitis , where the outcome is poorer. 
The types of rejection are discussed below.
    1.    Antibody-mediated rejection:    

  Two types of antibody-mediated rejection are 
described, immediate or hyperacute and delayed 
or accelerated acute.  Hyperacute rejection  is 
caused by preformed anti-donor antibodies and 
characterized by intense vasculitis, fi brin-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  photopenic  region corre-
sponding 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 fol-
lowing transplantation, after allograft function 
has been established. Clinical manifestations 
include fever, pain, swelling, or tenderness in the 
transplant region, hypertension, and oliguria or 
anuria. Scintigraphy generally shows poor radio-
tracer uptake in the graft.
    2.    Acute/active rejection:    

  Acute rejection is the most frequent type of 
rejection confronting the nuclear medicine phy-
sician. It is most common in the fi rst 4 weeks 
following transplantation but may occur at any 
time between 3 days and 10 or more years. 
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  Fig. 10.4    Acute tubular    necrosis following renal transplantation. The perfusion is preserved ( a ), while the function is 
decreased ( b ) with parenchymal retention as noted on the time-activity curve ( c ) (Courtesy of Dr. A. Omar)         
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Clinical fi ndings generally are not as dramatic as 
in accelerated rejection. Acute rejection is pre-
dominantly a cell-mediated process with mono-
nuclear cell infi ltration and tubulitis, although the 
more severe forms are associated with a humoral 
component with various degrees of vasculitis. 
Accordingly, the Banff system grades acute 
rejection from I to III, with subdivisions for 
severity of changes. The lowest grade represents 
interstitial infi ltration and moderate tubulitis, 
while the highest grade is associated with trans-
mural arteritis and/or arterial fi brinoid change 
and necrosis of medial smooth muscle cells.
    3.    Chronic/sclerosing allograft nephropathy:     

 Chronic/sclerosing nephropathy generally 
occurs 6 months to years after transplantation. It 
may be related to a number of causes including 
chronic rejection, hypertension, an infectious/
noninfectious infl ammatory process, and effects 
of medications (see below). Rejection, if present, 
may respond to treatment, though the diagnosis 
may not be apparent on biopsy. Histopathological 
changes in the condition also can be graded, 
depending on the severity of interstitial fi brosis 
and tubular atrophy.  

10.6.3.3     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 diffi cult to dis-
tinguish from rejection, and the conditions may 
be superimposed. Toxicity is generally associated 
with elevated blood levels of the drug, and it 
improves after reduction of the dose. 
Histopathological fi ndings of microvascular 
injury, with fi brin thrombi in the glomerular arte-
rioles and capillaries, have been noted but unfor-
tunately are not diagnostic for cyclosporine or 
tacrolimus toxicity [ 52 ].    

10.7     Urinary Tract Infection 

10.7.1     Pathophysiology 

 Urinary tract infection (UTI) is particularly rele-
vant in the pediatric age group since it is one of 
the most common diseases in children. The over-
all incidence of UTI in children ranges between 
1.5 and 2 %, and it is higher in girls than in boys 
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  Fig. 10.5    A 45-year-old male referred for a radionuclide 
renography to rule out rejection 1 month status post-renal 
transplant because of a rising creatinine and decreased 
urine output. The fl ow ( a ) and sequential imaging 

( b ) studies show poor fl ow to the transplanted kidney in 
the right iliac fossa ( arrow ) and decreased uptake by the 
transplanted kidney with delayed transit       
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[ 53 ,  54 ]. Between the ages of 1 and 5 years, about 
1 % of the girls and 0.3 % of the boys are affected. 

 The incidence increases up to 5 % among girls 
of school age, particularly 7–11-year-olds, and 
usually results from a pathogenic strain of 
 Escherichia coli  ascending from the urethra [ 53 –
 56 ]. Urinary tract infection is usually blood- 
borne in the neonatal period and is relatively rare. 

 Many predisposing factors, varying with age, 
infl uence the incidence and severity of the dis-
ease (Table  10.1 ). However UTI also may occur 
in healthy children with no apparent predisposing 
condition.

   Chronic pyelonephritis results from recurrent 
or persistent renal infection. It occurs almost 
exclusively in patients with anatomical anoma-
lies, including vesicoureteral refl ux (in young 
children), urinary tract obstruction, and renal 
dysplasia. 

 Although pseudomonas was found to be 
common in UTI associated with severe refl ux 
[ 53 ], the usual pathogenesis is the proliferation 
of  E. coli  in the colon, with movement of the 
bacteria into the periurethral mucosa. Bacteria 
that reach the urinary tract will grow if they are 
not washed away by urine during bladder void-
ing. Accordingly, prolonged intervals between 
voiding, increased storage pressure, and signifi -
cant residual urine volume favor the growth of 
bacteria and allow even bacteria of low pathoge-
nicity to cause signifi cant infections. Vaginal 
fi lling secondary to high voiding velocity and 
turbulent urine fl ow related to a dysfunctional 
voiding pattern is an important factor leading to 
bacterial contamination and urinary infections 
in girls [ 57 ]. 

 Urinary tract infections may involve the upper 
and/or lower tract. Lower UTI or infection of the 
bladder (cystitis) results in mucosal infl ammation 
and congestion, which causes hyperactivity of 
the detrusor muscle and results in a decrease of 
the bladder capacity [ 58 ]. ]. These changes also 
can lead to urine refl ux into the ureter and eventu-
ally into the renal calyces, from which microor-
ganisms enter the renal parenchyma through the 
papillae by intrarenal refl ux. Ascending infection 
from the lower urinary tract is the usual mecha-
nism for pyelonephritis (Fig.  10.6 ).

   Acute    pyelonephritis requires more vigorous 
treatment than lower urinary tract infection, and if 
left untreated, it can lead to scarring and renal 
insuffi ciency. Unfortunately, pyelonephritis can-
not be easily differentiated clinically from cystitis. 
This distinction is particularly diffi cult in infants, 
who usually develop nausea, vomiting, diarrhea, 
or jaundice. In children, fever, frequency, urgency, 
enuresis, new-onset incontinence, abdominal pain, 

   Table 10.1    Factors predisposing to UTI in children   

 Vesicoureteral refl ux 
 Individual susceptibility 
 Bacterial virulence 
 Obstruction and/or stasis in the collecting system 
 Horseshoe kidney 
 Crossed renal ectopia 
 Renal duplication with ectopic ureters 
 Urethral polyps or diverticula 
 Posterior urethral valves or ureterocele 

  Fig. 10.6    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 refl ux       
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foul-smelling urine, and sometimes hematuria are 
the usual clinical presentations. It is estimated that 
about 20 % of children with UTI are asymptom-
atic [ 53 ,  59 ]. In one study, a majority of young 
children had scintigraphic evidence of acute 
pyelonephritis at the fi rst episode of febrile urinary 
tract infection [ 60 ]. 

    Serious long-term sequelae, such as hyperten-
sion and renal failure, may develop if acute 
pyelonephritis leads to renal scarring. The patho-
physiology of renal scarring is still obscure. 
Numerous factors may contribute to tissue dam-
age following acute infection. Patients with 
increased transforming growth factor-beta1 
(TGF-beta1), a potent proinfl ammatory and 
fi brogenetic cytokine with a key role in the regu-
lation of renal tissue fi brosis, may be at higher 
risk for renal damage following refl ux [ 61 ]. 

 Nonsecretor status of blood type antigen has 
been also associated with higher risk of urinary 
tract infection (UTI) in women. A study has 
shown that the nonsecretor status signifi cantly 
correlated with the presence of focal renal scar-
ring (41 % vs. 22 % for children with and without 
scarring, respectively) as determined by Tc99m- 
DMSA renal scan [ 62 ].  

10.7.2     Scintigraphy 

 Imaging strategies in pediatric urinary tract infec-
tion are controversial. The recent literature illus-
trates the complementary roles of ultrasound, 
computed tomography (CT), and nuclear medi-
cine [ 63 ,  64 ]. 

 Imaging of the renal parenchyma with  99 m Tc- 
DMSA offers a simple and accurate method for 
detecting acute pyelonephritis in the child with 
urinary tract infection.  99m Tc-DMSA localizes 
in functioning proximal tubular cells and is not 
excreted in signifi cant amounts, so that imaging 
at 3–24 h after radiopharmaceutical administra-
tion reveals primarily cortical uptake without 
interfering activity in the collecting system. 
A cortical defect due to pyelonephritis is charac-
terized by preservation of renal contour, whereas 
scarring (from a previous infection) typi-
cally results in volume contraction (Fig.  10.7 ), 
although the two may be indistinguishable. 
In addition to imaging during the acute phase of 
the disease, follow-up studies are done to con-
fi rm resolution of the pyelonephritic defect(s) 
and absence of cortical scarring. Patients with 
scars are followed periodically with imaging and 

Tc99m DMSA

  Fig. 10.7    ( a    ) Tc99m-DMSA study demonstrating bilateral upper pole defects and a mid-left kidney defect ( arrows ). 
A diagram ( b ) illustrates how scars affect the kidney contour       
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measurement of relative function for assessment 
of progressive renal insuffi ciency.

   The importance of Tc99m-DMSA for patients 
with urinary tract infections for initial evaluation 
and follow-up of children with UTI was reem-
phasized by many studies [ 65 – 68 ]. Recent guide-
lines have recommended greater use of 
ultrasonography [ 63 ,  64 ,  69 – 71 ]. Spiral CT and 
magnetic resonance imaging (MRI) are other 
modalities that may be helpful in the evaluation 
of pyelonephritis [ 64 ,  72 ]. 

 Figure  10.7 . Tc99m-DMSA scan of a 9-year- 
old girl with a long history of recurrent urinary 
tract infections. The right kidney is smaller than 
the left, with nonuniform and decreased uptake, 
particularly in the lower pole. Multiple photon- 
defi cient areas are also seen in both kidneys. 
These fi ndings are due to multiple cortical scars   

10.8     Vesicoureteral Refl ux 

10.8.1     Pathophysiology 

 VUR is the retrograde fl ow of the urine from the 
bladder into the ureter. Normally, urine is pro-
pelled from the kidney to the urinary bladder in 
only one direction. The valvular role of the ure-
terovesical junction depends on the anatomical 
relationship between the ureter and the bladder. 
The ureter follows a retroperitoneal course from 
the kidney to the bladder. After penetrating the 
bladder wall, the ureter is securely anchored to it 
throughout its entire transmural course. There is 
a specifi c    “fl ap-valve”-type arrangement that 
serves to maintain a one-way fl ow at the uretero-
vesical junction. VUR allows the infected urine 
to be repeatedly returned to the kidneys from the 
bladder, and the refl uxed urine 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 refl ux 
and infection. VUR occurs 10 times more 
 frequently in girls than in boys, and the incidence 
is approximately 1 in 1,000 children. 

 The fl ap mechanism of the ureterovesical 
junction depends on several anatomical and 

physiological relationships. Any condition that 
alters these relationships can lead to refl ux. 
Examples include abnormal obliquity of the ure-
ter during its intramural course, conditions that 
weaken the muscular support the bladder pro-
vides to the ureter, and sphincter dyssynergia. 
VUR may be primary or secondary [ 73 ]. 

 Primary refl ux results from congenitally 
abnormal or ectopic insertion of the ureter into 
the bladder. Occasionally, the condition is heredi-
tary [ 73 ,  74 ]. Siblings of patients with vesicoure-
teral refl ux (VUR) are at greater risk of having 
refl ux than the general population, and screening 
in this group is widely accepted. The condition 
may resolve spontaneously. In a recent study, 
75 % of the cases of mild refl ux (I–III) and 37 % 
of the cases of severe refl ux (IV–V) detected pre-
natally resolved after 48 months [ 74 ], indicating 
a relatively benign clinical course. 

 Secondary refl ux is more serious and may be 
transient or persistent [ 75 ]. It develops in associa-
tion with infection, malformations of the uretero-
vesical junction, increased intravesical pressure, 
and surgery at the ureterovesical junction. 

 Interstitial cells of Cajal (ICCs) are pace-
maker cells that create and coordinate peristaltic 
motility. It was recently found that refl uxing ure-
teral endings signifi cantly lack these pacemaker 
cells, implying a malfunctioning valve mecha-
nism permitting VUR. Connexin 43 (gap junc-
tion protein) immunoreactivity was signifi cantly 
decreased in all refl uxing ureteral specimens, 
whereas it was homogeneously distributed in 
normal controls. A substantial decrease in gap 
junctions in this region adversely affects inter-
cellular signaling, aggravating coordinated peri-
stalsis, which is essential for a competent 
anti-refl ux mechanism [ 76 ]. 

 Refl ux may be unilateral or bilateral and is 
commonly classifi ed by the international radio-
logic grading system (Table  10.2  and Fig.  10.8 ). 
The radiologic system includes 5 grades using 
detailed anatomical characteristics. Such grad-
ing, however, is not possible by scintigraphic 
studies, which simply classify refl ux as mild 
(grade I), moderate (grade II), and severe (grade 
III) (Table  10.3  and Fig.  10.9 ).
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10.8.2          Scintigraphy 

 Voiding radionuclide cystography is a sensitive 
procedure for early detection and monitoring of 
VUR. Early diagnosis of VUR with subsequent 
follow-up helps to prevent cortical scarring. 
Radionuclide cystography is especially attrac-
tive because of its excellent sensitivity and low 

absorbed radiation dose compared with the 
radiographic voiding cystourethrogram. The 
radiation exposure from the radionuclide proce-
dure is estimated to be less than 1/20 of that 
from the radiographic study. The sensitivity of 
indirect voiding urosonography is only 49 % in 
children [ 77 ]. 

 The follow-up of newborns with prenatally 
detected VUR may require a voiding radio-
graphic cystourethrogram and a DMSA scan. In a 
recent study, 58 % of such infants had bilateral 
VUR. Severe refl ux (grades IV and V) was more 
common and present in 54 % of infants. Renal 
damage was detected in 34 % of the kidneys on 
the fi rst renal scan with signifi cant correlation 
between severity of refl ux and renal scarring [ 74 ]. 

 Approximately 20 % of patients with vesico-
ureteral refl ux diagnosed before 6 months of age 
demonstrate dysfunctional voiding after the age 
of toilet training [ 78 ]. Accordingly, follow-up of 
patients is important. The duration and methods 
of follow-up of VUR patients is controversial. 
Voiding cystography however may not be used in 
certain groups of patients for routine follow-up. 
For instance, follow-up of uncomplicated ure-
teral reimplantation in children is usually done 
by ultrasonography. Additionally, in this group of 
patients, follow-up for more than 1 year postop-
eratively is not warranted and ultrasonography 
can be eliminated beyond a year [ 7–8 ]. 

   Table 10.3    Scintigraphic grading of vesicoureteral 
refl ux   

 Grade  Features 

 Grade I  Refl ux into ureter 
 Grade II  Refl ux into pelvicalyceal system 
 Grade 
III 

 Refl ux into pelvicalyceal system with 
apparently dilated pelvis or both pelvis and 
ureter 

  Fig. 10.8    Grades of vesicoureteral refl ux, according to the international classifi cation (From Charbonneau et al. [ 78 ] 
with permission)       

   Table 10.2    Grading of vesicoureteral refl ux   

 Grade  Features 

 I  Refl ux into a nondilated ureter 
 II  Refl ux into the upper collecting system without 

dilatation 
 III  Refl ux into mildly dilated ureter and 

pelvicalyceal system 
 IV  Refl ux into a grossly dilated ureter and 

pelvicalyceal system 
 V  Massive refl ux with marked ureteral dilatation 

and tortuosity and marked dilatation of the 
pelvicalyceal system 
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 Similarly, ultrasonography is used for screen-
ing siblings of patients with vesicoureteral refl ux, 
since they are at higher risk than the general pop-
ulation. If ultrasonography is abnormal, the “gold 
standard,” i.e., radionuclide voiding cystography, 
is performed [ 79 ]. 

 Generally, voiding cystourethrograms 
(VCUG) are associated with signifi cant trauma to 
patients and, according to the recent guidelines, 
should not be used routinely. VCUG is indicated 
if renal and bladder ultrasonography reveals 
hydronephrosis, scarring, or other fi ndings that 
would suggest either high-grade VUR or obstruc-
tive uropathy [ 64 ,  72 ].   

10.9     Testicular Torsion 

10.9.1     Pathophysiology 

 Testicular torsion occurs when the spermatic 
cord is twisted, and it has been argued that the 
correct term should be spermatic cord torsion 
[ 80 ,  81 ]. Although a variety of factors may pre-
dispose to torsion [ 82 ], a narrow mesenteric 
attachment 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 tes-
ticular circumference, 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 [ 83 ]. 

 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. A number of 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 components). Most consistently 
encountered is the appendix testis, present in 
92 % of autopsies and found to be multiple in 
8 % [ 83 ,  84 ]. 

 Two factors are of critical importance in tes-
ticular torsion: the extent of spermatic cord twist 
and the duration of the torsion. The degree of tor-
sion can vary from 90° to three complete turns of 
the vascular pedicle. Not surprisingly, blood fl ow may 
be variably compromised. The initial disruption 

I II III

  Fig. 10.9    Scintigraphic grading of vesicoureteral refl ux       
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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 lev-
els of torsion [ 85 ]. Experimentally, complete ces-
sation of blood fl ow to the testis occurs with the 
spermatic cord twisting 720° [ 86 ]. In the normal 
rabbit testis, a 450° twist consistently produced 
no fl ow and testicular infarction, whereas a 360° 
twist resulted in decreased fl ow [ 87 ]. 

 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 [ 87 ]; irreversible ischemia occurs after 6 h 
[ 88 – 90 ], 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 hemorrhagic 
infarction. The degree of necrosis depends upon 
the duration of occlusion. If this has been longer 
than 10 h, the necrosis of the seminiferous epithe-
lium 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 testis almost certainly will infarct 

[ 80 ,  81 ]. Although exceedingly rare, testicular tor-
sion can be asynchronously bilateral [ 91 ]. 

 Since epididymitis is the most common cause 
of acute testicular pain to be differentiated from 
torsion, its pathophysiology is discussed. The 
condition may be acute (symptoms last less than 
6 weeks) or chronic (more than 3 months). Acute 
epididymitis is almost always unilateral. Acute 
epididymitis in children or following urinary 
tract instrumentation is commonly caused by 
gram-negative bacilli. The epididymis is some-
times the site of metastatic infection, such as 
tuberculosis.  

10.9.2     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 
as scrotal elevation can be helpful in differentiat-

Anterior

  Fig. 10.10    99mTc-pertechnetate scrotal scan of a patient 
with acute scrotal pain in the left side. The study ( a ) 
shows essentially absent activity in the region of the left 

hemiscrotum corresponding to the left testicle by palpa-
tion markers ( b ). This case illustrates a pattern of acute 
testicular torsion       
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Anterior

  Fig. 10.11    Tc99m-pertechnetate testicular imaging study showing the rim of increased uptake around the area of 
decreased uptake, illustrating the classic pattern of missed torsion       

Anterior

Anterior

aa

b

  Fig. 10.12    A 14-year-old male referred for testicular 
scan to rule out testicular torsion. The patient presented 
with 4-h history of right-sided acute testicular pain and 
swelling. The pain was dull in nature, with no radiation, 
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: tempera-
ture was 37.4 C. Left testis was grossly normal, and the 

right testis was tender and swollen. Lab investigations 
showed leukocytosis at 14,400. Testicular scan was per-
formed, using l7 mCi    Tc-99m pertechnetate given as a 
bolus intravenous injection. The scan shows increased 
fl ow ( a ) and blood pool ( b ) activity in the right hemiscro-
tum ( arrows ) in comparison to the left indicating an 
infl ammatory process in the right hemiscrotum consistent 
with right epididymitis       
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ing between epididymitis and testicular torsion. 
However, clinical examination of the scrotum is 
diffi cult due to the small size of the testes and 
the epididymis in infants and young children, 
and eliciting patients’ history is challenging. 
Epididymitis has been considered uncommon in 
childhood, but its frequency has been increasing 
among children admitted with the diagnosis of 
acute scrotum [ 92 ]. 

 Long-term prognosis for a functional, non-
atrophied testicle is improved the sooner the 
torsion is diagnosed and treated. Therefore, con-
fi rming the diagnosis and quick management are 
crucial. Accordingly, imaging of the scrotum in 
children suspected of having the condition bears 
great importance.[ 93 – 95 ].  

10.9.3     Scrotal Imaging 

 The classifi cation of scrotal disorders in chil-
dren into three typical clinical manifestations—
namely, acute scrotal disorders, scrotal masses, 
and cryptorchidism—is a helpful and practical 
basis for choosing most suitable imaging modal-
ity among the commonly available and commonly 
used modalities. These include sonography, scin-
tigraphy, and magnetic resonance (MR) imaging. 
Either scintigraphy or sonography may be used 
as the fi rst imaging study, and both can aid in 
distinguishing among the disorders to different 
degrees. Although sonography provides superior 
anatomical details, it may not be as accurate as 
it is thought for the diagnosis of the most seri-
ous emergency reason for scrotal pain [ 94 ,  95 ]. 
Scrotal masses are also best depicted with sonog-
raphy with MRI as an adjunctive modality. In 
cases of suspected cryptorchidism with  equivocal 
clinical fi ndings, both sonography and MR imag-
ing are useful but sonography is usually the ini-
tial study [ 87 ]. 

 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 confi rm the 
diagnosis in most cases.  

10.9.4     Scintigraphy 

 Scintigraphy is used when color Doppler is inad-
equate, raising doubts about the suspected tor-
sion. Radionuclide testicular scintigraphy is used 
also more commonly after the acute phase (after 
the fi rst 12 h) in cases of prolonged vascular com-
promise [ 93 ]. Recent studies comparing both 
modalities however indicate that scintigraphy is 
more accurate for the diagnosis of testicular tor-
sion [ 96 – 98 ]. 

 A study in 41 boys compared scintigraphy and 
Doppler ultrasound for suspected testicular torsion 
[ 97 ]. There was no statistically signifi cant differ-
ence in their sensitivities. Specifi city was 77 % for 
color Doppler US and 97 % for scintigraphy 
( P  = 0.05). Due to the higher specifi city, scintigra-
phy can help avoid unnecessary surgery when 
color Doppler US shows equivocal fl ow. In 2 other 
studies of 20 and 37 patients, respectively, scintigra-
phy was more accurate than Doppler ultrasonogra-
phy. Scintigraphy also has the advantage of being 
simple, fast, and accurate [ 96 ,  98 ]. 

 Findings on a normal scan are symmetrical per-
fusion with little uptake in the blood pool images. 
In acute (early) torsion, there is decreased perfu-
sion on fl ow images and the blood pool images 
show no activity in the affected side.

   In missed (late) torsion, there is a halo of 
activity surrounding the torsion (a doughnut 
shape) due to increased perfusion to the sur-
rounding tissue through the pudendal vessels 
(Fig.  10.10 ). In acute epididymitis, there is 
increased perfusion and hyperemia in the affected 
side (Figs   .  10.11  and  10.12 ) due to vascular 
changes associated with the infl ammation [ 99 ].

            References 
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        During the past century, there has been a gigantic 
evolution in our understanding of the perplexing 
concepts of the biology of human tumors. This 
chapter is intended to address only the knowl-
edge that has had the most signifi cant impact in 
this fi eld. Owing to the constraints of space, this 
chapter is not to be considered all inclusive. We 
will deal with the pathological basis of tumori-
genesis and the basic principles of pathological 
classifi cation of tumors. 

11.1     Tumor Pathology 

 The classifi cation and typing of tumors depends 
mainly on the histopathological diagnosis, which 
is made on the basis of gross and microscopic 
examination of tissues. The surgical pathologist’s 
task is to provide a specifi c and comprehensive 
diagnosis to enable the clinician to develop an 
optimal plan of treatment and help him or her to 
predict prognosis. 

 Tumor classifi cation is based on histogenesis, 
degree of cellular differentiation (i.e., well or poorly 
differentiated), and biological behavior (benign ver-
sus malignant). All tumors, whether benign or 
malignant, have two components: (1) proliferating 
neoplastic cells and (2) supportive stroma, which is 
host derived and made up of connective tissue and 
blood vessels. While the neoplastic cells determine 
the nature of the tumors, tumor growth and evolu-
tion depend on the stroma [ 1 ]. 

 In the past, the general concept was that neo-
plasms of certain phenotypes arise from their 
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normal cell counterpart. However, evidence that 
accumulated over the years has proven the inac-
curacy of this histogenetic assumption. It is now 
believed that most tumors arise from immature 
cells that can transform and acquire phenotypic 
features similar to those of one or more normal 
cell types. For example, rhabdomyosarcomas are 
tumors that show rhabdomyoblastic differentia-
tion rather than tumors that arise from striated 
muscle cells [ 2 ]. In some instances, the immature 
cells can undergo divergent differentiation into 
two cell types, as in the case of mixed tumors of 
the salivary gland (Fig.  11.1 ), or they have the 
capacity to differentiate into any adult cell type, 
as in teratoma.

11.1.1       Biological Behavior 

 The categorization of tumors into benign and 
malignant is an oversimplifi cation of the wide 
behavioral range of neoplasms. There are tumors 
that exhibit intermediate behavior. This has led to 
the introduction of a third category designated as 
“borderline or undetermined,” which represents 
low-grade malignant tumors that can mostly be 
managed by conservative therapeutic approach. 

The best examples are borderline tumors of the 
ovary and uterine smooth muscle of low malig-
nant potential [ 3 – 5 ]. Currently, the malignant 
category is restricted to tumors that have meta-
static properties. 

11.1.1.1     Benign Tumors 
 In general, the addition of the suffi x -oma to the 
cell of origin describes benign tumors; for exam-
ple, adenoma indicates a benign tumor of epithe-
lial cell origin. Tumors that arise from 
mesenchymal tissues are designated according to 
their putative cell of origin (e.g., fi broma, chon-
droma, lipoma, and leiomyoma). Benign tumors 
can also be classifi ed on the basis of their macro-
scopic pattern; for example, papillomas are 
benign epithelial tumors with certain growth 
characteristics, such as exophytic or fi nger-like 
projections. In general, a benign tumor is com-
posed of well-differentiated cells that resemble 
their normal counterpart. A tumor is considered 
benign when its gross and microscopic character-
istics are relatively innocent, implying that it will 
remain localized and cannot spread to other sites. 
However, it should be noted that benign tumors 
can produce more than a localized mass and 
sometimes cause serious disease.  

     Fig. 11.1    Benign mixed 
tumor of the salivary gland 
(pleomorphic adenoma). 
The tumor consists of an 
epithelial component 
“glands” ( arrow ) and a 
mesenchymal component 
“cartilage” ( open arrows )       
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11.1.1.2     Malignant Tumors 
 The classifi cation of malignant tumors essen-
tially follows that of benign tumors, with some 
exceptions. Malignant neoplasms arising from 
epithelial cells are termed carcinomas. 
Carcinomas are further classifi ed on the basis of 
the type of epithelium, for example, squamous as 
squamous carcinoma (Fig.  11.2 ), glandular as 

adenocarcinoma (Fig.  11.3 ), and transitional as 
transitional cell carcinoma. Malignant epithelial 
tumors that have not extended through the under-
lying basement membrane are described as in 
situ carcinoma. Malignant tumors arising from 
mesenchymal tissue are broadly designated as 
sarcomas. These are further subclassifi ed on a 
histogenetic basis according to the normal tissue 

  Fig. 11.2    Squamous cell 
carcinoma. The tumor 
consists of well-differenti-
ated squamous cells forming 
keratin pearls ( arrow )       

  Fig. 11.3    Adenocarcinoma. 
Note the glandular formation 
of the malignant cells 
( arrows )       
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they resemble or its embryonal counterparts, for 
example, fi brosarcoma, chondrosarcoma, leio-
myosarcoma, and rhabdomyosarcoma. 
Lymphomas are tumors of lymphatic system 
cells, while myelomas are those of plasma cells.

    There are tumors that do not follow any clas-
sifi cation scheme, and they have been identifi ed 
by trivial names, such as seminoma and mela-
noma. 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 subclassifi ed into different 
types; each has its own characteristics, prognosis, 
and response to therapy. A comprehensive and 
detailed histological classifi cation of tumors of 
various organ systems is presented in several 
reviews and monographs [ 6 ,  7 ]. Malignant 
tumors are neoplasms that extend into surround-
ing tissue without respecting normal tissue 
boundaries, are capable of invading lymphatics 
and blood vessels, and can be transported to dis-
tant sites. Several salient abnormalities are help-
ful to the pathologist in making the morphological 
diagnosis of such tumors, and they are expressed 
in two ways: fi rst, there are abnormalities that 
affect individual cells in the form of cytological 
features and increased mitotic activity. 
Cytological features of malignancy include cell 

enlargement, increased ratio of nuclear to cyto-
plasmic area, pleomorphism (variation in size 
and shape), and chromatin clumping. 

 The tumor consists of well-differentiated 
squamous cells forming keratin pearls of nuclear 
chromatin and big nucleoli (Fig.  11.4 ). Second, 
there are abnormalities that affect intercellular 
relationship, i.e., altered orientation of neoplastic 
cells and stroma leading to disorganization [ 8 ].

11.1.2         Grading 

 Grading is a scheme that attempts to determine 
the degree of malignancy and is based on the 
evaluation of certain parameters that vary accord-
ing to the system used. These broadly include the 
following: degree of tumor cellularity, resem-
blance of tumor cells to their normal forbears 
morphologically and functionally, cellular pleo-
morphism or anaplasia, mitotic activity (number 
and abnormality), and necrosis [ 9 ]. In general, 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. 
Certain tumor types are defi ned as high grade, for 
example, rhabdomyosarcoma, Ewing’s sarcoma, 

  Fig. 11.4    Soft tissue 
sarcoma consisting of 
pleomorphic spindle cells, 
illustrating the features of 
malignancy as variable cell 
size and shapes and 
increased nuclear/cytoplas-
mic ratio       
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and synovial sarcoma. Nonetheless, tumor grad-
ing has a few shortcomings: fi rst, grading is sub-
jective and depends on the pathologist’s 
judgement. Second, tumors are heterogeneous, 
and accurate grading requires microscopic exam-
ination of representative tissue. In these cases, 
the least-differentiated area of the tumor should 
determine the grade. Thus, the tumor grade is a 
qualitative assessment of the differentiation of 
the tumor expressed as the extent to which a 
tumor resembles the normal tissue at that site, 
expressed in numerical grades from most differ-
entiated to least differentiated.  

11.1.3     Tumor Staging 

 Staging of cancer depends on the size of the pri-
mary neoplasm, its extent to regional lymph 
nodes, and the presence or absence of metasta-
sis. Cancer care is a cooperative, multidisci-
plinary endeavor; therefore, if the medical 
disciplines involved in cancer care are to work 
well together, they must be able to communicate 
with precision. The TNM system has been devel-
oped by the American (American Joint 
Committee on Cancer, AJCC) and European 
(Union International Contre le Cancer, UICC) 
commissions on cancer to allow systematic cat-
egorization and description of cancer patients. In 
this fashion, disease progression patterns natural 
history, and treatment outcome can be more reli-
ably documented when applied to the individual 
patient. 

 The AJCC classifi cation is based on the prem-
ise that cancers of similar histological type or site 
of origin share similar patterns of growth and 
extension. Obviously, cancers exhibit a variety of 
growth and extension patterns based upon unique 
features of either the host or the tumor. A classi-
fi cation scheme must therefore encompass all 
potential manifestations of both the tumor and its 
host. The objectives of a staging system can be 
briefl y summarized as follows: (a) to aid the cli-
nician in planning treatment, (b) to give some 
indication of prognosis, (c) to assist the evalua-
tion of end results, (d) to facilitate the exchange 
of information between treatment centers, and (e) 

to assist in the continuing investigation of cancer. 
To meet the stated objectives, a system of classi-
fi cation is needed that has basic principles appli-
cable to all anatomical sites regardless of 
treatment and in which clinical appraisal can be 
supplemented by later information from surgery, 
histopathology, and/or other technologies. The 
TNM system meets these requirements. It 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    
 Temporal variables are defi ned in the TNM 

classifi cation scheme to allow an update to occur 
after certain data have been obtained: TNM clini-
cal–diagnostic staging allows for pretreatment 
characterization via clinical examination and 
specifi c diagnostic studies. TNM surgical–evalu-
ative staging is applied following a major surgi-
cal exploration or biopsy. TNM postsurgical 
treatment–pathological staging characterizes the 
extent of the cancer following thorough examina-
tion of the resected surgical specimen. TNM 
retreatment staging is applied in instances where 
the initial therapy has failed and additional treat-
ment decisions are being considered. TNM 
autopsy staging is the fi nal staging, done after the 
postmortem study.  

11.1.4     Rate of Growth 

 Most benign neoplasms grow slowly, and most 
malignant neoplasms grow much faster. There 
are many exceptions to this generalization, how-
ever, and some benign neoplasms grow more rap-
idly than some cancers. For example, uterine 
leiomyomas (benign smooth muscle tumors) may 
increase rapidly in size during pregnancy (hor-
monal effect). The rate of growth of malignant 
tumors correlates in general with their level of 
differentiation. Rapidly growing malignant neo-
plasm often contains central areas of ischemic 
necrosis because the tumor blood supply, derived 
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from the host, fails to keep pace with the oxygen 
needs of the expanding mass of cells [ 1 ].   

11.2     Tumor Biology 

 Developing cancer cells must acquire a variety of 
characteristics not generally found in nontrans-
formed cells. The cancer cell represents the cul-
mination 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-suffi ciency 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. 

11.2.1     Cell Growth and Cell Cycle 

 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. Certain genes and 
cell-cycle-specifi c proteins are activated and 
deactivated synchronously as the cell progresses 
through the different phases of the cell cycle. The 
cell cycle is a complex circuit composed of posi-
tive and negative protein regulators, the role of 
which is to duplicate DNA specifi cally and to 
segregate it evenly into two identical progenies. 

 The cell cycle has different phases. In G0 
phase (gap 0 or resting phase), the cell is gen-
erally programmed to perform specialized func-
tions. The other four distinct phases include G1 
phase (gap 1 or interphase) in which proteins 
and RNA are synthesized for specialized cell 
functions. In late G1, a burst of RNA synthesis 
occurs, and many of the enzymes necessary for 

DNA synthesis are manufactured. The cellular 
contents excluding the chromosomes are dupli-
cated. In S phase (DNA synthesis), the cellular 
content of DNA doubles, and each of the 46 chro-
mosomes is duplicated. 

 During G2 phase (gap 2), DNA synthesis 
ceases and protein and RNA synthesis continues. 
The microtubular precursors of the mitotic spin-
dle are produced. The cell “double-check” the 
duplicated chromosomes for any errors and mak-
ing any needed repair. 

 In M phase (mitosis), the rates of protein and 
RNA synthesis diminish abruptly while the 
genetic material is segregated into daughter cells. 
After completion of mitosis, the new cells enter 
either the G0 or G1 phase (Fig.  11.3 ). When a 
cell leaves the dormant state of G0 and enters a 
metabolically active phase during G1, the destiny 
of the cell cycle pivots in the equilibrium as the 
decision to undergo division must be made at the 
restriction point [ 10 ]. Because G1 is such an 
essential phase of the cell cycle, it is not astonish-
ing that many oncogenic perturbations have been 
found as targeted amplifi cations or mutations of 
G1-specifi c protein regulators. 

 Cyclins are special proteins that activate the 
various phases of the cell cycle. Cyclins combine 
with, activate, and direct the action of special 
tyrosine kinases called cyclin-dependent kinases. 
Cyclins specifi c for various phases of the cell 
cycle rise and fall in synchrony with the progres-
sion of the cell through the cell cycle. 

 Normal cells have mechanisms or checkpoints 
that detect abnormalities in DNA sequences. 
When DNA is damaged, a number of repair 
mechanisms replace damaged nucleotides with 
normal molecules. These mechanisms ensure 
that new genetic material in daughter cells is an 
exact copy of that of the parent cell. The fi rst 
checkpoint occurs toward the end of G1 phase, 
just before cells enter the S phase. If injuries are 
detected, they either are repaired or the cell is 
made to undergo apoptosis. 

 The second checkpoint occurs just before the 
cell enters M phase. The cell-cycle inhibitors 
stop the cell until it is determined whether the 
new progeny has the genetic copies of the parent. 
Mitosis will not begin if the cell has not 
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 completely and accurately replicated its entire 
DNA. This process is mediated by decreased 
activity of cyclin-associated kinases and tumor 
suppressor proteins. 

 Although some cell types are constantly divid-
ing to replenish tissue such as cells in the basal 
layer of skin, many cells exist in a nonprolifera-
tive state (G 0 ) or quiescence. Normal cells are 
continually regulated by antigrowth signals that 
maintain them either in a quiescent state (waiting 
to reenter the cell cycle if needed) or in a perma-
nent nonproliferative state. Quiescent cells typi-
cally proliferate only in response to appropriate 
mitogenic growth signals. 

 Normal tissue maintains a stable cell popula-
tion through two distinct growth and antigrowth 
signaling networks that regulate the cell-cycle 
machinery. Signaling in both networks begins 
when extracellular molecules called as ligands 
bind transmembrane receptors, resulting in the 
propagation of a signal across the cell membrane 
to downstream intracellular molecules that 
receive and transmit the signal through the cyto-
plasm into the nucleus. As mentioned before, this 
process is known as signal transduction pathway. 
At the nucleus, either a growth signal leads to the 
activation of nuclear transcription factors that 
regulate the gene expression leading to cell-cycle 
progression or an antigrowth signal blocking 
these molecules. 

 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. Mitogen expression by 
neighboring cells is known as paracrine stimula-
tion antigrowth signaling. 

 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 

 epithelial cells. TGF-β functions in an autocrine 
fashion to inhibit proliferation and therefore may 
be a tumor suppressor protein. Recent evidence 
suggests that the loss of endogenous TGF-β 
expression may provide a growth advantage to 
cancer cells. Cancer cells can also turn off expres-
sion of TGF-β receptors, making them less 
responsive to exogenous TGF-β. 

 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 [ 11 ,  12 ].  

11.2.2     Tumor Neovascularization 
(Angiogenesis) 

 Cell survival and proliferation is dependent on an 
adequate supply of oxygen and nutrients and the 
removal of toxic metabolites. Tumor cells still 
require nutrients and oxygen in order to grow. 
Since oxygen can diffuse radially from capillar-
ies for only 150–200 μm, the growth of tumor 
masses greater than 1 mm in diameter depends on 
the formation of new blood vessels, also known 
as tumor neovascularization or angiogenesis. 

 Neovascularization is a feature of neoplasia 
and is initiated, maintained, and controlled by 
multiple molecules that are released from tumor 
cells, endothelial cells, and other cell types. 
Neovascularization supplies nutrients and oxy-
gen. 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 [ 1 ]. 

 The new tumor vessels are formed from endo-
thelial cells of the blood vessels within the tumor 

11 Nuclear Oncology 1: Principles of Tumor Pathology and Biology



354

site. Additionally, circulating endothelial cell 
progenitors may home to sites of ongoing angio-
genesis, where they differentiate into mature 
endothelial cells and contribute to angiogenesis. 

 Tumor-associated angiogenic factors may be 
produced by tumor cells or may be derived from 
infl ammatory cells (e.g., macrophages) that infi l-
trate tumors. The two most important tumor- 
associated angiogenic factors are vascular 
endothelial growth factor (VEGF) and basic 
fi broblast growth factor. The tumor cells not only 
produce angiogenic factors but also induce anti-
angiogenesis molecules. The molecular basis of 
the angiogenesis is not entirely clear but may 
involve increased production of angiogenic fac-
tors or loss of angiogenesis inhibitors. Hypoxia 
within the growing tumor favors angiogenesis by 
release of hypoxia-inducible factor-1 (HIF-1) [ 1 ]. 
Under normoxic conditions (20 % oxygen), HIF 
is rapidly degraded through the von Hippel–
Lindau tumor suppressor protein. Under hypoxic 
conditions, HIF target genes are    transcribed then 
activated. HIF-1 controls transcription of VEGF. 
The transcription of VEGF also is under the con-
trol of    RAS oncogene, and RAS activation upreg-
ulates the production of VEGF. The wild-type 
TP53 gene seems to inhibit angiogenesis by 
inducing the synthesis of the antiangiogenic mol-
ecule thrombospondin-1. With mutational inacti-
vation of both TP53 alleles (a common event in 
many cancers), the levels of thrombospondin-1 
drop precipitously, tilting the balance in favor of 
angiogenic factors [ 13 ]. 

 Increased tumor vascularization and increased 
levels of angiogenic inducers are associated with 
increased risk of tumor metastases and shortened 
survival in patients with cancer [ 14 ]. Angiogenic 
inhibitors found naturally in the body (endoge-
nous inhibitors) act as negative regulators of 
endothelial cell proliferation and migration. 
Natural angiogenic inhibitors include thrombos-
pondin, angiostatin, endostatin, and others [ 15 ]. 

 Because of the important role of angiogenesis 
in tumor growth, extensive publication concen-
trated on antiangiogenesis therapy and the results 
are very promising [ 16 – 23 ]. Therapeutics target-
ing angiogenesis have already been used success-
fully for the treatment of breast, lung, kidney, and 

colon cancers. Several types of antiangiogenic 
drugs have been developed including agents that 
target intracellular signals within endothelial 
cells and tumor cells, agents that block external 
angiogenic stimuli, and agents that inhibit the 
breakdown of the extracellular matrix. 

 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 
[ 15 ,  24 ,  25 ].  

11.2.3     Distinguishing Features 
of Tumor Cells 

 Cancer is a genetic disease resulting from multi-
ple, sequential genetic changes affecting onco-
genes, tumor suppressor genes, and modifi ers 
[ 10 ,  26 – 29 ]. Because of this multistep process, 
most human malignancies show various degrees 
of genetic heterogeneity even if they originate 
from single cells. 

 The multistep progression model deter-
mines that cells pass through a number of dis-
tinctive intermediate stages of evolution from 
normalcy to full malignancy [ 30 ]. The evolved 
tumor cells vary signifi cantly from their normal 
counterparts. 

 Tumor cells have distinguishing morphologi-
cal and structural features that are different from 
those of the cells of origin. Moreover, the abnor-
mal cells show altered interaction with neighbor-
ing cells. 

11.2.3.1     Loss of Contact Inhibition 
of Growth 

 Normal cells have an ordered growth pattern and 
a predicted relationship with their neighboring 
cells, and that growth pattern is predominantly 
two dimensional. Further normal cell division is 
inhibited by contacts made with other cells; this 
is the phenomenon of contact inhibition [ 23 ]. In 
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contrast, tumor cells exhibit loss of contact inhi-
bition and continue to display a disordered 
growth pattern.  

11.2.3.2     Growth Regulatory Response 
Pattern 

 Another feature that distinguishes normal growth 
from malignant proliferation is the reduced 
dependence of the latter on the presence of the 
known stimulatory and inhibitory growth factors. 
The diversion from the control of the growth reg-
ulatory factors can be explained, in part, by the 
discovery of biochemical changes within cancer 
cells resulting from some genetic alterations. 
Thus, when normal cells are grown in culture, 
they continue to divide for a limited number of 
generations and then experience a senescent cri-
sis, in which most cells stop dividing and die, and 
no cells survive to establish permanent cell lines. 
On the other hand, human tumor cells usually 
have an unlimited potential for growth and are 
thus immortalized [ 31 ,  32 ]. 

 This distinctive growth factor independence 
or autonomy has been attributed to at least four 
different mechanisms. First, tumor cells have the 
ability to secrete mitogenic growth factors that 
have a growth-stimulatory ability on the same 
cell that has released them, resulting in an auto-
crine positive-feedback loop [ 33 ]. Second, nor-
mal cells display growth factor receptors on their 
surfaces. These receptors release growth- 
stimulatory signals into the cell when they bind 
their cognate ligands. Alteration in number or 
structure can result in the release of mitogenic 
signals into the cell, even in the absence of any 
growth factor signals [ 34 ]. Therefore, these aber-
rantly expressed or structured receptors then 
operate as oncogene proteins. The best example 
of this mechanism is illustrated by the overex-
pression of HER-2/neu proto-oncogene in mam-
mary carcinoma [ 35 ]. Third, there is a cytoplasmic 
signaling pathway responsible for picking up sig-
nals from cell-surface receptors and transducing 
them to central growth regulatory switches within 
the cell. It appears that proteins of such genes as 
RAS participate in signal-transducing events in 
these pathways [ 36 ]. Finally, the growth factor 
independence of tumor cells may also be 

 attributed to the behavior of nuclear proto-onco-
genes that are normally regulated through a wide 
range of expression [ 35 ,  36 ].  

11.2.3.3     Immune Evasion 
 The immune system consists of many specialized 
cell types that collectively protect the body from 
bacterial, parasitic, fungal, and viral infections. 
The immune system is also thought to play a role 
in the detection and elimination of malignant 
cells. 

 Immune cells can identify cancer cells that 
express tumor-specifi c antigens (molecules 
unique to cancer cells) or tumor-associated anti-
gens (molecules differentially expressed by can-
cer cells and normal cells). Antigens are generated 
by proteasomes that break down intracellular 
proteins into short peptides. These peptides are 
presented on the cell surface in major histocom-
patibility complex molecules. 

 Another characteristic feature of human 
malignancy is its ability to escape the human 
immune surveillance pathways. It is known 
that human tumor cells express on their sur-
faces novel antigens that are not present on the 
surfaces of their untransformed progenitors. 
One type of novel antigen may be common to 
many different types of malignancy and may 
be recognized by the natural killer lymphocytes 
even without specifi c prior immunization [ 37 ]. 
In other instances, novel antigens specifi c to 
a particular type of tumor may be displayed. 
According to one theory of tumorigenesis, 
all individuals develop abundant transformed 
cells over the course of their lives, but most 
of these cells are recognized and destroyed by 
one or another module of the host’s immune 
mechanisms. Support for this theory stems from 
the observation of the substantial increase in 
the incidence of malignancy in patients with 
acquired immune defi ciency syndrome, in 
patients with organ transplants receiving inten-
sive immunosuppressive agents, and in patients 
with other immune defi ciency disorders. It has 
been proven that tumor cells may escape the 
host immune system by downregulating the 
expression of HLA antigens, which normally 
assist  lymphocyte recognition of the target cells. 
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 Cancer cells can effi ciently block the immune 
system in several ways. Metastatic growth 
requires cancer cells to acquire the capability of 
eliciting immunosuppression. Tumors can induce 
immunosuppression through a variety of mecha-
nisms such as expression of immunosuppressive 
molecules and induction apoptosis in lymphoid 
cells. 

 An example of an immunosuppressive mole-
cule is the transforming growth factor-β (TGF-β). 
The TGF-β pathway is utilized by regulatory T 
cells to suppress immune overreactions and avoid 
autoimmunity. However, tumors can also overex-
press TGF-β to suppress cytotoxic T-cell function 
and thereby escape immune control. Additionally, 
regulatory T cells can invade the tumor microen-
vironment, where they produce ample amounts 
of TGF-β that suppress antitumor immune 
responses [ 38 ]. 

 A relatively new approach to cancer therapy is 
the use of vaccines to boost antibody production 
or elicit T-cell responses against cancer cells. 
Therapeutic cancer vaccines are designed to 
expose the immune system to a tumor antigen 
using a range of strategies.  

11.2.3.4     Metabolic Alterations 
 Tumor cells exhibit a vast array of metabolic dif-
ferences distinguishing them from their untrans-
formed counterparts. This is illustrated primarily 
in simplifi ed metabolic activities and by an 
increased synthesis of material necessary for cell 
division. Some of the most striking metabolic 
alterations include the utilization of anaerobic 
pathways and the increased utilization of glucose 
transport [ 39 ].   

11.2.4     Invasion and Metastasis 

 Metastasis is a multistep process in which tumor 
cells invade nearby tissues and colonize other 
parts of the body.    Malignant neoplasms dissem-
inate by one of three pathways: (1) seeding 
within body cavities (an example of this is car-
cinoma of the colon that may penetrate the wall 
of the gut and reimplant at distant sites in the 
peritoneal cavity), (2) lymphatic spread which 

is the preferred way of spread by carcinomas in 
general, or (3) hematogenous spread which is 
favored by sarcomas. A complex set of biologi-
cal functions must be acquired for a primary 
tumor to progress to metastatic disease. The 
ability to metastasize is a multifaceted phenom-
enon which requires several prerequisites [ 40 ]: 
(a) local invasion (invasion by tumor cells 
through adjacent structures), (b) intravasation 
(entrance of tumor cells into blood or lymphatic 
vessels), (c) survival of tumor cells within the 
circulation and avoidance of the immune sys-
tem, (d) extravasation, and (e) colonization 
(implantation in a foreign tissue with establish-
ment of a new tumor locus). 

 Most carcinomas arise in epithelial cell layers 
with an underlying basement membrane. Invasive 
tumors frequently secrete enzymes, including 
collagenases, heparanase, and stromelysin, that 
are capable of degrading this type of physical 
barrier [ 41 ]. Once a tumor has eroded through the 
wall of a blood or lymphatic vessel, individual 
tumor cells may detach and circulate through the 
body as an embolus. Encasing these cells in cots 
of fi brin or in aggregates of platelets may protect 
them from destruction by the immune system. 
The presence of tumor cells in the circulation 
does not necessary lead to metastases [ 42 ]. 
However, these circulating cells have to “home” 
preferentialy to a specifi c target organ. This pat-
tern has been described as the “seeds” and “soil” 
model and has been demonstrated experimentally 
and observed consistently in oncological prac-
tice. It is not clear how these patterns of metasta-
ses arise, but some evidence suggests that tumor 
cells can respond to specifi c chemotactic signals. 
Moreover, specifi c receptors have recently been 
identifi ed on the surfaces of metastasizing tumor 
cells that cause them to adhere to complementary 
structures displayed by endothelial cells in cer-
tain organs [ 43 ]. 

 As mentioned earlier, the metastatic process 
begins with the dissociation of cancer cells from 
adjacent stromal cells and the extracellular matrix, 
followed by proteolytic degradation of the extra-
cellular matrix and migration toward lymphatic or 
blood vessels, invasion through the vessel wall, 
and transportation through the circulation. Cancer 
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cells may also gain direct entry into the circula-
tion through new vessel growth within the tumor 
(angiogenesis or lymphangiogenesis). 

 Although cancer cells can remain and grow 
within the intravascular space, they often migrate 
out of the vascular space and into a target organ. 
The arrest of circulating cancer cells at distant 
sites is thought to occur through size-dependent 
trapping or adhesive interactions with the vessel 
wall. 

 Metastatic cancer cells might progress or 
remain dormant micrometastases for months to 
decades within the target organ site. Successful 
colonization into macrometastases occurs only 
after adaptation to the new microenvironment 
and may require additional mutations in the can-
cer cell population, adjacent stromal cells, or 
both. 

 Invasion of cancer cells into the surrounding 
stroma is prevented by cell–cell and cell–matrix 
adhesion molecules. Loss of these adhesive 
attachments enables cancer cells to detach from 
the primary tumor site. Cell adhesion molecules 
are grouped into four distinct families: cadherins 
(cell–cell), integrins (cell–matrix), immunoglob-
ulins (cell–cell), and selectins (cell–cell). 

 Both intravasation and extravasation describe 
the process of transendothelial migration of can-
cer cells through the blood vessel wall.    Many sig-
naling molecules secreted by cancer cells cause 
disruption of the vessel wall, creating openings 
between endothelial cells and penetration, 
thereby gaining access of cancer cells to the ves-
sel lumen. Only a small fraction of metastatic 
cells survive during transport through the circula-
tion, and those that do must surmount a variety of 
natural barriers. Cancer cells with mutations are 
capable of continued proliferation. 

 The site of extravasation, and ultimately the 
site of metastasis, is determined by blood ves-
sels’ endothelial lining patterns and organ- 
specifi c properties. For example, lung capillaries 
are lined with a continuous layer of endothelial 
cells surrounded by a basement membrane. 
Specifi c mediators of pulmonary extravasation 
are required for metastatic cells to invade the 
lung [ 44 ]. By contrast, capillaries in the bone 
marrow and liver are lined with fenestrated 

 endothelium, which can be easily traversed by 
metastatic cells.  

11.2.5     Carcinogenesis 

 Carcinogenesis or oncogenesis is a process by 
which normal cells are transformed into cancer 
cells. It is well known that agents that induced 
damage to the DNA (mutagens) have potential 
carcinogenic effects. The progenitor tumor cells 
that sustain genetic alterations are said to undergo 
somatic mutations that promote the multistep 
process of neoplastic development. This is distin-
guishable from germ line mutations which are 
transmitted from one individual to his or her 
offspring. 

 Mutations in DNA disrupt the orderly cell 
division process by disrupting the program regu-
lating the process. Only mutations in certain 
types of genes which play vital roles in cell divi-
sion, apoptosis (cell death), and DNA repair will 
cause a cell to lose control of its cell prolifera-
tion. Typically, a series of several mutations to 
these genes is required before a normal cell trans-
forms into a cancer cell (Fig.  11.5 ).

11.2.5.1       Genetic Mutations and 
Cellular Oncogenes 

 Enormous scientifi c evidence has accumulated 
over more than half a century to indicate that neo-
plastic transformation occurs as a direct conse-
quence of alterations to the cell genome. 

 Four basic approaches have been used to iden-
tify genes involved in cancer: (a) the study of 
cancer-causing viruses, (b) bioassays for cancer 
genes in tissue culture systems, (c) localization of 
genes at sites of chromosomal alteration in tumor 
specimens, and (d) isolation of genes for cancer- 
predisposing familial syndromes. 

 Two steps are required to convert the infor-
mation stored in DNA into protein [ 45 ,  46 ]. In 
the fi rst step, transcription, the DNA is used as 
a template for the synthesis of a complementary 
messenger ribonucleic acid (mRNA). After the 
primary transcript is processed to the mature 
mRNA form, the information in the mRNA is 
converted into protein during translation. Two 
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distinct sets of  sophisticated macromolecular 
polymerization machinery are responsible for 
each of these processes. In the case of most 
protein- encoding genes, RNA is synthesized by 
RNA polymerase II (RNA Pol II) and its associ-
ated proteins. RNA Pol I and III synthesize two 
other classes of RNA, the transfer or tRNAs and 
the ribosomal or rRNAs, respectively. Unlike the 
mRNAs, the rRNAs and tRNAs do not encode 
proteins, but instead function directly as part of 
the translation machinery. 

 Initial progress in our understanding of these 
mutant cancer-causing genes came from studies 
of several tumor viruses, among them the DNA- 
containing viruses SV40, and polyomavirus. These 
viruses were found to be capable of infecting and 
transforming cultured rodent cells into a tumori-
genic state through the induction of a large num-
ber of complex cellular changes. Therefore, it was 

 postulated that a small number of mutant cellular 
genes could also act as oncogenes to induce the 
many behavioral aberrancies associated with malig-
nant cells. Indeed, the existence of such cellular 
genes was indicated by work on RNA-containing 
tumor viruses (retroviruses), such as the Rous sar-
coma virus of chickens. This led to the understand-
ing that the chicken genome must contain a normal 
gene that can be converted into an active, trans-
formation-inducing oncogene by a retrovirus. By 
extension, the mammalian genome might contain 
a gene or a number of such genes, each of which 
could become activated as a potent oncogene [ 47 ]. 

 Earlier studies to examine oncogenesis were 
very informative. In order to detect oncogenes 
within the nonviral tumors, DNA was extracted 
from cells and then introduced into normal, non-
transformed recipient cells (transfection). 
Through these experiments, it was very clear that 
some of the information encoding cancerous 
behavior of the donor cells could be passed to the 
recipient cells via DNA molecules. With the 
advent of gene cloning, it became possible to iso-
late these cellular oncogenes (Table  11.1 ).

   Many of the oncogenes originally detected by 
virtue of their association with various retrovi-
ruses were then found to be activated through 
nonviral mutational mechanisms in human can-
cers. The    MYC Oncogene that was discovered in 
the context of the avian myelocytomatosis virus 
genome was then seen in activated form in many 
Burkitt’s lymphomas. Another example is the 
Ha-ras oncogene; associated initially with a rat 
sarcoma retrovirus, it was seen in association 
with EJ/T24 bladder carcinoma oncogene. In 
addition, in approximately 30 % of human can-
cers, including a substantial proportion of pan-
creatic and colon adenocarcinomas, mutated 
RAS genes produce mutated proteins that remain 
locked in an active state, thereby relaying uncon-
trolled proliferative signals [ 36 ]. RAS undergoes 
several posttranslational modifi cations that facili-
tate its attachment to the inner surface of the 
plasma membrane. A growing body of data sug-
gests that disruption of RAS signaling pathways, 
either directly through mutations or indirectly 
through other genetic aberrations, is important in 
the pathogenesis of a wide variety of cancers. 

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. 11.5    Cancers are caused by a series of mutations. 
Each mutation alters somewhat the behavior of the cell 
(Adapted from Wikipedia)       
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Molecules such as    farnesyltransferase inhibitors 
that interfere with the function of RAS may be 
exploitable in leukemia (as well as in solid 
tumors) as novel antitumor agents. 

 Activation of cellular oncogenes is a complex 
process that involves a variety of somatic muta-
tional mechanisms. The    C-MYC oncogene devel-
ops its malignant properties through mechanisms 
that affect the level of expression of its encoded 
proteins without any associated alteration in its 
protein structure. Recently, the prognostic sig-

nifi cance of C-MYC in lymphoma has also been 
described [ 48 ]. 

 On the other hand, a quantitative change in the 
structure of the encoded proteins may be respon-
sible for oncogene activation. In chronic myelog-
enous leukemia, for example, the    ABL gene 
undergoes fusion with a fully unrelated gene, bcr. 
The bcr–abl hybrid protein encoded by these 
fused genes differs substantially in structure and 
function from the normal abl proto-oncogene 
protein [ 49 ,  50 ]. 

   Table 11.1    Cellular oncogenes implicated in human cancer   

 Category  Proto-oncogene  Mode of activation  Associated human tumor 

  Growth factors  
 PDGF-ß chain   S/S   Overexpression  Astrocytoma 

 Osteosarcoma 
 Fibroblast growth factors   HST-1   Overexpression  Stomach cancer 

  INT-2   Amplifi cation  Bladder cancer 
 Breast cancer 
 Melanoma 

 TGF-α   TGF- α  Overexpression  Astrocytomas 
 Hepatocellular carcinomas 

 HGF   HGF   Overexpression  Thyroid cancer 
  Growth factor receptors  
 EGF-receptor family   ERB-B1 (ECFR) 

ERB-B2  
 Overexpression  Squamous cell carcinomas of 

the lung, gliomas 
 Breast and ovarian cancers 

 CSF-1 receptor   FMS   Point mutation  Leukemia 
 Receptor for neurotrophic 
factors 

  RET   Point mutation  Multiple endocrine neoplasia 
2A and B, familial medullary 
thyroid carcinomas 

 PDGF receptor   PDGF-R   Overexpression  Gliomas 
  Proteins involved in signal transduction  
 GTP-binding   K-RAS   Point mutation  Colon, lung, and pancreatic 

tumors 
  H-RAS   Point mutation  Bladder and kidney tumors 
  N-RAS   Point mutation  Melanomas 

 Nonreceptor tyrosine kinase   ABL   Translocation  Chronic myeloid leukemia 
 WNT signal transduction   ß-catenin   Point mutation  Hepatoblastomas, hepatocellular 

carcinoma  Overexpression 
  Nuclear regulatory proteins  
 Transcriptional activators   C-MYC   Translocation  Burkitt’s lymphoma 
  Cell-cycle regulators  
 Cyclins      CYCLIN D   Translocation  Mantle cell lymphoma 

 Amplifi cation  Breast and esophageal cancers 
  CYCLIN E   Overexpression  Breast cancer 

 Cyclin-dependent kinase   CDK4   Amplifi cation or point 
mutation 

 Glioblastoma, melanoma 
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 It was clear, however, that single oncogenes 
were not capable of inducing transformation of 
fully normal cells into totally malignant cells. 
Instead, the action of a single oncogene usually 
induces only partial progression to malignancy. 
Fortunately, this has served as a protective mech-
anism to prevent the development of cancers in 
response to single oncogenes that arise through 
isolated genetic mishaps. Therefore, it appears 
that each step through which cells pass in the pro-
gression from normalcy to malignancy (multistep 
carcinogenesis) is characterized by a distinct 
genetic change, often one that creates an onco-
gene. However, the precise number of the distinct 
steps for most human tumors is poorly 
understood. 

 There is remarkable proliferation of litera-
ture on the molecular basis of cancer [ 51 ,  52 ]. 
   Nonlethal genetic change may be acquired by 
the action of environmental agents, such as 
chemicals, radiation, or viruses, or it may be 
inherited in the germ line. The current hypoth-
esis implies that cancer formed as a result of 
clonal expansion of a single progenitor cell that 
has incurred the genetic damage (i.e., tumors are 
monoclonal). This theory has been supported 
by many studies that revealed clonality in neo-
plasm that has been assessed readily in women 
who are heterozygous for polymorphic X-linked 
markers, such as the enzyme glucose-6-phos-
phate dehydrogenase or X-linked restriction 
fragment length  polymorphisms or in clonality 
assessed in lymphoid neoplasm. Mutant alleles 
of proto-oncogenes are called oncogenes. 

 Three classes of normal regulatory genes – 
growth-promoting proto-oncogenes, growth- 
inhibiting cancer suppressor genes (antioncogenes), 
and genes that regulate programmed cell death, or 
apoptosis – are the principal targets of genetic 
damage [ 1 ]. They are considered dominant 
because they transform cells despite the presence 
of their normal counterpart. In contrast, both nor-
mal alleles of tumor suppressor genes must be 
damaged for transformation to occur, so this fam-
ily of genes sometimes is referred to as recessive 
oncogenes. Genes that regulate apoptosis may be 
dominant, as are proto-oncogenes, or they may 
behave as cancer suppressor genes. In addition to 

the three classes of genes mentioned earlier, a 
fourth category of genes, those that regulate repair 
of damaged DNA, is pertinent in carcinogenesis.  

11.2.5.2     Growth-Promoting 
Proto-oncogenes 

 Genes that promote autonomous cell growth in 
cancer cells are called oncogenes [ 53 ]. 

 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 
oncoproteins, 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 
signals. 

 All normal cells require stimulation by growth 
factors to undergo proliferation. Many cancer 
cells acquire growth self-suffi ciency, 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) [ 54 ]. Many glioblastomas secrete PDGF, and 
sarcomas make TGF-α.  

11.2.5.3     Growth Factor Receptors 
 There are several oncogenes that encode growth 
factor. Those oncogenes represent either muta-
tion or overexpression of normal forms of growth 
factor receptors. Mutant receptor proteins can 
send continuous mitogenic signals to cells, even 
in the absence of the growth factor in the environ-
ment [ 1 ]. Overexpression can render cancer cells 
hyperresponsive to normal levels of the growth 
factor, a level that would not normally trigger 
proliferation. Among the examples of overex-
pression is the receptor called HER2 (ERBB2), 
which is present in 30 % of breast cancers and 
present in variable percentages in other human 
cancer. Breast cancers which are positive for 
HER are more sensitive to the mitogenic effects 
of small amounts of growth factors, and a high 
level of HER2 protein in breast cancer is associ-
ated with poor prognosis. The clinical  signifi cance 
of HER2 in breast cancers is clearly evident by 
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the treatment of breast cancer with anti-HER2 
antibodies which block the extracellular domain 
of this receptor [ 55 ,  56 ].  

11.2.5.4     Signal-Transducing Proteins 
 Mutations in genes that encode various compo-
nents 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. 

 Approximately 30 % of all human tumors con-
tain mutated versions of the RAS gene. In some 
tumors, such as colon and pancreatic cancers, the 
incidence of RAS mutations is even higher [ 1 ]. 
The activated RAS in turn activates downstream 
regulators of proliferation, including the RAF–
MAP kinase mitogenic cascade, which fl ood 
the nucleus with signals for cell proliferation. 
In chronic myeloid leukemia and certain acute 
leukemias, this activity is unleashed because the 
ABL gene is translocated from its normal abode 
on chromosome 9 to chromosome 22, where it 
fuses with part of the breakpoint cluster region 
(BCR) gene. The BCR–ABL hybrid gene has 
potent tyrosine kinase activity, and it activates sev-
eral pathways, including the RAS–RAF cascade 
just described. The crucial role of BCR–ABL in 
transformation has been confi rmed by the dra-
matic clinical response of patients with chronic 
myeloid leukemia after therapy with an inhibitor 
of ABL kinase called STI 571 (Gleevec); this is 
another example of rational drug design emerg-
ing from an understanding of the molecular basis 
of cancer.  

11.2.5.5     Nuclear Transcription Factors 
 Growth autonomy in neoplasm may occur as a 
consequence of mutations affecting genes that 
regulate transcription of DNA such as MYC 
oncogene that has been localized to the nucleus. 
The MYC proto-oncogene is expressed in virtu-
ally all cells, and the MYC protein is induced 
rapidly when quiescent cells receive a signal to 
divide. The MYC protein binds to the DNA, 
causing transcriptional activation of several 
growth-related genes, including cyclin- dependent 
kinases (CDKs), whose product drives cells into 

the cell cycle. In normal cells, MYC levels 
decline to near basal level when the cell cycle 
begins. In contrast, oncogenic versions of the 
MYC gene are associated with persistent expres-
sion or overexpression, contributing to sustained 
proliferation. The classic example is the dysregu-
lation of the MYC gene resulting from a t(8;14) 
translocation which occurs in Burkitt’s lym-
phoma [ 1 ].  

11.2.5.6     Tumor Suppressor Genes 
and Tumor Progression 

 The existence of tumor suppressor genes, pre-
dicted in the 1970s by the elegant epidemiologi-
cal studies of Knudson [ 57 ] and by subsequent 
cell fusion studies [ 58 ], fi nally became a reality 
with the discovery of the retinoblastoma (Rb) 
gene and later the role of the p53 gene in the 
1980s [ 59 ]. 

 While oncogenes play a critical role in tumori-
genesis, another group of genes known as tumor 
suppressors appears to be equally signifi cant. 
These tumor suppressor genes, as the name 
implies, function in the normal cells to restrict 
cellular proliferation. However, tumor suppressor 
genes are involved in tumorigenesis when they 
suffer genetic inactivation or loss-of-function 
mutations, affecting the two redundant copies of 
these genes and resulting in elimination of that 
important barrier to cell growth. 

 The loss of wild-type tumor suppressor genes 
such as Rb and p53 is associated with a wide 
variety of human tumors. Many proto-oncogenes 
transform in model systems in which the wild- 
type gene is overexpressed or expressed in the 
wrong cell type; similarly, overexpression or 
inappropriate expression of some proto- 
oncogenes, such as C-MYC, is thought to be 
tumorigenic in some human tissues. 

 Inactive alleles of tumor suppressor genes can 
be acquired in two ways. First, they may be cre-
ated through somatic mutation occurring in a tar-
get organ. Second, this inactivation or mutation 
may be passed through the germ line, present in 
all body tissues. The second mechanism may 
lead to a congenital predisposition to cancer 
because one of the required mutational events 
needed to knock out both homologous copies of 
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the gene has already occurred in all cells of the 
target organ. 

 The best example of the two mechanisms is 
associated with the inact ivation of the tumor sup-
pressor gene Rb. In 1970, DeMars postulated that 
persons prone to development of the familial 
form of retinoblastoma are heterozygous for a 
cancer-predisposing gene and that cancer devel-
ops because of a somatic mutation at the remain-
ing normal allele [ 60 ]. Later, Knudson developed 
a mathematical model based on differences in the 
incidence and age of onset of unilateral and bilat-
eral cases of familial retinoblastoma [ 40 ]. The 
higher incidence of bilateral tumors and earlier 
age of onset in familial cases than in sporadic 
cases indicated that a single additional mutation 
is the rate-limiting step in the development of 
tumors in familial cases, but two events are 
needed in nonfamilial cases. By this model, indi-
viduals predisposed to retinoblastoma would 
inherit one inactive and one functional copy of 
the Rb gene. Somatic mutation to eliminate the 
functional allele by mutation or loss of heterozy-
gosity would eliminate Rb function. In nonfamil-
ial cases, both alleles would be inactivated 
somatically, hence the requirement for two inde-
pendent events. This model has helped explain 
the epidemiological and molecular fi ndings for a 
number of human cancers, including familial 
adenomatous polyposis, Wilms’ tumor, Li–
Fraumeni syndrome, and von Recklinghausen’s 
neurofi bromatosis. It is likely that Rb suppresses 
tumor formation by virtue of its biological activi-
ties [ 61 ]. 

 The most commonly mutated tumor suppres-
sor gene in human cancer is p53, with at least 
50 % of tumors having abnormal p53 genes [ 62 ]. 
The gene participates in a cell-cycle checkpoint 
signal transduction pathway that causes either a 
G1 arrest or apoptotic cell death following DNA 
damage. Loss of p53 function during tumorigen-
esis can thus result in both inappropriate progres-
sions through the cell cycle after DNA damage 
and survival of a cell that might otherwise have 
been destined to die. It is easy to conceive how 
this would cause both increased genetic insta-
bility and decreased apoptosis and contribute 
to malignant transformation. Some tumors also 

develop other mechanisms of inactivating p53 
function by overexpression of the p53-binding 
protein, mdm2, or by infection with high-risk 
human papillomavirus and expression of the HPV 
E6 protein, which binds to p53 and enhances its 
degradation. Thus, many tumors appear to inac-
tivate p53 function by these mechanisms rather 
than by mutation of the p53 gene itself. In some 
tumor types, these p53 mutations are associated 
with poor prognosis and treatment failure. 

 Another newly discovered tumor suppressor 
gene is the p16. Since its discovery as a  CDKI 
(cyclin-dependent kinase inhibitor) in 1993, the 
tumor suppressor p16 has gained widespread 
importance in tumor biology [ 63 ]. The frequent 
mutations and deletions of p16 in human cancer 
cell lines fi rst suggested an important role for 
p16 in carcinogenesis. This genetic evidence for 
a causal role was signifi cantly strengthened by 
the observation that p16 was frequently inacti-
vated in familial melanoma kindreds. Since then, 
a high frequency of p16 gene alterations has been 
observed in many primary tumors. In human neo-
plasms, p16 is silenced in at least three ways: 
homozygous deletion, methylation of the pro-
moter, and point mutation. The fi rst two mecha-
nisms comprise the majority of inactivation 
events in most primary tumors. Additionally, the 
loss of p16 may be an early event in cancer pro-
gression, because deletion of at least one copy is 
quite high in some premalignant lesions. p16 is a 
major target in carcinogenesis, rivaled in fre-
quency only by the p53 tumor suppressor gene. 

 The absence of APC, another tumor suppres-
sor gene, is responsible for the development of 
familial adenomatous polyposis coli [ 21 ,  64 ]. 
The loss of APC is common in colon cancer . 
APC is a cytoplasmic protein whose function in 
normal cells is to bind another protein called 
β-catenin and brings about its degradation. 
β-catenin is a transcriptional factor, and if APC 
function is defective by mutation, accumulated 
level of β-catenin occurs in the cells, driving cell 
proliferation β-catenin. Individuals born with one 
mutant allele develop hundreds to thousands of 
adenomatous polyps in the colon during their 
teens or 20s. If the cells develop a second muta-
tion of the normal inherited gene on the other 
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allele, it leads to development of carcinoma of 
the colon.   

11.2.6     Apoptosis 

 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. 
The morphological ritual cells go through when 
experiencing programmed cell death has been 
termed apoptosis [ 65 ]. Cells may be induced to 
undergo apoptosis in response to extrinsic signals 
(e.g., death factors or survival factor insuffi -
ciency) or intrinsic signals (e.g., DNA damage, 
oncogene activity, oxidative stress, or hypoxia). 
These apoptotic stimuli converge on an array of 
intracellular proteases called caspases, which 
carry out proteolytic activities that result in the 
organized destruction of the cell. 

 Most normal cells that acquire carcinogenic 
mutations are eliminated by apoptosis. By con-
trast, one of the key capabilities of the cancer cell 
is its capacity to evade apoptosis. Therefore, eva-
sion of apoptosis is an early event in carcinogen-
esis that allows for the accumulation of mutations 
that are essential to malignant transformation 
[ 66 ]. Moreover, failures in normal apoptosis 
pathways contribute to carcinogenesis by creat-
ing a permissive environment for genetic insta-
bility and accumulation of gene mutations, by 
promoting resistance to immune-based destruc-
tion, by allowing neglect of cell-cycle check-
points that would normally induce apoptosis, by 
facilitating growth factor/hormone-independent 
cell survival, by supporting anchorage- 
independent survival during metastasis, by reduc-
ing dependence on oxygen and nutrients, and by 
conferring resistance to cytotoxic anticancer 
drugs and radiation. Exposition of the genes that 
constitute the core machinery of the cell death 
pathway has provided new insights into tumor 
biology, revealing novel strategies for combating 
cancer. A large family of genes that regulate 
apoptosis has been identifi ed. Apoptosis occurs 
as an end result of signaling through the death 

receptor CD95 (Fas) and by DNA damage [ 1 ]. 
When CD95 is bound to its ligand, CD95L, it 
attracts the intracellular adaptor protein FADD 
which in turn recruits procaspase 8. Caspase 8 
activates downstream caspases such as caspase 3 
that cleaves DNA and other substrates to cause 
cell death. The other pathway of apoptosis is ini-
tiated by DNA damage, for example, from radia-
tion or chemical factors. This will lead to 
cytochrome c from mitochondria which in turn 
forms a complex with apoptosis-inducing factor 
1 (APAF-1), procaspase 9, and ATP. Caspase 9 
triggers caspase 3 (where the two pathways join). 
The release of cytochrome is believed to be a key 
event in apoptosis, and it is regulated by genes of 
the BCL2 family [ 61 ,  67 ]. Some members of this 
family (e.g., BCL2, BCL-X L ) inhibit apoptosis 
by preventing the release of cytochrome c, 
whereas others, such as BAD, BAX, and BID, 
promote apoptosis by favoring cytochrome c 
release [ 1 ]. The role of BCL2 in protecting tumor 
cells from apoptosis is well documented in litera-
ture. The vast majority of B-cell lymphomas of 
the follicular type carry a characteristic t(14;18) 
(q32;q21) translocation that causes overexpres-
sion of the BCL2 protein which in turn protects 
lymphocytes from apoptosis and allows them to 
survive for long periods; there is a steady accu-
mulation of B lymphocytes, resulting in lymph-
adenopathy and marrow infi ltration. 

 TP53 is an important proapoptotic gene that 
induces apoptosis in cells that are unable to repair 
DNA damage. The actions of TP53 are mediated 
in part by activation of BAX. Two novel mecha-
nisms by which tumor cells evade apoptosis have 
recently been discovered. Certain melanoma 
cells show loss of APAF-1, blocking the mito-
chondrial–cytochrome c pathway [ 68 – 71 ]. These 
cells are resistant to TP53-induced apoptosis. 
Finally, in some tumors, there is transcriptional 
upregulation of inhibitors of apoptosis that inac-
tivate caspases. This upregulation occurs in cer-
tain lymphomas of mucosal lymphoid tissue 
(so-called MALT lymphomas) as a result of the 
t(11;18) translocation [ 72 ]. 

 The challenge presently facing cancer research 
is to convert information gained about mecha-
nisms of aberrant cell death control in tumors 
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into new therapeutic opportunities that essen-
tially change the course of cancer treatment as we 
recognize it today. The path for accomplishing 
this has been illuminated by basic research. The 
task now is to implement those strategies which 
hold the greatest potential. 

 Apoptosis-inducing drugs cause cells to 
undergo apoptosis by targeting proteins involved 
in deregulated apoptotic signaling. Resistance to 
apoptosis is a major problem for traditional che-
motherapy, 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. 

 One common therapeutic strategy is to target 
overexpressed antiapoptotic proteins in the    BCL2 
family which promote the survival of tumor cells. 
By inhibiting BCL2, a cancer cell becomes more 
vulnerable to other anticancer drugs.  

11.2.7     Senescence 

 Senescence is the process by which a normal 
somatic cell loses the ability to divide [ 73 ,  74 ]. 
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 
functional. 

 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). The progressive short-
ening of telomeric DNA eventually leads to the 
inability of DNA polymerase to completely repli-
cate the 3′ ends of chromosomal DNA during the 
cell cycle. 

 Unless the cell enters a senescent state, further 
replication involving the unprotected chromo-
somal ends would result in gross chromosomal 
abnormalities and ultimately trigger cell death. 

 In addition to replicative senescence, premature 
senescence can occur before the replicative limit 
of a cell is reached. Premature senescence, also 
known as stress-induced senescence, occurs in 
response to stress signals including oncogene acti-
vation, DNA damage, and oxidative stress. 
Oxidative stress has been shown to shorten telo-
meres much faster than through cell division alone. 

 Evasion of senescence is essential to the con-
tinuous proliferation of cancer cells. Telomerase, 
an enzyme that lengthens telomeres, is expressed 
throughout the life cycle of stem cells but is 
undetectable in somatic cells. Approximately 
90 % of cancer cells have short telomeres and 
overexpress telomerase. Several oncogenes have 
been discovered that regulate the transcription of 
telomerase, including C-MYC. Several tumor 
suppressor genes are also known to activate pre-
mature senescence in response to DNA damage.  

11.2.8     Hereditary Cancer 

 The evidence now indicates that for many types 
of cancer, including the most common forms, 
there exist not only environmental infl uences but 
also hereditary predispositions. Our list of genes 
whose mutations can account for hereditary can-
cer is increasing. Hereditary forms of cancer can 
be divided into three categories. 

11.2.8.1    Inherited Cancer Syndromes 
    Inherited cancer syndromes include several 
well-defi ned cancers in which inheritance of a 
single mutant gene greatly increases the risk of a 
person to develop a tumor. The predisposition to 
these tumors shows an autosomal dominant 
pattern of inheritance. Childhood retinoblastoma 
is the most striking example of this category. 

 Familial adenomatous polyposis is the other 
classic example. For most the development of the 
clinical features is age dependent, and that devel-
opment may be early in life, as with hereditary 
retinoblastoma, or relatively later in life as with 
colorectal carcinoma. A major problem facing 
the cancer geneticist at present is the construction 
of age-specifi c penetrance curves that can serve 
as a guide to counseling.  
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11.2.8.2    Familial Cancers 
 Almost all the common types of cancers that 
occur sporadically have been reported to occur in 
familial forms. Examples include carcinomas of 
the colon and breast. Inherited susceptibility to 
breast cancer has been an area of intensive inves-
tigation for the past 10 years. Early work focused 
on identifying modes of transmission, which cul-
minated in the identifi cation of chromosomes 
17q12–21 as the fi rst human genomic region that 
harbored an autosomal dominant susceptibility 
gene for breast cancer (BRCA1) in 1990. BRCA1 
was subsequently identifi ed, followed shortly by 
the identifi cation of BRCA2 [ 75 – 78 ]. Research 
has elucidated much about the mutation spectrum 
and mutation frequency of these genes in specifi c 
populations in the past 3 years and is beginning 
to identify potential functions. Whereas progress 
in this area has been rapid and much is now 
known about inherited susceptibility to breast 
cancer, much more needs to be done to make 
these discoveries useful in the diagnosis, treat-
ment, and ultimately prevention of breast cancer.  

11.2.8.3    Autosomal Recessive 
Syndromes of Defective DNA 
Repair 

 One of the best-studied examples is xeroderma 
pigmentosum, in which DNA repair is defective. 
It is a rare autosomal recessive disease character-
ized by defi ciency of endonuclease, the enzyme 
partly responsible for repair of DNA damage. 
Children with this disorder develop multiple 
squamous cell carcinomas [ 52 ].    

11.3     Summary 

 The molecular pathogenesis of cancer is a com-
plex process requiring the disruption 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 uncontrolled growth, invasive-
ness, and decreased cell death and other charac-
teristics of cancer cells (Table  11.2 ) lead to 
cancer. Recent progress during the last 20 years 
in understanding these pathways has been 

 tremendous and may explain not only the molec-
ular paradigms for the development of cancer 
phenotypes, but also fi nally being brought to 
force as new cancer therapeutics. Molecular-
targeted agents have already made dramatic dif-
ferences in the treatment of cancers that were 
previously considered untreatable. The next 
decade will continue to see explosive growth in 
novel cancer diagnosis particularly molecular 
and in therapeutics targeting the different path-
ways that defi ne a cancer cell.
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12.1            Introduction 

 Nuclear medicine has a major role in the manage-
ment of malignant tumors. With the develop-
ments towards 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 fl ow, newly pro-
liferated capillaries with more permeable walls, 
increased metabolic activity of cells, increased 
energy demand, high density of some common 
antigens or several specifi c antigens, and several 
specifi c receptors as discussed in the previous 
chapter. 

 Understanding the cell biology of tumors and 
their features including the angiogenesis, cell 
proliferation, necrosis, apoptosis, and specifi c 
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 develop-
ment of new drugs. The pathophysiologic char-
acteristics of tumors are utilized in several 
scintigraphic clinical applications effectively 
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including  diagnosis, 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 
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 ]. 

  18 F-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.  67 Ga citrate,  201 Tl chloride, 
and  99m Tc-sestamibi and similar compounds for 
the purpose of tumor imaging will ultimately be 
used only in those hospitals that have no access to 
PET imaging facility (dedicated or multifunc-
tional system). Also, in case of pediatric imaging, 
 201 Tl chloride,  67 Ga citrate, and  99m Tc-sestamibi in 
conjunction with  111 In-octreotide, and  131 I- or 
123- I MIBG can still play a major role in pediat-
ric oncology [ 2 – 4 ].  

12.2     Radiopharmaceuticals 

12.2.1     Conventional 
Radiopharmaceuticals 

 There are numerous radiopharmaceuticals that 
are used for the differentiation of benign from 
malignant lesions including gallium-67 citrate, 
thallium-201 chloride,  99m Tc-sestamibi, and fl uo-

rine 18 fl uorodeoxyglucose (    18 F-FDG). However, 
with the advent of  18 F-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 ( 67 Ga) citrate. It was used as a tumor imag-
ing agent initially for Hodgkin’s lymphoma. 
Approximately 90 % of Hodgkin’s lymphomas 
are gallium avid pretreatment [ 5 ]. It was later 
found that     67 Ga was also useful in other types of 
malignancies such as non-Hodgkin’s lymphoma, 
melanoma, hepatocellular carcinoma, and lung 
cancers among others.  67 Ga is trapped on the 
transferrin or lactoferrin receptors and then passes 
through the cytoplasm intracellularly [ 3 – 7 ]. 
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 membrane. As 
a result in these conditions of transferrin satura-
tion,  67 Ga citrate uptake will be less sensitive for 
detection of infl ammatory 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 [ 8 ].  67 Ga citrate is still used in centers 
where PET service is not available, in spite of 
its poor physical characteristics, relatively poor 
sensitivity, and lack of specifi city. This is due 
primarily to its lower cost and long half-life of 
3 days, which makes it suitable for worldwide 
delivery. Those centers that have access to  18 F-
FDG PET/CT imaging do not recommend  67 Ga 
citrate studies for tumor imaging, but still used 
for chronic infection localization. 

 Although predominantly a myocardial perfu-
sion agent, thallium-201 chloride ( 201 Tl) has been 
used to image viable benign and malignant 
tumors throughout the body. It was found that 
 201 Tl was also useful in malignancies including 
lung, breast, thyroid, glioblastomas, and some 
sarcomas. However, the use of  201 Tl below the 
diaphragm is limited due to the normal uptake in 
the liver, spleen, kidneys, and intestines. 
Chemotherapy and radiation therapy do not alter 
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the uptake of thallium as they do with gallium. 
    201 Tl chloride has a mechanism of uptake in the 
cell related to the sodium pump, ATPase activity, 
angiogenesis, and ill-formed and well-formed 
new blood vessels [ 9 – 11 ]. 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 [ 12 ]. 

 Technetium-99m sestamibi (    99m Tc) has also 
been found useful for a number of tumors includ-
ing breast, thyroid, and CNS neoplasms.  99m  Tc- 
sestamibi uptake is related to the electrical 
gradient difference across the cell membrane 
and mitochondrial uptake. Retention of this 
radiopharmaceutical inside the cell, on the other 
hand, is thought to be inversely proportional to 
the multidrug resistance of its glycoprotein con-
tent and its activation in the cell [ 13 – 15 ]. The 
typical administered dose is 20–30 mCi (740–
1,110 MBq). Imaging can be performed at 10–20 
min postinjection and as far as 2 h delayed imag-
ing since there is little washout from malignant 
lesions [ 16 ,  17 ]. 

 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 gastrino-
mas. It has also been used to assess patients with 
lymphomas and granulomatous diseases [ 18 ]. 
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 
imaging. The typical administered dose of 
IN-111 pentreotide 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 confi rm 
equivocal fi ndings. SPECT imaging is helpful 
and increases the sensitivity of the examination. 
The normal distribution 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 [ 19 ]. MIBG can also be utilized to 
evaluate other tumors with a lower affi nity 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 specifi city of I-123 MIBG is 
88 and 84 % respectively [ 20 ].    When evaluating 
for neuroblastomas, the sensitivity and specifi city 
of I-123 MIBG is 90 and 94 % respectively [ 21 ].  

12.2.2     18F-FDG 

 Fluorine-18-2-deoxy-D-glucose ( 18 F-FDG) diag-
noses, stages, and restages many cancers with an 
accuracy ranging from 80 to 90 %. PET/CT has 
become a standard procedure in the management 
of many cancer patients [ 22 ].  18 F-FDG uptake in 
the cell is related to several glucose transporters 
in the cell membrane which allow active  18 F-FDG 
passage across the membrane to the cytoplasm 
and trapping without further metabolism. One of 
the biochemical characteristics of malignant cells 
is an enhanced rate of glucose metabolism due to 
increased number of these cell surface glucose 
transporter proteins (such as Glut-1 and Glut-3) 
and increased intracellular enzyme levels of 
hexokinase and phosphofructokinase which pro-
mote glycolysis [ 23 ,  24 ]. 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 fasting state in order to mini-
mize competitive inhibition of FDG uptake by 
glucose [ 25 ]. It is recommended that patients fast 
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for a minimum of 4 h prior to FDG administra-
tion. Patients should also be well hydrated for the 
exam and avoid any type of exercise or strenuous 
work at least 24 h before scanning [ 26 ]. A serum 
glucose level should be obtained prior to FDG 
administration since image quality is signifi -
cantly infl uenced by plasma glucose levels. 
A commonly used glucose cutoff level is 200 mg/
dl. An elevated 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 fi rst 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 [ 27 ]. 
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) [ 26 ]. For pediatric patients, a dose 
of 0.15–0.30 mCi/kg is recommended with a 
minimum dose of 1 mCi [ 28 ]. 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 fi eld of 
view in up to 4 % of patients (Fig.  12.1 ). The 
exception is for patients with melanoma where 
imaging must be performed from the top of the 
skull to the feet [ 29 ].

12.2.3        18F-fl uoride 

 18F-fl uoride is a sensitive agent for detecting 
altered osteogenic activity with a mechanism of 
uptake similar to that of  99m Tc-MDP (Fig.  12.2 ). 
The radiotracer accumulates in the vicinity of 
metastatic lesions in bone like MDP. However, 
18F-fl uoride has the advantage of faster blood 
clearance and higher bone uptake. Deposition of 
the radiotracer in bone is secondary to the blood 
fl ow to the bone as well as the effi ciency of the 
bone to extract the fl uorine ions from the blood 
which are not bound to serum proteins [ 30 ]. 

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 
[ 31 ]. However, one of the drawbacks to this 
modality is the lack of physiologic information in 
regard to the soft tissues. At times, both  18 F- FDG 
and 18F-fl uoride studies are needed on a given 
patient. This is typically done as two separate 
studies on different days which are both inconve-
nient for the patient and increases radiation expo-
sure from the CT component of both studies. 

  Fig. 12.1    TWB vs. LWB. Differences are the acquired 
fi eld of views. The commonly used limited whole body 
fi eld of view ( left ) from the base of the skull to the upper 
thighs       
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Some have suggested that both  18 F-FDG and 
18F-fl uoride can be combined in a single  PET/
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  18 F-FDG which only scans with the 
benefi t of additional soft tissue evaluation [ 32 ].

12.2.4        Proliferation Agents 

 Currently, only  18 F-FDG is widely accepted and 
used in clinical practice for proliferation imag-
ing.  18 F-fl uorodeoxythymidine ( 18 F-FLT) is an 
amino acid agent labeled with  18 F that can be 
used to measure tumor cell proliferation [ 33 ,  34 ]. 
The agent is transported into the cell by the same 
nucleoside carrier as thymidine [ 35 ]. The agent is 
then phosphorylated within the cell by thymidine 
kinase-1 (TK 1 ) which is upregulated in rapidly 
dividing tumor cells (thymidine kinase activity is 

a marker of cellular proliferation) [ 33 ,  36 ]. 
Because  18 F-fl uorodeoxythymidine is resistant to 
catabolism by thymidine phosphorylase, there is 
prolonged intracellular retention of the agent 
[ 33 ]. Based on  18 F-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 [ 37 ]. 

 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 mea-
suring transport and protein synthesis and 
nucleosides for DNA synthesis. Example of 
such agent to track cancer cell proliferation is 
C-11 thymidine, which is taken up into DNA 
but not by RNA to map proliferation. 
    11 C-methionine is another example, which seeks 

  Fig. 12.2    A 57-year-old male patient with a history of 
prostate cancer. NaF PET/CT images demonstrate a 
normal radiotracer distribution throughout the skeleton 

with areas of focal uptake in the shoulders, wrists, 
knees, and feet which are consistent with degenerative 
arthropathy       
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amino acid transport. A higher correlation with 
proliferation of lung tumors was seen for (11)
C-4DST than for (18)F-FDG [ 38 ]. C-11-labeled 
agents however have very short half-life. For 
this reason, F-18- radiolabeled tracers are pre-
ferred. This radiotracer was also used to evalu-
ate the response to radiation therapy in patients 
with lung cancer (NSCLC). 

  11 C-choline ( 11 C-CHOL) is an agent that is 
incorporated into tumor cells by conversion into 
 11 C-phosphorlycholine which is trapped inside 
the cell. This is followed by synthesis of 
 11 C-phosphatidylcholine which constitutes a 
main component of cell membranes. Because 
tumor cells duplicate very quickly, the biosyn-
thesis of cell membranes is also very fast, and 
there is increased uptake of choline and upregu-
lation of the enzyme choline kinase [ 39 ]. 
Essentially, the uptake of  11 C-CHOL in tumors 
represents the rate of tumor cell proliferation 
[ 40 ].  11 C-CHOL is very rapidly cleared from the 
blood, and optimal tumor-to-background con-
trast is reached within 5 min [ 39 ,  41 ].  

12.2.5     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 there-
fore require additional radiation to achieve ade-
quate cell killing, which might exceeds the 
tolerance of the surrounding normal tissues, 
called the tumor bed [ 42 ,  43 ]. 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 radiation has been recog-
nized for a long time. Methods have been devel-
oped to add compounds to act as hypoxic 
cytotoxin to potentiate the effect of radiation. 
Accordingly, evaluation of tumor hypoxia can 
help in patient’s management. PET/CT imaging 
using F-18-misonidazole (FMISO) is used in 
evaluating hypoxia and in evaluating prognosis 
in patients receiving radiation therapy and cer-
tain chemotherapy [ 44 ,  45 ]. 

  18 F-fl uoromisonidazole ( 18 F-FMISO) acts as a 
bioreceptor molecule and is incorporated into 
cell constituents under hypoxic conditions [ 42 ]. 
Unfortunately, there is slow cellular uptake and 
slow washout from non-hypoxic tissues. 
 62 Cu-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 [ 42 ,  43 ].  

12.2.6     68-Ga-DOTATOC and 
68-Ga-DOTATATE 

 The increased expression of somatostatin 
receptors is a unique characteristic of neu-
roendocrine tumors. 68-Ga-DOTATOC and 
68-Ga-DOTATATE are two radiolabeled soma-
tostatin analogs for the diagnosis and pretreat-
ment evaluation of neuroendocrine tumors with 
PET. There are fi ve types of somatostatin recep-
tors characterized (sst1 to sst5), but sst2 is the 
predominant one in neuroendocrine tumors [ 46 ]. 
The semiquantitative measurements such as SUV 
have been shown to be helpful in the assessment 
of response to therapy. Recent studies demon-
strated that the sensitivity of these agents was 
up to 96 % with a specifi city of up to 100 % in 
the diagnosis of neuroendocrine tumors on PET. 
In addition, this was found to be superior than 
conventional somatostatin receptor scintigraphy 
and diagnostic CT in diagnosis, staging, and 
restaging [ 47 – 49 ]. In addition, DOTATOC and 
DOTATATE can be labeled to Yttrium-90 for 
therapy of neuroendocrine tumors. However, this 
is beyond the scope of this chapter.   

12.3     PET Imaging Interpretation 

12.3.1     Normal Distribution 

 The normal pattern of  18 F-FDG uptake on PET 
imaging performed approximately 1 h after 
intravenous administration refl ects glucose 
metabolism and includes the brain, heart, kid-
neys, ureters, and bladder. The prominent uptake 
in the urinary tract is secondary to the clearance 

R. Muzaffar et al.



375

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.  12.3 ). 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 
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 infl uenced by outside 
factors including medications such as the case 
of intense bowel uptake in diabetic patients on 
metformin. Uptake in the oropharynx can be 
variable as well including the salivary and 
parotid glands. Intense uptake is often seen in 
the pharyngeal and lingual tonsil. This uptake is 
often symmetric, but normal asymmetry is also 
seen [ 50 ,  51 ].

12.3.2        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 [ 52 ]. 
In addition, patients with labored breathing or 
COPD can demonstrate uptake in the diaphragm, 
intercostal, and scalene muscles depending on 
the severity (Fig.  12.4 ) [ 53 ]. 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.  12.5 ). 

  Fig. 12.3    A 64-year-old male with a history of lym-
phoma. PET/CT images demonstrate a normal distribu-
tion of radiotracer. Note physiologic activity in the 

forearm muscles and excretion of the FDG by the kid-
neys and urinary bladder       
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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 [ 54 ]. This 
uptake occurs due to heat generation in response 
to cold, ingestion of food, or increased sympa-
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 [ 55 ].

   Other variants such as normal thymic uptake in 
the anterior mediastinum can be seen in children 
and adults up to 30 years of age. In addition, uni-
form FDG distribution is commonly seen in circu-
lation. However, when the normal blood fl ow 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 infl ammation [ 56 ]. 
Normal thyroid tissue does not demonstrate signifi -
cant FDG uptake. However, diffuse uptake can be 

PET

a

CT

PET CT

b

  Fig. 12.4    ( a ) Patient with 
no COPD showing no uptake 
in scalene muscles. ( b ) 
Patient with COPD showing 
intense FDG uptake in 
scalene muscles bilaterally 
( arrow )       
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seen in cases of thyroiditis and Graves’ disease. 
Focal uptake can be seen in benign nodules but 
carry a 33 % risk of malignancy [ 57 ]. Normal bone 
marrow uptake is commonly seen as similar inten-
sity as the liver. FDG uptake is affected when a pro-
cess alters marrow distribution. For example, 
hematopoietic stimulants such as colony stimulat-
ing growth factors will increase marrow uptake as 
will anemia or infl ammatory processes [ 58 ]. On the 
other hand, radiation therapy will decrease uptake 
in the marrow. Compression deformities or frac-
tures can cause intense uptake in the vertebra which 
can lead to misinterpretation as malignancy.  

12.3.3     Uptake in Infl ammation 
and Infection 

  18 F-FDG uptake is not specifi c for only neoplasm. 
The agent also demonstrates activity in areas of 
active infection and infl ammation. This can make it 
diffi cult to differentiate infections such as pneumo-
nia from a malignant lesion. This can also cause 
misinterpretation in patients with sarcoidosis and 

granulomatous disease. A commonly encountered 
pattern of uptake is seen in lung cancer patients 
who have undergone radiation therapy. This causes 
intense FDG uptake initially in the lung paren-
chyma following the fi eld used for therapy. This 
pattern of uptake may persist for many months and 
delaying the PET scan is recommended to allow 
for reduced infl ammation (Fig.  12.6 ) [ 59 ]. FDG 
PET/CT also has a role in the evaluation of muscu-
loskeletal infection demonstrating increased uptake 
in osteomyelitis as well as prosthetic joint loosen-
ing and infection [ 60 ].

12.3.4        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-corrected 
PET images. Therefore, it is recommended to 
review the non-attenuation-corrected images for 

  Fig. 12.5    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       

 

12 Nuclear Oncology 2: Scintigrahic Imaging



378

confi rmation of these abnormalities. In addition, 
these can also cause beam hardening artifacts on 
CT. Respiratory motion artifact is also frequently 
encountered. This is due to the lung motion dur-
ing normal breathing. PET/CT images are usu-
ally acquired during quiet respiration so the CT 
and images closely match PET. However, any 
deviation from this can cause abnormalities pro-
jecting in an incorrect location. This is commonly 
seen as a liver lesion which projects in the lung 
base (Fig.  12.7 ) [ 61 ].

12.3.5        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 
quantifi ed as the standard uptake value (SUV). It 
is a measure of uptake in a specifi c region of 
interest and is corrected for body mass or body 
surface area.

  Fig. 12.6    A 68-year-old male with a history of right upper lobe adenocarcinoma. PET/CT images following cyber knife 
treatment showing fi ducial markers at the site of a spiculated lesion surrounded by FGD avid postradiation changes       
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  Fig. 12.7    A 71-year-old male with leukemia demonstrat-
ing respiratory motion artifact.  Top row : Focal FDG 
uptake appearing in the lung base on PET image ( right ). 

 Middle row : Lung window demonstrates no defi nite lung 
lesion.  Bottom row : Hypodense lesion in the dome of the 
liver on CT matching the PET abnormality       
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12.4        Clinical Uses of PET/CT 
in Soft Tissue Malignancies 

12.4.1     CNS Tumors 

 Brain metastasis is a common complication of 
cancer affecting 15–40 % of patients [ 62 ]. These 
patients have a poor prognosis even in the absence 
of systemic disease, with a median survival time 
ranging from 9 to 18 months [ 63 ]. The most com-
mon primary cancers that metastasize to the brain 
in adults are lung (40 %), breast, colon, renal cell 
carcinoma, and melanoma. In children, the most 
common are sarcoma and germ cell tumor. The 
cerebral cortex is the most common location for 
cerebral metastasis (80 %) with multiple lesions 
in two-thirds of the patients [ 64 ]. 

 On the other hand, primary CNS tumors are 
much more rare with 7–19 cases per 100,000 
[ 65 ]. According to the World Health Organization, 
there are three main types of gliomas: astrocy-
tomas, oligodendrogliomas, and mixed oli-
goastrocytomas. 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 mito-
sis, microvascular proliferation, nuclear atypia, 
and necrosis. There are three subtypes of low-
grade gliomas, pilocytic astrocytoma (grade I), 
astrocytoma (grade II), and oligodendroglioma 
(grade II). High-grade gliomas include ana-
plastic tumors (grade III) and glioblastoma 
(grade IV). Glioblastoma is the most common 
glioma which also happens to be the most 
malignant. It accounts for 45–50 % of all glio-
mas [ 66 ]. 

 The gold standard for brain imaging contin-
ues to be MRI which provides excellent ana-
tomic details. FDG uptake within these tumors 
usually correlates with the grade of the tumor. 
Low-grade gliomas demonstrate lower meta-
bolic activity than high-grade gliomas.    In addi-

tion, high FDG uptake in a lesion that was a 
previously known low-grade tumor is suggestive 
of anaplastic transformation. 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 follow-up imaging, MRI can-
not 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 radiation necrosis will dem-
onstrate reduced uptake or photopenia in the 
region (Fig.  12.8 ) [ 65 ].

   A commonly seen phenomenon in brain 
imaging is reduced uptake in the cerebellar 
hemisphere contralateral to a supratentorial 
insult and referred to as crossed cerebellar dias-
chisis (Fig.  12.9 ). This manifestation is not only 
seen in tumors but in any supratentorial process 
including trauma, demyelination, gliosis, unilat-
eral edema, and infarction [ 67 ]. This phenome-
non occurs as a result of an interruption to the 
corticopontocerebellar pathway from the cere-
bral hemispheres to the contralateral cerebral 
cortex [ 68 ].

12.4.2        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 % [ 42 ,  69 ]. 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 dis-
ease. 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 
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with surgical resection and/or radiations. 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.  12.10 ). False-positive fi nd-
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 specifi city of 85 % [ 70 ].

12.4.3        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 gives rise to papil-
lary, follicular, or mixed cell variants and are 
commonly well differentiated. These tumors are 

  Fig. 12.8    A 41-year-old male with left frontal lobe 
mixed oligoastrocytoma, WHO grade 3, status post-resec-
tion and radiation therapy.  Top row : Axial post contrast 
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 frontopari-
etal craniotomy with gliosis in the left frontal without evi-
dence of focal FDG uptake in this region to represent 
tumor recurrence       
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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. However, tumor recur-

rence 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 glucose metabolism 

  Fig. 12.9    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 
( bottom row )       
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[ 71 ]. 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 scan, FDG PET/CT 
can aid in the detection of metastatic disease 
(Fig.  12.11 ). In addition to poorly differentiated 
tumors, FDG has also been found to be useful for 
medullary thyroid carcinoma. 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 [ 72 ]. 
This type of cancer typically demonstrates 
intense FDG avidity making PET/CT essential 
for proper staging and follow-up with a sensitiv-
ity of 76–78 % and specifi city of 79 % [ 71 ].

12.4.4        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 stratifi ed squamous epithelium. 
Malignancy in this area is commonly due to 
squamous cell carcinoma, accounting for 85 % 

of cases. The distal portion is comprised of 
columnar epithelium. Adenocarcinoma is com-
monly encountered in this area. Patients will 
often present with dysphagia or by endoscopic 
biopsy in patients with Barrett’s esophagus, con-
sidered a premalignant condition which predis-
poses patients to the development of 
adenocarcinoma. Barrett’s esophagus has been 
shown to increase the risk of developing adeno-
carcinoma by 30-fold when compared to the 
general population [ 73 ]. 

 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 infl ammation,  postradiation 
infl ammation, hiatal hernia, and Barrett’s esopha-
gus (Fig.  12.12 ).

   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 

  Fig. 12.10       A 49-year-old male with a history of squa-
mous cell carcinoma of the fl oor of the mouth and alveo-
lar ridge, status post left marginal mandibulectomy and 
bilateral supraomohyoid neck dissection. PET/CT images 

show multiple surgical clips at the operative bed with dis-
torted anatomy of the fl oor of the mouth. There is no evi-
dence of focal activity to suggest tumor recurrence       
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  Fig. 12.11    A 56-year-old female with a history of esophageal cancer. PET/CT images demonstrate an FDG avid focus 
in the right lobe of the thyroid gland. Biopsy of the focus was positive for malignancy       

  Fig. 12.12    A 63-year-old female with a history of 
meningioma. FDG PET/CT images show mild liner activ-

ity along the mid- and distal esophagus related to esopha-
gitis from gastroesophageal refl ux disease       
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to 3 % when nodal disease is present [ 73 ]. 
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 
lesions, and abdominal nodes are often associ-
ated with more distal lesions (Fig.  12.13 ). FDG 
PET/CT has been found to be more sensitive than 
CT alone for diagnosing nodal metastasis is 
esophageal cancer [ 74 ]. 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 [ 75 ].

12.4.5        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 abnormal mammograms are found to have 
breast cancer. In addition, about 10 % of breast 
cancers cannot be identifi ed on mammograms 
even when palpable [ 76 ]. The most common type 

  Fig. 12.13    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       
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of breast cancer is invasive ductal carcinoma con-
sisting of 70–80 % of cases. Invasive lobular car-
cinoma is relatively uncommon and consists of 
5–10 % of cases [ 77 ]. Although FDG PET/CT is 
primarily used in the evaluation of restaging, 
recurrence, and response to therapy, it is also use-
ful in the evaluation of non-palpable masses in 
dense breast as well as when mammography is 
equivocal. 

 A major benefi t 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.  12.14 ). 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 % [ 78 ]. In general, the 
amount of metabolic activity within a tumor 
 correlates with tumor grade as well as prolifera-
tion index (Ki67 expression). In addition, there is 
higher uptake in infi ltrating ductal carcinoma 
than in infi ltrating lobular carcinoma. This may 
be secondary to its infi ltrative properties as well 
as low tumor cell density [ 79 ].

   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  99m Tc 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 

  Fig. 12.14    A 34-year-old female presenting with a right 
breast mass. FDG PET/CT images show an intensely 
hypermetabolic right breast mass with multiple hypermeta-

bolic right axillary lymph nodes. Biopsy revealed right 
breast invasive ductal carcinoma with metastatic right axi-
ally lymph nodes       
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67 % with a specifi city of 90–99 %. False- 
negative results tend to occur in patients with 
small deposits 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 predic-
tive value of up to 80 % [ 79 ].  

12.4.6     Renal and Bladder Cancers 

 Both renal and bladder cancers are diffi cult 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  18 F-FDG within 
these structures (Fig.  12.15 ). 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 % [ 80 ]. 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 too 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 

  Fig. 12.15    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       
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this setting, but it has been noted that the use of 
various techniques such as delayed imaging, fl uid 
loading, diuresis, and bladder catheterization can 
help with disease detection [ 81 ].

12.4.7        Gynecologic Cancers 

 Cervical cancer is the most common gynecologic 
cancer and the second most common cancer in 
women [ 82 ]. It is commonly treated with surgery, 
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 structures (bowel 
and urinary tract), it does have a role in detecting 
lymph node metastasis [ 83 ]. It has been shown 
that FDG PET can detect lymph node metastasis 
in these patients with a sensitivity of 91 % and 
specifi city of 100 %. On the other hand, MRI had 
a sensitivity of 73 % and specifi city of 83 % [ 84 ]. 

 Ovarian carcinoma is the second most com-
mon gynecologic cancer and the leading cause of 
death in women with gynecologic malignancies 
[ 85 ]. 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 infl ammatory adnexal masses, 
endometriomas, corpus luteum cysts, and other 
benign ovarian tumors. FDG PET/CT is often 
used for restaging and detecting metastatic dis-
ease in conjunction with serum markers (Ca-125, 
Ca 19-9, alpha-fetoprotein, and human chorionic 
gonadotropin). The sensitivity of FDG PET has 
been reported to be 58 % with a specifi city of 
76 % [ 86 ].  

12.4.8     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 pros-
tate cancer. It has been reported that the sensitivi-
ties of FDG PET in metastatic prostate cancer 
ranges from 18 to 65 % [ 87 ]. However, the same 
study showed an increase in sensitivity to 72 % 
when imaging with  11 C-methionine PET. In addi-
tion, there is a role for 18F-fl uoride PET/CT for 
the assessment of bone metastasis which has 
found to be more sensitive than the gold standard 
 99m Tc MDP bone scan (Fig.  12.16 ). It has been 
reported that 18F-fl uoride PET/CT had a sensi-
tivity ranging from 81 to 100 % with a specifi city 
of 93 % compared to a sensitivity of 70 % for the 
conventional bone scan [ 88 ,  89 ]. Increased 
uptake on these scans, however, is not limited to 
tumor and can also be seen in benign bone lesions 
and degenerative changes.

12.4.9        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 [ 90 ]. 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 
distant metastasis in 19 % [ 91 ]. Therefore, 
proper staging is crucial for disease manage-
ment. FDG PET/CT is often used to accurately 
stage disease prior to surgical resection or to 
confi rm equivocal fi ndings prior to treatment 
(Fig.  12.17 ). One study found that FDG PET 
was able to detect 95 % of primary tumors as 
compared to CT which detected only 49 % [ 92 ]. 
It is important to note, however, that FDG PET 
is not sensitive for the detection of regional 
lymph node involvement (sensitivity of 29 %) 
due to the intense uptake in bulky primary 
lesions which can obscure smaller lymph nodes 
[ 93 ]. In addition, the presence of physiologic 
bowel activity, infl ammation, and benign polyps 
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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 heterogeneity 
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 [ 94 ]. 
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 specifi city of 87 % compared to 
CT with a sensitivity of 79 % and specifi city of 
73 % [ 95 ]. As in other areas of the body, PET 

has the ability to delineate postradiation changes 
from disease recurrence.

12.4.10        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 [ 96 ]. 
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 [ 97 ]. 

 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 

  Fig. 12.16    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 metastatic 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       
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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 fi rst 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 transtho-
racic needle biopsy [ 98 ]. FDG PET has proven to 
be an accurate method to differentiate benign 
from malignant nodules (Fig.  12.18 ). A large 
meta-analysis showed that FDG PET had a sensi-
tivity and specifi city of 97 and 78 % with a nega-
tive predictive value of 98 % [ 99 ].

   FDG PET is recommended for the initial 
staging of lung cancer to defi ne both local and 
distant metastasis which greatly impacts patient 

  Fig. 12.17    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       
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 management. 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 progno-
sis 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 % [ 100 ]. 

 After initial therapy, tumor progression dur-
ing chemotherapy can occur in approximately 
30 % of patients with advanced disease [ 101 ]. 
Therefore, it is imperative to continue to assess 
response to therapy in order to identify nonre-
sponders and switch to second- or third-line 

treatments. Also, when surgery or other thera-
pies distort the anatomy, PET/CT imaging can 
assist in differentiating between residual/recur-
rent disease from post-therapy changes. It is 
important to note, however, that radiation ther-
apy can cause infl ammatory changes in the lung 
parenchyma which will take up FDG and make it 
diffi cult to differentiate from recurrent tumor. 
The FDG uptake may be due to the cellular 
infl ammation and macrophage response elicited 
by radiation- induced necrosis. This infl amma-
tion can last up to 6 months after therapy but 
slowly decreases over time (Fig.  12.6 ) [ 102 ]. It 
has been recommended to wait at least 3 months 
after completion of radiation therapy for reliable 
evaluation [ 103 ]. 

  Fig. 12.18    Solitary pulmonary nodule.  Top row : PET/CT 
images of a patient with a solitary pulmonary nodule in 
the right upper lobe with fi ducials in place.  Middle row : 1 
month after radiation with decreased metabolic activity of 

the pulmonary nodule.  Bottom row : 5 months after radia-
tion with diffuse opacities in the right lung with mild FDG 
uptake consistent with postradiation infl ammation       
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 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 classifi ed as having limited stage 
(disease in only one hemithorax) or extensive 
stage (outside one hemithorax) which includes 
distant metastasis including the contralateral lung 
[ 104 ]. 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 [ 105 ]. 

 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 fi ndings (Fig.  12.19 ).

12.4.11        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 7,500 
new cases per year [ 106 ]. Both types of 

  Fig. 12.19    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       
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lymphoma tend to accumulate FDG, but low-
grade lymphomas are not as avid as intermediate- 
or high-grade diseases. 

 NHL is further divided based on histopathol-
ogy, clinical behavior, response to therapy, and 
clinical outcome [ 107 ]. The most common types 
are diffuse large B cell and follicular lympho-
mas which account for more than 50 % of all 
NHLs. Others types which are not as common 
include marginal zone, peripheral T cell, small 
lymphocyte B cell, and mantle cell [ 77 ]. These 
lymphomas are largely grouped into low-, inter-
mediate-, and high-grade diseases which directs 
treatment planning. 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 
disease [ 108 ]. 

 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 FDG avid tends to be the nodular sclerosing 
subtype and the least FDG avid is the lymphocyte 
predominant subtype [ 109 ]. 

 Staging is based on the Ann Arbor classifi ca-
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 mar-
row, liver, lung, bone, or other organs/tissues)    
 Overall, staging of both NHL and HL with 

FDG PET showed a sensitivity of 90.3 % and 
specifi city of 91.1 % [ 108 ]. Depending on the 
type and stage of the disease, treatment is with 
chemotherapy alone or in combination with radi-
ation 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 che-
motherapy in certain settings (Fig.  12.20 ).

12.4.12        Melanoma 

 Malignant melanoma originates from melano-
cytes (melanin-producing cells) and is the most 
aggressive form of skin cancer. Primary neo-
plasms are usually found in the skin, most com-
monly 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 recur-
rence and prognosis is tumor thickness and is 
graded according to the Breslow classifi cation 
[ 24 ]. 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 fol-
lowed by sentinel lymph node evaluation with the 
assistance of lymphoscintigraphy [ 23 ]. The added 
value of PET/CT is for patients with more advanced 
disease for accurate tumor staging (Fig.  12.21 ). In 
vitro and in vivo experiments with tumor cells 
show higher FDG accumulation in melanoma than 
in any other tumors [ 110 ]. The advantage of PET/
CT in melanoma is the unpredictable hematoge-
nous 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 effi cacy of FDG PET in the diagnosis of 
involved lymph nodes had a sensitivity of 95 % and 
specifi city of 84 % [ 111 ]. However, micrometasta-
sis in the sentinel node can be found in up to 38 % 
of patients; FDG PET/CT should not replace senti-
nel node biopsy with lymphoscintigraphy [ 112 ].
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   Positron emission tomography has been and 
will continue to be a rapidly growing modal-
ity worldwide. FDG PET/CT has been proven 
to provide important information in the stag-
ing and therapy monitoring of various types of 
tumors. However, although PET has been syn-
onymous with FDG, there are numerous other 
tracers that have been and are being developed, 
some of which have been discussed in this chap-
ter. Hundreds of PET radiotracers have been 
 developed 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 [ 113 ]. In addition, while 
beyond the scope of this chapter, the technologi-
cal 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 
longer limited to diagnosis and risk stratifi ca-
tion of various diseases but also has a signifi cant 

  Fig. 12.20    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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contribution 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.      
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13.1            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.  13.1 ). 
The airway system consists of upper airways 
(nasopharynx and oropharynx) and lower air-
ways (trachea, bronchi, bronchioles, and alveolar 
ducts) connected by the larynx (Fig.  13.2 ).

13.1.1        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 fl ows by way of the 
nose, nasopharynx, and oropharynx to the lower 
airways. When the nose is obstructed or addi-
tional fl ow of air is needed, as during exercise, air 
fl ows via the mouth and oropharynx to the lower 
airways. Foreign particle removal and humidifi -
cation are not effi cient 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.  13.3 ). 
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 
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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 
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  Fig. 13.1    Diagram    of the lobes and segments of the lungs       
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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, 
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. 

Right lung

Bronchus

Trachea

Nasal cavity
Pharynx

Larynx

Left lung

  Fig. 13.2    Simple diagram 
of the upper and lower 
airways       
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Bronchus

Bronchi
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Respiratory
bronchiole
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Alveoli

Gas exchange
airways

Conducting
airways

  Fig. 13.3    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       
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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 
fl ows 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. 

 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 fl ow of oxygen 
through the  99m Tc 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 
infl uence the quality of ventilation studies. This 
also explains the longer biologic clearance of 
aerosols compared with radioactive gases, which 
are breathed out without deposition.  

13.1.2     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 circula-
tion, its vessels have a thinner muscle layer. 

The mean pulmonary artery pressure is 
18 mmHg,  compared with 90 mmHg for the 
aorta. The gas exchange airways are served by 
this pulmonary circulation, which is considered 
a separate division of the circulatory system. The 
pulmonary circulation is carried through the pul-
monary artery, which branches out to two main 
pulmonary arteries, one to each lung, entering at 
the hilum. It then divides progressively into 
smaller branches, following the branches of the 
bronchial tree to the smallest, precapillary arteri-
oles, 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, vasodila-
tion and vasoconstriction are controlled mainly by 
local and humoral factors, particularly arterial oxy-
genation and acid–base balance. Vasoconstriction 
of the pulmonary arterial system occurs secondary 
to alveolar hypoxia and acidemia and by the pres-
ence of infl ammatory mediators such as histamine, 
bradykinin, serotonin, 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.  

13.1.3     Respiratory Function 

 The major function of the respiratory system is to 
oxygenate the blood and remove waste  products of 
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the body in the form of carbon dioxide. Oxygen in 
the inhaled air diffuses from the alveoli into the sur-
rounding 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 direc-
tion, from the blood in capillaries 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. Neuroreceptors (lung receptors) 
monitor the mechanical aspects of ventilation such 
as the need to expel unwanted substances and 
 expansion of the lungs. The chemoreceptors in the 
brain circulatory system monitor the pH status of 
the cerebrospinal fl uid and arterial oxygen content 
(PO 2 ) 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 
secondary to the stimulation of the muscles of 
respiration, 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 tracheobronchial 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 diffi cult, or in patients with obstruc-
tive airway disease, special muscles of expira-
tion, abdominal and internal intercostal muscles, 
may be additionally needed.  

13.1.4     Distribution of Ventilation 
and Perfusion 

 Normally, the lower zones of the lungs are better 
perfused and ventilated because of the effect of 
gravity. This gradient is more pronounced in per-
fusion than in ventilation (Fig.  13.4 ). This physi-
ological fact will usually cause the perfusion to 
appear less than the ventilation in the lung apices 
on scintigraphy. This should not be confused with 
a mismatching pattern.  99m  Tc- macroaggregated 
albumin (MAA) is injected for perfusion imaging 
while the patient is in the supine position to mini-
mize the gradient. Injection while the patient is 
taking a deep breath also helps.

13.2         Pulmonary Embolic Disease 

 Pulmonary embolism is potentially fatal and the 
most common pathological condition involving 
the lungs of hospitalized patients. The majority 
of fatal emboli are not recognized or suspected 
prior to death. 

Perfusion Ventilation  Fig. 13.4    The gradient 
pattern in perfusion and 
ventilation of the lungs 
(From Elgazzar et al. [ 23 ] 
with permission)       
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13.2.1     Pathogenesis and Risk Factors 

 The vast majority of pulmonary emboli are 
thromboemboli originating from deep veins. Fat, 
air, or tumor emboli are rare [ 4 ]. Fat emboli are 
reported with long bone fractures and liposuc-
tion, while air emboli occur in cardiac and neuro-
surgeries. Renal cell carcinoma with invasion 
reaching inferior vena cava is a clinical setting 
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 con-
tains the thrombus. The vast majority of pulmo-
nary 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 [ 5 ,  6 ]. Septic embolus 
refers to an infected thromboembolus which 
occurs either on site or secondary to detachment 
of an infected vein thrombus of the lower extrem-
ities. The risk of pulmonary embolus is also 
directly related to the presence of a residual clot 
at the site of a venous thrombus [ 7 ].  

13.2.2     Deep Venous Thrombosis 

 The best solution to the problem of embolism is to 
prevent it. However, prevention requires identifi -
cation of those at risk. Perhaps the most important 
step in defi ning 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 thrombosis are those 
at risk for pulmonary embolism. The classical risk 
triad elucidated by Virchow in the nineteenth cen-
tury includes venous stasis, intimal injury, and 
alteration in coagulation. These are the primary 
factors in the pathogenesis of venous thrombosis. 
Defi ciencies of antithrombin III, protein C, protein 
S, and protein Z are clearly important, as is the 
presence of lupus anticoagulant. There are other 
rarer conditions such as homocystinuria and defi -
ciencies of the fi brinolytic system. More factors 
are being identifi ed, but at the present time, up to 

90 % of all patients with thromboembolism have 
no identifi able coagulopathy. Thus, in most 
patients, some clinical 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 surgical procedures requiring pro-
longed (at least 30 min) general anesthesia, burns, 
pregnancy and the postpartum state, previous 
venous thrombosis with residual obstruction, right 
ventricular failure of any cause, occupations in 
which prolonged venous stasis is involved, and 
any cause of immobility. Other risk factors are age 
(particularly above 70 years), obesity, cancer and 
the use of estrogen-containing medications, neo-
plasm, infection in the immediate area of veins, 
and hypercoagulability (Table  13.1 ).

   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 profi le” for a given patient, a profi le that 

   Table 13.1    Risk factors for deep vein thrombosis and 
pulmonary thromboembolism   

  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 vicinity 

of veins 
 11. Heart disease, especially: 
   Myocardial infarction 
   Atrial fi brillation 
   Cardiomyopathy 
   Congestive heart failure 
 12. Pregnancy 
 13. Polycythemia 
 14. Hemorrhage 
 15. Obesity 
 16. Old age 
 17. Varicose veins 
 18. Certain drugs such as oral contraceptives, estrogens 
 19. Following cerebrovascular accidents 
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 conditions the intensity of prophylactic initiatives. 
The anatomical location of the deep venous throm-
bosis 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 aggre-
gation 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 fi brin thrombus 
develops. Pathologically there will be a platelet 
nidus from which a large fi brin 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, partial 
venous obstruction may occur. Blood fl ow there-
fore continues over the thrombus surface. Under 
this circumstance, thrombus growth tends to occur 
by the progressive layering of platelets and fi brin 
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 pul-
monary vasculature without symptoms. 

 Unless fi brinolytic 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 fi brinolysis and 
thrombus formation is fought out over a period of 
7–10 days, at the end of which time either com-
plete resolution has occurred or an endothelial-
ized 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 
signifi cant dissolution or organization occur [ 6 ].  

13.2.3     Pulmonary 
Thromboembolism 

13.2.3.1     Consequences 
 Pulmonary thromboemboli occur more com-
monly in the lower lobes because of the preferen-
tial blood fl ow 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 fl ow 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 insuffi cient 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 signifi cant infl amma-
tory component in pulmonary infarcts which is 
the basis behind the reported signifi cant FDG 
uptake in recent lung infarcts and can cause false- 
positive interpretation for lung malignancy [ 8 ]. 
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 
hypoperfused segment. This probably occurs 
due to decreased regional alveolar and airway 
carbon dioxide tension, which is the usual stim-
ulus 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 pCO 2  [ 6 ]. The release of neurohu-
moral factors, most importantly serotonin and 
thromboxane A 2 , also causes bronchoconstric-
tion. These factors are released after embo-
lization by activated platelets and mediate 
bronchospasm of small airways through their 
effects on the smooth muscles [ 9 ]. The ventila-
tion of the hypoperfused areas returns to  normal 
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within several hours after acute  embolism [ 10 , 
 11 ]. This concept is the pathophysiological basis 
for the scintigraphic interpretation of ventilation 
and perfusion scans, which show segmental per-
fusion defects with preserved ventilation as a typi-
cal 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 abnormal-
ities are noted at the same sites, since this pattern 
is more likely associated with nonembolic con-
ditions 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 
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 [ 12 ]. The higher the 
degree of obstruction, the more severe the abnor-
malities of the cardiopulmonary hemodynamics 
become. When over 50 % of the pulmonary 
 vasculature is included (massive pulmonary 
embolism), acute pulmonary hypertension and/or 

right ventricular failure (cor pulmonale) occurs 
[ 12 ]. 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 [ 11 ]. 

 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.  

13.2.3.2     Resolution 
 Pulmonary emboli may, spontaneously or with 
treatment, fragment into smaller portions that 
travel distally and block smaller arterioles 
(Fig.  13.5 ). 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 follow-
 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 [ 11 ].

   Resolution of pulmonary thromboembolus may 
start within hours. It can be seen on perfusion 
scans as early as 24 h and is progressively noted up 
to 3 months, with insignifi cant change after 
6 months (Fig.  13.6 ). This is the basis of the rec-
ommendation that follow-up ventilation and perfu-
sion scans are performed 3 months after the initial 
incident for evaluation of resolution and function 
as a baseline for future incidents to differentiate 
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 signifi cant resolution in 
older age-groups [ 14 ,  15 ]. Other  factors include 
age of the thromboembolus or length of time 
between formation of the embolus and the institu-
tion of proper anticoagulation. This is the basis 
behind the relatively recent trend of starting 
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Original
thromboembolus

Smaller emboli after
fragmentation of
the original one

  Fig. 13.5    The phenomenon of fragmentation of the thromboemboli (From Elgazzar [ 23 ] with permission)       
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  Fig. 13.6    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 
signifi cant increase afterwards (Data are based 
on the Urokinase Study [ 13 ,  14 ])       

anticoagulant therapy in most patients with pul-
monary emboli who have no contraindication for 
anticoagulation immediately when a pulmonary 
thromboembolus is suspected before fi nishing the 
workup for the condition. Anticoagulant therapy 
may then be stopped if the condition is excluded.

13.2.3.3        Chronic Pulmonary 
Thromboembolism 

 Incomplete resolution of acute pulmonary embo-
lism is frequently observed and may rarely result 
in chronic thromboembolic pulmonary hyper-
tension [ 16 ]. Chronic thromboembolic disease is 

characterized by intraluminal thrombus organi-
zation and fi brous stenosis or complete oblitera-
tion 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 [ 17 ].  

13.2.3.4     Recurrence 
 Pulmonary thromboemboli recur in up to 50 % of 
patients [ 15 ], although the incidence in treated 
PIOPED patients was only 8.3 % [ 18 ]. The vast 
majority of deaths among pulmonary embolism 
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patients are due to recurrent emboli. In the PIOPED 
study population, it was found that nine of ten peo-
ple who died had a recurrent pulmonary embolus 
[ 19 ]. Recurrence has been reported to occur at the 
same site as the original thromboembolus [ 20 ].  

13.2.3.5     Diagnosis 
 The clinical diagnosis of pulmonary throm-
boembolism is diffi cult and unreliable, due to 
the nonspecifi city of its symptoms and signs as 
well as the laboratory and chest X-ray fi ndings 
[ 21 ,  22 ]. Chest X-ray however must be obtained 
since it may show many parenchymal diseases 
and must be available for lung scan interpreta-
tion (Fig.  13.7 ). Pulmonary embolism may also 
be asymptomatic. In the literature, only 24 % 
of fatal emboli were diagnosed antemortem 
(Table  13.2 ) [ 23 – 31 ]. Furthermore the presenta-
tion is commonly more diffi cult and atypical in 
older age group compared to younger patients 
[ 32 ,  33 ]. Accordingly only 24 % of fatal emboli 
were diagnosed antemortem (Table  13.2 ) [ 23 ]. 
Data indicate that the mortality of pulmo-
nary embolism is more than 30 % if untreated. 
Promptly diagnosed and treated, emboli have 
a mortality of 2.5–8 % [ 13 ,  14 ,  19 ]. The mor-

tality of PE was found to vary among patients 
with or without cardiac disease. Paraskos et al. 
[ 34 ] reported survival rates at a mean follow-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 accu-
rate modality for the diagnosis of pulmonary 
emboli with an accuracy of 96 % [ 35 ]. However, 
angiography is invasive and is not suitable as a 
screening imaging modality for the disease.

  Fig. 13.7    Normal chest 
X-ray illustrating the 
important structures that may 
show variants on perfusion 
scans       

    Table 13.2    Antemortem Diagnosis of PE    

 Author  Year 

 No. (%) of cases 
with antemortem 
PE diagnosis 

 Stein and Henry [ 24 ]  1995  6/20 (30) 
 Morgenthaler and Ryu [ 25 ]  1995  29/92 (32) 
 Morpurgo and Schmid [ 26 ]  1991  26/92 (28) 
 Sperry et al. [ 27 ]  1990  275/812 (34) 
 Karwinski 
and Svendsen [ 28 ] 

 1989  267/1,450 (18.4) 

 Gross et al. [ 29 ]  1988  7/18 (39) 
 Dismuke and Wagner [ 30 ]  1986  41/203 (20) 
 Goldhaber et al. [ 31 ]  1982  16/54 (30) 
 Total  667/2,741(24) 
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    D-dimer is a fi brin degradation product pres-
ent in the blood after a thrombus is degraded 
through fi brinolysis. 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 
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. 

   Scintigraphy 
 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. Spiral 
CT is useful in detecting central emboli which 
has become the most commonly used modality 
in many centers at the expense of scintigraphy 
although data are still controversial for periph-
eral emboli [ 36 – 39 ]. Multislice CT was found to 
have no added value in patients with high-proba-
bility V/Q scans and has a comparable diagnos-
tic value with SPECT V/Q scans [ 40 ]. CT also as 
a single study is not cost effective [ 41 ]. It also 
requires the use of iodinated contrast media with 
its risk of renal failure and ionizing radiation 
with its risk of cancer induction [ 42 ,  43 ]. 
Recently it was also found to result in overdiag-
nosis of pulmonary emboli [ 38 ]. MRI pulmonary 
angiography will play a greater role [ 44 ]; how-
ever, the use of contrast media is still a shortcom-
ing. In an experimental study, reversible PE was 
induced by infl ating a nondetachable silicon bal-
loon in the left pulmonary artery of fi ve New 
Zealand white rabbits. MR V/Q scans were 
obtained prior to, during, and after balloon defl a-
tion. High- resolution contrast-enhanced MR 
pulmonary angiography was also used to con-
fi rm the occlusion of the pulmonary artery. 
Similar to radionuclide ventilation/perfusion 
technique, acute PE produced a mismatched 
defect in the MR V/Q scan. MRA verifi ed the 
occlusive fi lling defect in the left pulmonary 
artery. The study suggests that high-resolution 
MRA and MR V/Q imaging of the lung is feasi-
ble and allows comprehensive assessment of pul-
monary embolism in one imaging session [ 44 ]. 

Recently, non-contrast MRI has been studied in 
the diagnosis of PE [ 45 ]. 

 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 diagnostic 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 portion of the exam. Xenon103 
has the advantage of not being excreted via the 
urine.  

   Scintigraphic Agents 
 Several agents have been used for ventilation 
(Table  13.3 ). Every agent has certain advantages 

   Table 13.3    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-81 m  Expensive – available only 
in some areas 
 Energy: 190 keV 
 Half-life: 13 s 
 Multiple views 
 Pre- or post perfusion 
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and limitations. Xenon 133 (Fig.  13.8 ) is useful in 
evaluating obstructive airway disease. Krypton-81 
(Fig.  13.9 ), 99mTc-DTPA (Fig.  13.10 ), and 
Technegas (Fig.  13.11 ) provide the ability to per-
form ventilation studies after the perfusion, par-
ticularly krypton-81.  99mTc- macroaggregated 
albumin is used for perfusion. For proper interpre-
tation of lung perfusion/ventilation study, chest 
X-ray must be available and should be obtained 
within 12 h of the time of the scans.

       The particle size of  99m Tc-macroaggregated 
albumin ( 99m Tc-MAA) is generally between 10 

and 90 μm (90 % of particles), and no particles 
should be larger than 150 μm.  99m Tc-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  99m Tc-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 

  Fig. 13.8    ( 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 washout images reveal prompt clearance with no 

 signifi cant 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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 bladder receive moderate exposure largely from 
the excretion of degraded albumin. 

 99mTc-DTPA aerosol is commonly used for ven-
tilation studies worldwide. Using an aerosol deliv-

ery 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 uCi of tracer 

Washout

L

0–30 sec 30–60 sec

60–90 sec 90–120 sec

120–150 sec 150–180 sec

R

bFig. 13.8 (continued)
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99mTc MAACrypton-81

Posterior Posterior

LPO LPO

  Fig. 13.9    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

RAO LAO RPO

  Fig. 13.10    99m   Tc-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. 13.11     99m Tc-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 abnor-
malities, indicating a high probability of pulmonary 
embolism       
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   Table 13.4    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 <1/1,000 of the 
capillaries and precapillary 
arterioles 

to the lungs. This dose yields 100 K count images 
in about 2 min on a standard gamma camera with 
a low-energy general- purpose collimator. The 
typical radiation exposure to the lungs is about 
100 mrads. This is less than the several hundred 
milliard exposure from a typical Xe133 rebreath-
ing 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 ultrafi ne labeled 
carbon particles produced by heating 99mTc- 
pertechnetate to very high temperatures of 
approximately 2,500C 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 um. Technegas has a half- 
clearance time of 4–6 h. Since the material pro-
duced is not fi ltered and contains up to 50 % of 
the initial radioactivity, a large number of appro-
priately sized particles are inhaled with each 
breath. Thus, only a few inspirations (typically 
2–10) are needed to reach an adequate dose. 
Usually about 1 mCi is deposited in the lung. 
Extrapulmonary activity in the oropharynx, tra-
chea, and stomach can be seen in about 30 % of 
patients. The exam may be technically inade-
quate 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  13.4  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.  13.12 ) rules out 
any clinically signifi cant pulmonary emboli. 
Since the ventilation and perfusion lung scans 
lack specifi city (Table  13.5 ), probabilities have 
been used for the interpretation of abnormal 
studies. Based on the pathophysiological changes 
and scintigraphic observations, several scinti-
graphic features of perfusion abnormalities are 
known to affect the probability of a scan for pul-
monary emboli (Table  13.6 ). One of the impor-
tant 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 refi ne the 
interpretation of ventilation and perfusion scans 
and assess their value in managing patients sus-
pected of having embolic disease [ 46 – 50 ]. 
PIOPED study [ 19 ] established the value of nor-
mal and high- probability scans in excluding and 
diagnosing pulmonary embolism. It validated 
the segment equivalent concept (Fig.  13.13 ) and 
clarifi ed the use of Bayesian analysis utilizing 
the clinical pre-scan and scan probabilities to 
fi gure 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 confi rmed with a 
high degree of certainty.

    Based on the modifi cations of PIOPED crite-
ria and other validated criteria, a simplifi ed set is 
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shown in Table   11.7    . Small perfusion defects 
indicate low probability of pulmonary emboli as 
well as matching perfusion and ventilation 
defects regardless of size with no matching X-ray 
abnormalities (Fig.  13.14 ). 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 the same approximate size of the matching 
X-ray density (Fig.  13.15 ), it indicates intermedi-
ate probability (approximately 25 %).

     The minimum number of mismatching per-
fusion defects is two segment equivalent 

Anterior

Posterior R LAT

99mTC-MAA perfusion

L LATLPO

RAO LAO RPO

  Fig. 13.12    Normal    perfusion study. A  99m Tc-MAA per-
fusion 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 13.5    Causes of abnormal perfusion lung 
scintigraphy   

 Emphysema 
  Infl ammatory diseases 
  Pneumonia 
  Abscess 
  Granulomatous disease (sarcoidosis, tuberculosis) 
  Pulmonary fi brosis 
  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, infl ammation) 
  Left ventricular failure 
  Mitral valve disease 
  Veno-occlusive disease 
 Prior lung resection 
  Radiation 

   Table 13.6    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 
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Post_VL<--- R---> Post_PL<--- R---> LPO_VL<--- R---> LPO_PL<--- R--->

RPO_VL<--- R---> RPO_PL<--- R---> LLat_VA<--- P---> LLat_PA<--- P--->

RLat_VP<--- A---> RLat_PP<--- A---> LAO_VR<--- L ---> LAO_PR<--- L --->

RAO_VR<--- L ---> RAO_PR<--- L ---> Ant_VR<--- L ---> Ant_PR<--- L --->

  Fig. 13.14     99m Tc   -DTPA aerosol ventilation and  99m Tc-
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       

M

2 Moderate defects (M) = 1 Segment (S)

=

1 Large defects (L) = 1 Segment (S)

+ =

L S

SM

  Fig. 13.13    The segment 
equivalent concept (From 
Morpurgo and Schmid [ 26 ] 
with permission)       
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defects with no matching chest X-ray abnor-
malities to make a high-probability interpreta-
tion (Fig.  13.16 ). However, a study analyzing 
PIOPED data indicated that defects equivalent 
of 1.5 segments are indicating high probability 
among patients with no prior cardiopulmonary 
diseases [ 51 ].

   To improve interpretation, SPECT is being used 
more frequently in V/Q scans. SPECT scintigraphy 
has been reported to be strongly preferred to V/Q 
planar as it provides more accurate diagnosis of PE 
even in the presence of comorbid diseases such as 
COPD and pneumonia [ 44 ,  45 ,  52 ,  53 ]. 

 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 pres-
ent, while the intermediate patterns are reported 
as nondiagnostic [ 54 ]. 

 This approach can simplify the scan report for 
the referring physicians since the probability 

  Fig. 13.15    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  99m Tc-MAA 

scan and is of the same approximate size indicating inter-
mediate probability of pulmonary emboli       

P

V

Anterior Posterior RPO LPO

  Fig. 13.16    Ventilation and perfusion scans of a 74-year-
old man with history of fracture of left femur 3 days ear-
lier treated with internal fi xation. Patient was referred to 
rule out pulmonary emboli because of acute onset of 
shortening of breath. Perfusion study shows multiple 

 perfusion 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 
normal. This illustrates a typical pattern of high probabil-
ity of pulmonary emboli on ventilation/perfusions scans       
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system still causes confusion. This leads to 
decrease in the utilization of V/Q scans although 
recent data show increasing evidence that lung 
scintigraphy is not only safe but also accurate 
enough to be quite useful clinically in patients 
with suspected PE. It is available conveniently in 
the clinical setting. Additionally, using the scinti-
graphic diagnostic strategy results in an impor-
tant reduction of radiation dose, particularly for 
the female breast [ 55 ]. 

 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 [ 56 ]. 

 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   13.7  ) [ 57 ].

13.3            Pulmonary Hypertension 

 Normal pulmonary artery systolic pressure at rest 
is 18–25 mmHg, with a mean pulmonary  pressure 
ranging from 12 to 16 mmHg. This low pressure 
is due to the large cross-sectional area of the pul-
monary circulation, which results in low resis-
tance. An increase in pulmonary vascular 
resistance or pulmonary blood fl ow results in pul-
monary hypertension. It is defi ned as a  pulmonary 
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, 
primarily due to disease of the lung paren-
chyma. Examples of these conditions include 
collagen vascular diseases particularly systemic 
scleroderma or CREST (calcinosis cutis, 
Raynaud phenomenon, esophageal motility dis-
order, sclerodactyly, and telangiectasia) syn-
drome and acute and chronic pulmonary emboli 
[ 16 ,  17 ]. 

   Table 13.7    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 defi nite 
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 abnormality* 

 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 
 Diffi cult to categorize as low or high 

  *1.5 in patients with no prior cardiopulmonary disease 
can be considered high probability  
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 Disorders of the left heart may cause second-
ary pulmonary hypertension, resulting from vol-
ume and pressure overload. Pulmonary blood 
volume overload is caused by left-to-right 
intracardiac 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.  

13.4      Pneumocystis carinii  ( jiroveci ) 
Pneumonia 

  Pneumocystis carinii  ( jiroveci ) is an opportu-
nistic pathogen currently classifi ed as a fungus 
[ 58 ]. It is a signifi cant cause of morbidity and 
 mortality in human immunodefi ciency virus 
and  nonhuman immunodefi ciency virus-associ-
ated immunosuppressed patients [ 59 ,  60 ] 
although it also occurs in non-immunocompro-
mised patients [ 61 – 64 ]. 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 [ 59 ,  60 ]. The organism 
attaches to the alveolar macrophages through a 
mechanism that involves fi bronectin. The tro-
phozoite develops into cysts that produce 
daughter trophozoites. As the number of organ-
isms increase, the permeability of the alveolar 
capillary endothelium increases, producing 
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 fi ndings consist of alveolar exu-
dates having a granular or foamy appearance 
that  represent nonstaining clusters of the cysts 
and trophozoites of  P. carinii  within an eosino-
philic staining background of the organism’s 
fi lopodia and host cellular debris. Atypical pul-
monary reactions include the formation of gran-
ulomas, focal pulmonary infection, and cavitary 
lesions. In extremely immunosuppressed per-
sons, the infl ammatory reaction may be mini-

mal and consist only of sparse collections of 
alveolar macrophages. Since clinical manifes-
tations of  P. carinii  pneumonia (PCP) in AIDS 
patients may precede X-ray changes by at least 
2 weeks and as long as 18 months,  67 Ga has an 
important role in the diagnosis of early PCP. 
 67 Ga is more sensitive than chest X-ray for early 
PCP and is more accurate in measuring the 
extent of infl ammation. The pattern of uptake is 
typically diffuse and bilateral (Fig.  13.17 ), 
although other patterns may be noted [ 63 ,  64 ]. 
Localized lung uptake and perihilar uptake pat-
terns can be seen in addition to the diffuse pat-
tern, which may be further classifi ed into 
homogeneous and heterogeneous diffuse pat-
terns. The heterogeneous pattern has the high-
est positive predictive value, which is even 
more specifi c when it is of high-grade uptake 
and when accompanied by normal chest 
radiograph.

13.5        Idiopathic Pulmonary 
Fibrosis 

 Idiopathic pulmonary fi brosis (IPF) is character-
ized by parenchymal infl ammation and intersti-
tial fi brosis that may eventually be fatal. The 
inciting factors in the development of IPF remain 
unknown [ 65 ]. A widely held hypothesis is that 
this disorder occurs in susceptible individuals 
following some unknown stimuli. The inciting 
agent initiates a cascade of events that involve 
factors controlling infl ammatory, immune, and 
fi brotic processes in the lung. Viral, immunologi-
cal, and genetic (supported by fi nding familial 
cases) factors appear to play an important role. 
The main feature in IPF is alveolitis, which 
is chronic infl ammation of the alveolar unit 
followed by fi brosis. The destruction is mediated 
by infl ammatory (neutrophils and macrophages) 
and immune (immune complex disease) pro-
cesses, where immune effector cells injure lung 
cells and induce connective tissue proliferation. 
The chronic active infl ammation is important and 
directs the investigations for diagnosis. The 
fi brotic and destructive changes distort the nor-
mal lung architecture and result in morbidity. 
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  Fig. 13.17    ( a – c ) Gallium   -67 images of two AIDS 
patients with PCP obtained 48 h postinjection. Planar ( a ) 
and SPECT ( b ) of one patient show signifi cantly 
increased accumulation of the radiotracer illustrating 

severe  infection. Planar image of the other patient ( c ) 
shows slightly increased accumulation of the radiotracer 
in both lungs diffusely illustrating mild form of PCP 
infection       
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 The major histopathological fi ndings vary from 
active alveolitis and minimal fi brosis in early cases 
to severe fi brosis and honeycombing with minimal 
alveolitis in late stages. The alveolitis is character-
ized by an outpouring of  mononuclear cells, mac-
rophages, and lymphocytes into the alveolar space, 
with relatively intact alveolar walls which will be 
deranged by edema, fi brinous exudate, mononu-
clear cell infi ltration, and fi broblast proliferation 
[ 66 ]. Connective tissue alteration occurs later in 
the process. Recent classifi cation of the type of 
fi brosis depends on the predominant cell type. 
Patients with more cellular fi ndings respond to 
treatment favorably and have a better long-term 
prognosis compared with those with more fi brotic 
changes.  67 Ga has an important role in evaluating 
the activity of the disease and in following up the 
response to treatment. The degree of  67 Ga uptake 
correlates with the degree of interstitial and alveo-
lar 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.  

13.6     Pulmonary Sarcoidosis 

 Sarcoidosis, a multisystem granulomatous dis-
order, 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) [ 67 ]. 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 
exogenous or autoantigens. It presents most fre-
quently as bilateral hilar adenopathy, pulmo-
nary infi ltrates, and skin and eye lesions. It may 
be acute or chronic. The acute variant has an 
abrupt onset and may commonly show sponta-
neous remission within 2 years; the response to 
steroids is excellent. The chronic variant has an 
insidious onset and is more likely to cause pro-
gressive disease with fi brosis. The disorder is 

characterized by the presence of epithelioid 
(correct spelling) granuloma in affected organs 
that may lead to fi brosis and organ dysfunction. 
Granulomas of sarcoidosis often exist diffusely 
throughout the body despite the lack of clinical 
evidence of disease. Histological features are 
usually quite typical, but not specifi c. The archi-
tecture of the lesion is that of multiple similar 
granulomas, consisting of whorls of elongated 
cells (fi broblasts and epithelioid cells) with 
mononuclear infl ammatory cells at their periph-
ery. Giant cells are located within the granulo-
mas (Fig.  13.18 ), and multinucleated cellular 
inclusion bodies are frequently found. Scarring 
with fi brosis suggests chronicity. Epithelioid 
cells secrete a number of cytokines and other 
mediators including angiotensin- converting 
enzyme (ACE) which is suggested to refl ect the 
granuloma burden in sarcoidosis and may play a 
role in its pathophysiology. 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 pulmo-
nary arteries and veins. The center of the granu-
loma contains epithelioid cells derived from 
mononuclear phagocytes, multinucleated giant 
cells, and macrophages. Lymphocytes, macro-
phages, monocytes, and fi broblasts are present 
at the periphery of the granuloma [ 60 ]. 
Sarcoidosis represents a challenge to clinical 
investigation because of its unpredictable 
course, uncertain response to therapy, and diver-
sity of potential organ involvement and clinical 
presentations [ 68 ].

   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 
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  Fig. 13.18    Microphotograph 
of a noncaseating granuloma 
of a case of sarcoidosis. Note 
multinucleated giant cells 
( arrows )       

   Table 13.8    Radiologic staging of pulmonary 
sarcoidosis   

 Stage 1  Hilar adenopathy alone 
 Stage 2  Adenopathy plus infi ltrates 
 Stage 3  Infi ltrates only 
 Stage 4  Fibrosis 

for nonpulmonay reasons. When symptomatic, 
dyspnea, chest pain, and cough are the most 
common chest symptoms [ 69 ]. For many years, 
pulmonary sarcoidosis has been staged into 
four stages (Table  13.8 ) based on chest X-ray 
fi ndings [ 70 ]. The distinction between sarcoid-
osis and tuberculosis can be diffi cult 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 defi ciencies, beryllio-
sis, and foreign-body reactions.  67 Ga is useful in 
evaluating the activity of the disease and the 
response to  therapy.  Semi quantitative and quan-
titative methods of  grading  67 Ga uptake can be 
helpful. Diffuse lung uptake and bilateral hilar 
uptake (Fig.  13.19 ) are the most common pat-
terns seen, but they lack specifi city [ 71 ]. The 
major value of  67 Ga is in evaluating the activity 
of the disease, in detecting extrathoracic sites of 
involvement, and in evaluating the response to 
therapy. Ventilation and perfusion scans do not 
have a specifi c 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 indicating a high proba-
bility of pulmonary emboli. FDG uptake in 
 sarcoidosis (Fig.  13.20 ) is nonspecifi c in both 
intensity and pattern and is not generally useful 

in making an initial diagnosis. FDG uptake 
can decrease when sarcoidosis is treated, and 
PET can be useful in monitoring the effective-
ness of therapy. Accordingly, PET/CT can be 
useful in monitoring disease progression or 
remission [ 72 ].

13.7          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 infl amed with 
edema, cellular infi ltrates, fi brosis, 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. 
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a b c

  Fig. 13.19    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       

F-18 FDG

  Fig. 13.20    F-18 FDG image of a 35-year-old female 
with proven sarcoidosis. The study shows uptake in the 
areas of active infl ammation in mediastinum, pulmonary 
hilus, salivary glands, and cervical, supraclavicular, axil-
lary, para-aortic, iliac, and inguinal lymph nodes 
(Courtesy of Professor Osama Sabry)       

 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. Hyperinfl ation 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.   
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   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 defi ciency.   

   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 signifi cance; however, the rather 
common subpleural bullae may rupture and 
cause spontaneous pneumothorax.     
 Bronchial asthma is characterized by episodes 

of airfl ow 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 
abnormal ventilation scan with or without abnor-
mal perfusion. Xenon-133 is the most sensitive 
agent for detecting the ventilation abnormalities, 
particularly in the washout phase.  99m Tc-DTPA 
aerosol studies show nonuniformity with varying 
degrees of central deposition of the particles, 
depending on the severity of bronchial narrowing 
(Fig.  13.21 ). The associated perfusion abnormal-
ities range from minimal nonuniformity to com-
plete absence of perfusion, matching the 
ventilation defects. Obstructive airway disease is 
commonly seen among patients suspected of 
having pulmonary emboli. This may pose diffi -
culty in interpreting the ventilation and perfusion 
images to establish whether a matching pattern is 
present [ 73 ], but the same criteria of interpreta-

Ventilation

Perfusion

Ventilation

Perfusion

  Fig. 13.21     99m    Tc-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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tion are applied to determine the probability of 
pulmonary emboli as in patients with no obstruc-
tive airway disease.

13.8        Pleural Effusions 

 Many etiologies can cause pleural effusion, 
including infl ammatory, traumatic, and neoplas-
tic diseases, and disturbance in organ functions. 
Pulmonary embolism is not uncommonly asso-
ciated with pleural effusion. Based on the under-
lying cause, pleural effusion may consist of 
transudate, exudate, pus, or blood. With pleural 
effusions, there is diminished ventilation and 
perfusion, which is proportional to the amount 
of effusion [ 74 ]. Elevated hemidiaphragm 
causes a similar pattern. The appearance of 
pleural effusion may change with the position of 
the patient when effusion is freely mobile or 
may not change when the effusion is loculated 
or encapsulated.  

13.9     Pneumonia 

 Pneumonia is an acute infl ammation 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 United 
States. 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  abnormalities 
based on the amount of infl ammatory exudate. 
X-ray will show opacities of different degrees, 
while nuclear medicine procedures such as 
labeled WBC or  67 Ga (Fig.  13.22 ) show 
 abnormalities correlating in size and intensity 
with the severity of infl ammation and its duration 
(see Chap.   4    ). Lobular pneumonia (bronchopneu-
monia) shows infl ammation of bronchi, bronchi-
oles, and alveoli in a patchy manner. Interstitial 

Anterior Posterior

a b

  Fig. 13.22    ( a ,  b ) 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 infi ltrates       
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  Fig. 13.23    ( a ,  b ) Xenon   -133 washout images of a patient 
complaining of severe shortness of breath. The images 
reveal nonvisualized left lung.  99m Tc-MAA perfusion 
study of the same patient shows decreased perfusion to 

same lung diffusely. This pattern suggests bronchial 
obstruction with refl ex vasoconstriction. The patient has a 
mucus plug obstructing the left main bronchus       

aa

b

  Fig. 13.24    ( 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 fi ndings of nodules and in staging the disease       

pneumonia, also called pneumonitis or viral 
pneumonia, is a milder form that usually accom-
panies other viral conditions such as measles. 
Typically, no exudates are present in the alveoli.

13.10        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.  13.23 ).

13.11        Lung Cancer 

 Lung cancer is currently the leading cause of can-
cer death among both men and women. 
Histologically, lung cancer may be squamous 
(epidermoid), adenocarcinoma (bronchogenic 
carcinoma), small cell carcinoma, adenosqua-
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mous carcinoma, and anaplastic carcinoma. The 
role of nuclear medicine particularly PET/CT 
(Fig.  13.24 ) 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 [ 75 ] (See 
Chaps.   11     and   12    ). When pneumonectomy is 
planned for lung cancer, postoperative lung func-
tion can be predicted with optimal accuracy by a 
preoperative perfusion scan in the upright or 
supine positions. The ventilation scan is less 
accurate    [76]. When pneumonectomy is planned 
for lung cancer, postoperative lung function can 
be predicted with optimal accuracy by a preop-
erative perfusion scan in the upright or supine 
positions. The ventilation scan is less accurate.
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14.1            Anatomical Considerations 

 The    heart consists of muscle, valves, specialized 
tissue, coronary arteries, and pericardium. In the 
embryo, during the fi rst 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.  14.1 ) [ 1 ].
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   The coronary arteries originate from the left 
and right coronary sinuses of the aorta (Fig.  14.2 ). 
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 circumfl ex arter-
ies [ 2 ]. The left anterior descending artery (LAD) 
descends in the anterior interventricular groove 

Aorta arch

Left pulmonary
artery

Pulmonary
artery trunk

Left atrium

Mitral valve

Inter-
ventricular
septum

Inferior
vena 
cava

Right
atrium

Right
ventricle

Left
ventricle

Superior vena

  Fig. 14.1    Cutaway view of 
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  Fig. 14.2    Heart showing the 
origination of the coronary 
arteries from the left and right 
coronary sinuses of the aorta 
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and, most of the time, continues to the apex, 
supplying 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 derives its 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 fi rst one or two diagonal 
branches are large enough for angioplasty or 
bypass consideration.

   The left circumfl ex 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 fi rst supply is to 
the proximal pulmonary conus and right ventric-
ular outfl ow region. Normally, there are also two 
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 poste-
rior left ventricular branch. The PDA branch is 
usually a large artery that runs in an anterior 
direction in the inferior interventricular groove. 
The PDA supplies the inferior third of the sep-
tum. The PDA septal branches can provide a rich 
collateral pathway via septal perforating arteries 
of the LAD. The other terminal branch of the 
RCA, the posterior left ventricular branch, con-
tinues in the AV groove and communicates with 
the terminal branch of the Cx.  

14.2     Physiological Considerations 

 Cardiac muscle has two essential properties: 
electrical excitability and contractility. 

14.2.1     Electrical Excitation 

 The conduction system is composed of modifi ed 
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 ].  

14.2.2     Contraction 

 The ability of myocardial muscles to shorten and 
generate the force necessary to maintain blood 
circulation is a fascinating property of the heart. 
This is achieved primarily through the unique 
contractile function of two proteins of the sarco-
mere (actin and myosin) of the syncytially 
arranged myocardial fi bers. The two main mecha-
nisms that can alter cardiac muscle performance 
are a change in initial muscle length (Frank- 
Starling mechanism) and a change in contractile 
state. In the intact heart, these are determined by 
preload status, 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 fi bers. Cardiac muscle tissue, like other 
body tissue, is not entirely elastic. Thus, this rela-
tionship does not exist beyond certain muscle 
stretch limits. Additionally, there is an active pro-
portional relationship between the initial length of 
myocardial muscle and the force generated by this 
muscle, again up to certain length limits [ 1 ]. 
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 Unlike skeletal muscles, cardiac muscle cells 
are connected to each other by intercalated disks 
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 
defi cit 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.   

14.3     Determination of Left 
Ventricular Performance 

14.3.1     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 ]. 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.  

14.3.2     Ejection Fraction 

 The ejection fraction is the most useful single num-
ber of the LV performance, defi ned as the stroke 
volume divided by the end-diastolic volume. 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 ].  

14.3.3     Pressure-Volume Relationship 
Measurement 

 By studying the pressure-volume relationship, a 
stroke work index can be obtained [ 2 ]. This is 

defi ned as stroke volume X (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.  

14.3.4     Regional Wall Motion 
Assessment 

 The assessment of regional wall motion is 
extremely useful in confi rming 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.  

14.3.5     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 [ 2 ].   

14.4     Pathophysiological 
Considerations 

 Heart failure is considered a pathophysiological 
condition rather than a specifi c 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 abnormali-
ties, which include hypertensive myocardial 
hypertrophy, ischemic heart disease, valvular 
heart disease, pulmonary hypertension, pericar-
dial disease, and other cardiomyopathies 
(Table  14.1 ). Various extrinsic abnormalities can 
cause heart failure as well, despite normal ven-
tricular function; this is referred to as secondary 
heart failure. Heart failure in this situation could 
have many reasons: inadequate blood volume as 
in hemorrhage, inadequate oxygen delivery as in 
anemia, inadequate venous return as in tricuspid 
stenosis, profound capillary vasodilatation as in 
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toxic shock, and peripheral vascular abnormalities 
as in arteriovenous shunts.

14.4.1       Hypertension 

 The main consequence of hypertension on the 
heart is an increase of the afterload pressure. 
Myocyte hypertrophy is the usual result, to add 
more new contractile proteins and mitochondria 
in order to maintain a normal cardiac output 
opposing the pressure overload [ 3 ]. On the level 
of molecular biology, stretching of myocytes by 
hemodynamic overload was observed to induce 
specifi c genes with a known growth-regulatory 
effect such as proto-oncogenes [ 4 ]. These genes 
expand the myocyte capacity of protein synthe-
sis, thus leading to concentric hypertrophy of the 
left ventricle (LV) without chamber enlargement. 
This process is often asymmetric in the various 
walls of the LV. In hypertrophic hearts, the 
increase in intracapillary distance and higher 
intracavitary pressure render the heart more sus-
ceptible to ischemia [ 5 ,  6 ]. 

14.4.1.1     Changes in LV Function 
  LV Diastolic Dysfunction . Relaxation of the 
ventricles following contraction is not a purely 
passive process, as it requires energy to remove 
calcium ions from the myocardial cells [ 7 ,  8 ]. 
Diastolic dysfunction is usually evident long 
before the development of systolic dysfunction. 

A decrease in early peak fi lling rate and prolon-
gation of the time to peak fi lling rate are seen in 
the majority of hypertensive patients [ 9 ]. 
Accordingly, a greater than usual atrial contrac-
tion contribution to the late diastolic fi lling is 
noticed as an effort to maintain a normal LV dia-
stolic volume. A high LV fi lling pressure is thus 
seen in these patients and is then transmitted to 
the arterioles and capillaries of the lung. 
Therefore, hypertensive patients will start devel-
oping signs and symptoms of pulmonary conges-
tion despite their normal ventricular ejection 
fraction [ 10 ]. 

  LV Systolic Dysfunction . Long-standing LV 
pressure overload and the associated myocardial 
ischemia in the abnormally hypertrophic myocar-
dium will eventually lead to a decrease in the 
heart’s ability to contract [ 11 ]. Congestive heart 
failure is the end result seen in almost all uncon-
trolled hypertensive patients. 

  Arrhythmia . In addition to total cardiac pump 
dysfunction, there is a signifi cant increase in sud-
den cardiac death among patients with hypertro-
phic hearts. Both simple and complex ventricular 
arrhythmias develop more frequently than in 
nonhypertrophic myocardium, and this cannot be 
explained only by the usual coexistence of CAD 
in these patients [ 12 ].   

14.4.2     Pulmonary Hypertension 

 The degree of pulmonary blood fl ow is affected 
mainly by the lumen size of the pulmonary 
 vessels [ 13 ]. Further, the pulmonary vascular 
resistance is defi ned as the difference of mean 
alveolar pressure and left atrial (LA) pressure 
divided by pulmonary blood fl ow. A change in 
any of these factors may therefore give rise to 
pulmonary hypertension. Pulmonary hyperten-
sion 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 [ 14 ]. Such changes are also seen in 
patients with systemic to pulmonary collateral 
circulation. The sudden rise of PA pressure with 
irreversible RV failure and the usual signifi cant 
decrease in LV systolic function association in 

   Table 14.1    Causes of heart failure   

  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 
  Diastolic dysfunction  
 1. Hypertension 
 2. Ischemic heart disease (e.g., acute ischemia) 
 3. Infi ltrative myocardial disease (e.g., amyloid) 
 4. Left ventricular outfl ow tract obstruction (e.g., 

hypertrophic obstructive cardiomyopathy, aortic 
stenosis) 

 5. Uncontrolled arrhythmia 
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acute pulmonary embolization are the cause of 
high mortality within the fi rst hour in these 
patients [ 15 ]. Conversely, intimal fi brosis due to 
thrombus organization is the reason behind the 
cor pulmonale in chronic pulmonary emboliza-
tion [ 16 ]. Pulmonary hypertension can also 
develop due to a rise of pulmonary venous pres-
sure 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 fi brosis and destruction of alveolar 
capillaries [ 13 ]. 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 thickening of the pulmonary arteri-
oles [ 17 ,  18 ]. 

 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 [ 19 ]. An increase in 
heart rate does not usually provide enough com-
pensation, and a decrease in cardiac output is inev-
itable. 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 fl ow from the accompanied 
elevation in coronary venous pressure [ 8 ].  

14.4.3     Valvular Heart Disease 

 The valvular destruction in acute rheumatic fever 
is related to both humoral and cell-mediated 
immunologic reactions, since the cell membrane 
of group A streptococcus antigens shares com-
mon determinants with the heart [ 20 ]. Mitral 
valve regurgitation is the most common presenta-
tion of acute valvulitis, while mitral stenosis is 
the usual chronic sequel of this disease. Varieties 
of autoimmune valvular lesions have also been 
described in many connective tissue disorders. 
Of the infectious causes, cardiovascular syphilis 
and infectious endocarditis are still recognizable. 

Other uncommon causes of valvular heart disease 
include congenital heart disease, ischemic heart 
disease, and cardiomyopathies. 

14.4.3.1     Functional Changes 
  Mitral Valve Stenosis . The increase in LA size 
and pressure is related to the severity of mitral 
valve stenosis. As the LA enlarges, the incidence 
of all types of atrial arrhythmias, particularly 
atrial fi brillation, increases, which may predis-
pose to pulmonary edema and thromboembo-
lism. The increase in pulmonary venous pressure 
is another outcome that has a direct adverse 
impact on pulmonary vascular resistance and 
eventually results in RV failure. LV diastolic dys-
function is frequently observed, mainly due to 
the change of diastolic infl ow pattern and pres-
sure gradient across the mitral valve as well as to 
the absence of atrial kick. Systolic LV dysfunc-
tion can also occur due to prolonged LV pressure 
rise time, in addition to abnormal LV fi lling as 
the atrial systole extends into early ventricular 
systole [ 21 ]. 

  Mitral Regurgitation . Early on in chronic 
mitral regurgitation, the LA gradually dilates as 
some of the LV-ejected blood returns to the LA. 
This in turn will result in a gradual increase of 
the LV diastolic volume. Adaptive increase in 
diastolic compliance is the reason behind effec-
tive maintenance of a relatively normal dia-
stolic LV and both systolic and diastolic LA 
pressures until the late stage, when both cham-
bers develop dysfunction [ 22 ,  23 ]. In acute 
mitral regurgitation, however, an early increase 
in both LA and LV diastolic pressures is evi-
dent. The lack of adaptive dilatation, like that 
seen in chronic regurgitation, will result in a 
signifi cant increase in pulmonary venous pres-
sure and acute pulmonary edema. Moreover, a 
marked decrease in LV stroke volume will lead 
to a decrease in cardiac output and tissue hypo-
perfusion [ 22 ]. 

  Aortic Valve Stenosis . As a result of the 
increased pressure gradient across the aortic 
valve, both LV systolic pressure and diastolic 
pressure increase. A sustained and prolonged LV 
ejection time is usually seen, along with concen-
tric ventricular hypertrophy [ 24 ]. Congestive 
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heart failure usually develops due to both systolic 
and diastolic dysfunctions. As the hypertrophic 
myocardium fails to eject enough blood across 
the valve, an increase in diastolic volume and 
pressure will take place to compensate. This will 
further increase the diastolic dysfunction, and a 
rapid deterioration of symptoms will then be 
noticed. In addition, a signifi cant reduction in 
coronary artery as well as systemic arterial pres-
sures will be manifested as angina and syncope, 
respectively. 

  Aortic Regurgitation . In chronic regurgita-
tion, LV volume is overloaded. The end-diastolic 
volume increase is proportional to the regurgi-
tant volume of blood [ 25 ]. LV compliance is ini-
tially normal but decreases later on as diastolic 
pressure increases; this has a deleterious effect 
on the pulmonary veins and capillaries and 
results in pulmonary congestion. On the other 
hand, LV systolic pressure and thickness increase 
to compensate for the increase in the afterload. 
This will eventually fail if not surgically cor-
rected. A sudden rise of LV diastolic pressure is 
seen, if the aortic regurgitation is acute, as the LV 
does not have enough time to dilate. Therefore, 
acute pulmonary edema will soon occur, in addi-
tion to angina from the reduction in coronary 
blood fl ow [ 25 ]. 

  Tricuspid Valve Stenosis . Since the tricuspid is 
the largest valve orifi ce, severe stenosis is 
required before a signifi cant pressure gradient 
can develop across the valve [ 26 ]. Systemic 
venous congestion is the expected fi nding. Atrial 
fi brillation is seen more as RA pressure and vol-
ume increase. 

  Tricuspid Regurgitation . Chronic regurgitation 
results in RV volume and pressure overload. The 
increase of diastolic pressure cannot be effectively 
compensated for because of the anatomical struc-
ture of the RV. As such, signs and symptoms of RV 
failure usually develop faster than those of LV fail-
ure, if both ventricles are subjected to similar situ-
ations. Unlike mitral valve regurgitation, acute 
tricuspid regurgitation produces no signifi cant 
acute hemodynamic compromise and is well toler-
ated in most cases [ 26 ]. 

  Pulmonary Valve Stenosis . Pulmonary valve 
stenosis produces RV pressure overload, which is 

counteracted by myocardial hypertrophy. RV 
failure develops much later, as this condition is 
better tolerated by the RV than the increase pres-
sure in this case of tricuspid regurgitation [ 26 ]. 

  Pulmonary Regurgitation . Pulmonary regurgi-
tation is rarely seen; the fi ndings are similar to 
those of tricuspid valve regurgitation.   

14.4.4     Cardiomyopathies 

14.4.4.1     Dilated Cardiomyopathy 
 Dilated cardiomyopathy is not a single disease 
but rather the fi nal result of various types of myo-
cardial insults. These insults can be viral or other 
infectious processes; exposure to cardiotoxins 
such as lithium, anthracyclines, and alcohol 
abuse; hypertension; pregnancy; and immune- 
mediated myocarditis. The dilated ventricles also 
show some degree of hypertrophy but not propor-
tional to the degree of dilatation [ 27 ]. Occasional 
transmural scars, mural thrombi, and a variable 
degree of increased interstitial fi brous connective 
tissue can be seen. Mitral and tricuspid regurgita-
tion are frequently noticed due to annular dilata-
tion, lack of sphincteric contraction, and 
malalignment of the papillary muscle. Reduced 
systolic function with dilatation of one or both 
ventricles is the criterion for recognition. 
Symptoms appear when cardiac output cannot be 
compensated for or LV fi lling pressure becomes 
high.  

14.4.4.2     Hypertrophic Cardiomyopathy 
 Hypertrophic cardiomyopathy is an idiopathic 
process that affects mainly the LV myocardium, 
but the right ventricle may also be involved. Other 
causes of myocardial hypertrophy such as sys-
temic hypertension and aortic valve stenosis must 
fi rst be excluded. The hypertrophy is asymmetric 
in most cases, but it can be concentric. This pro-
cess commonly involves the whole septum, but it 
may be localized to the subaortic region. Extension 
into the anterolateral wall is occasionally seen. An 
apical hypertrophy variation is seen mainly in 
Japan. Rarely, only mid- ventricular hypertrophy is 
seen. Extensive myocardial fi ber disarray with 
myocardial fi brosis involving mainly the septum is 
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the typical histopathological feature. Patients with 
hypertrophic cardiomyopathy often have an isch-
emic myocardium due to the generalized arteriolar 
dysfunction. Sudden death from ventricular 
arrhythmias is common during the fi rst decade of 
their life. Those who survive develop progressive 
LV diastolic dysfunction. Outfl ow obstruction and 
increased residual volume with a drop in ejection 
fraction and stroke volume will lead to a further 
increase in the LV fi lling pressure. Increases in LA 
pressure and size usually result in atrial fi brilla-
tion, which further decreases the stroke volume. 
Mitral regurgitation is occasionally observed due 
to structural changes in mitral leafl ets.  

14.4.4.3     Restrictive Cardiomyopathy 
 Two types of restrictive cardiomyopathy are 
observed: a rare, noneosinophilic, or primary 
restrictive cardiomyopathy and a more common 
eosinophilic type. Of the eosinophilic restrictive 
cardiomyopathy, endomyocardial fi brosis is 
described in the tropical zones, while Löffl er’s 
endocarditis is seen in the temperate zones. The 
morphological features of the eosinophilic type 
include myocardial hypertrophy and signifi cant 
endocardial thickening with plaques of collagen- 
rich fi brosis that vary in size. The eosinophilic 
myocardium will fi rst show areas of necrosis that 
will progress to scarring with possible superim-
posed thrombi and fi nally end as thick myocar-
dial fi brosis [ 27 ]. Typically, the venous pressure 
is exceedingly high due to stiffness of the ventri-
cles that prevents dilatation in the diastolic phase 
of the cardiac cycle, but systolic myocardial 
function is well preserved until later stages of the 
disease. The fi brotic healing process usually 
starts at the apex and may obliterate the cavity at 
this region. As the mitral valve becomes emboli-
zed, mitral regurgitation develops that cannot be 
compensated for, since the LV dilatation is 
impaired. Therefore, an increase in LV fi lling 
pressure is usually observed. Similar changes 
take place in the right heart with manifestation of 
systemic venous congestion. The infundibulum 
usually dilates to compensate for the loss of vol-
ume and increased fi lling pressure; this results in 
tricuspid regurgitation and an increase in pulmo-
nary pressure.   

14.4.5     Pericardial Effusion 

 Pericardial effusion is considered to be present 
when the amount of fl uid in the pericardial space 
exceeds 50 ml. Pericardial effusion can be associ-
ated with generalized processes not related to the 
pericardium, such as congestive heart failure, 
hypoalbuminemia, volume overload, and pulmo-
nary hypertension. In most cases, however, it is 
related to a pericardial disease. The most common 
causes are post-myocardial infarction and uremic, 
neoplastic, and idiopathic pericarditis. The hemo-
dynamic consequences of pericardial effusion 
depend on the rate at which the effusion is develop-
ing and the compliance of both the pericardium and 
the ventricles. With signifi cant increase in the peri-
cardial fl uid pressure, the fi lling pressure of both 
ventricles may decrease, which subsequently leads 
to a decrease in cardiac output. This condition is 
called pericardial tamponade and in severe cases is 
associated with a high mortality. Echocardiography 
is an excellent tool for the diagnosis and follow-up 
of pericardial effusion. The condition is also invari-
ably seen with equilibrium radionuclide angiogra-
phy (ERNA); however, an effusion of more than 
400 ml is usually needed to be well recognized. 
The identifi cation of pericardial effusion is impor-
tant to be able to start an appropriate workup for 
this potentially lethal condition.   

14.5     Scintigraphic Evaluation 
of Cardiac Function 

 Radionuclide techniques provide both accurate 
and noninvasive means of evaluating cardiac 
function. Their role and clinical utility over the 
past 35 years are well established in the initial 
diagnosis of patients with suspected heart disease 
as well as in monitoring and deciding on progno-
sis in patients with known heart disease [ 28 ]. 
The accuracy of radionuclide ventriculography 
was recently found to be comparable to magnetic 
resonance imaging [ 29 ]. 

 Although most ventricular function studies are 
performed with the patient at rest, exercise func-
tional studies can also be done to assess regional 
and global myocardial contraction changes with 
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stress. Two distinct types of studies can be per-
formed either at rest or under stress: in the fi rst-
pass method, a bolus of radioactivity is 
dynamically imaged as it passes through the vari-
ous vascular pathways of the heart; in the equilib-
rium methods, the heart is imaged over several 
hundred heartbeats after an intravascular space 
radioactive tracer has reached equilibrium. The 
cardiac information obtained by these methods is 
summarized in Table  14.2  [ 30 ].

   In the fi rst part of this section, the radiophar-
maceuticals, imaging techniques, and methods of 
RNA analysis are reviewed. This is followed by a 
description of the common clinical applications 
of these types of studies. 

14.5.1     Imaging Techniques 
and Interpretation 

14.5.1.1     Equilibrium Radionuclide 
Angiography 

  Radiopharmaceuticals . Studies with radiopharma-
ceuticals require the use of an intravascular tracer 
that equilibrates within the blood pool. The ease 
with which  99m Tc-pertechnetate can be attached to 
the patient’s own red blood cells (RBCs) makes 
labeled RBCs the preferred technique 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, modifi ed in 
vitro, and in vitro. The characteristics of each 
method are described below. All three methods 
allow the  99m Tc to bind irreversibly to the hemo-
globin and remain in the intravascular space, 
allowing serial studies to be performed for up to 
6–8 h following labeling of the RBCs [ 31 ]. 

  In Vivo Technique . The patient fi rst 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  99m Tc-pertechnetate, 
which is injected intravenously 15–20 min later. 
Once the  99m Tc-pertechnetate is in the RBCs, it is 
trapped inside by strong binding to the beta chain 
of the hemoglobin. Approximately 70–80 % of 
the  99m Tc 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 fi rst-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. 

  Modifi ed 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 effi ciency than the in vivo 
method. As in the previous method, stannous 
pyrophosphate is fi rst injected intravenously. 
The blood is then drawn from the patient into an 
anticoagulant acetate dextrose solution (ACD) or 
a heparin-treated, lead-shielded syringe contain-
ing  99m Tc-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 effi ciency. Total 
labeling time averages 30 min. 

  In Vitro Technique . The labeling effi ciency of 
this method approaches 100 %. Patient blood is 
drawn and the RBCs are separated, washed with 
saline, and incubated fi rst with stannous pyro-
phosphate and then with  99m Tc-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  99m Tc- 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 diffi cult to label, and in such cases 
the use of ACD as an anticoagulant is preferred 

   Table 14.2    Information obtained by radionuclide 
evaluation of ventricular function   

 1. Global right and left ventricular ejection fraction 
 2. Regional right and left ventricular function 
 3. Absolute ventricular volumes 
 4. Systolic emptying and diastolic fi lling rates 
 5. Detection and quantitation of cardiac shunts 
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to increase the labeling effi ciency. Inadequate 
anticoagulation 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.  

14.5.1.2     Image Acquisition 
 Assessing ejection fraction and regional wall 
motion requires measurement of volume changes 
and wall motion at different intervals throughout 
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.  14.1 ). 
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 
radionuclide ventriculographic study will consist 
of 200–800 summed beats for each of the three 
planar views [ 30 ] (Fig   .  14.3 ).

   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 fi rst, 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 camera is to 
the patient, the better the spatial resolution 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 separation 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 collima-
tors 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 fi xed 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 fi xed 
number of counts are reached within each image 
or in the LV region.  

14.5.1.3     Modes of Acquisition 
 There are three possible modes of acquiring 
ERNA: list, frame, and dynamic arrhythmia fi l-
tration. Each method has its advantages and dis-
advantages, as described below and summarized 
in Table  14.3 .

    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 

R

N

N

1 2 3 54

1 2 3 54

  Fig. 14.3    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. [ 32 ])       

 

S.I. Heiba and M. Zubaid



443

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-
longed fi lling 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 acquisi-
tion and throughout acquisition. Major shifts in 
heart rate will cause many beats to be rejected 
and prolong 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 fi nal data 
set. If it does not meet all the criteria, it is rejected. 
Thus, greater fl exibility 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 confi rm 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 artifi cial pacemakers. If this 
occurs, the lead placement needs to be changed 
or the voltage amplitude adjusted to avoid inap-
propriate gating [ 32 ]. 

 Simple LV ejection fraction calculations usu-
ally require time intervals of 40–50 ms to ade-
quately defi ne the end-systolic point in the heart 
cycle, where the heart has the smallest volume. 
For analysis of diastolic function, timing  intervals 
of 10–20 ms give the most reliable information 
for the ventricular fi lling portion of the heart 
cycle. Even with list mode and dynamic arrhyth-
mia fi ltration, 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 frac-
tion calculation but is deleterious for diastolic 
function analysis. This limitation can be over-
come by generating separate forward and back-
ward time-activity curves and combining them in 
a fi nal curve for analysis. 

 Patients in atrial fi brillation have variable dia-
stolic fi lling intervals, and this results in a differ-
ent ejection fraction for each beat. LV ejection 
fraction measurement by ERNA during atrial 
fi brillation has been shown to be an accurate 
refl ection of the summed ejection fraction of 
each of the individual bats. Thus, it is an accurate 
refl ection of overall ventricular systolic function 
[ 31 ]. Contrast ventriculography and echocar-
diography will sample only a few beats for ejec-
tion fraction calculation and may be less 
representative of true function.  

14.5.1.4     Image Processing 
 Because of the random nature of radionuclide dis-
integration, nuclear medicine images are subject to 

   Table 14.3    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 
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statistical variation. Filtering is used to remove 
these statistical fl uctuations by modifying 
(smoothing) the data points. Smoothing can be 
accomplished by spatial (within each frame) or 
temporal (between frames) fi ltering. Spatia1 fi lter-
ing corrects each pixel by using information from 
the surrounding pixels within the same image, 
while temporal fi ltering uses pixel information 
from the preceding and subsequent images. 

 Identifi cation of the edges of the ventricles is 
the next step. This can be done manually or using 
one of several edge-detection computer algo-
rithms provided in most commercially available 
nuclear cardiology computer systems. When 
using these automated edge-detection programs, 
it is important to visually review each frame for 
accurate defi nition of edges. 

 Appropriate background subtraction must be 
also performed to obtain an accurate estimation 
of chamber volumes. A time-activity curve of the 
LV volume at each frame or time point in the car-
diac cycle is next generated. This approximates 
the changes in ventricular volume over time, 
from which LV ejection fraction can be easily 
calculated [ 31 ].  

14.5.1.5     Image Analysis 
 Assessment of each heart chamber can be per-
formed using an endless-loop cine display in 
which the beating heart is observed in at least three 
projections to adequately view all regions. The 
most commonly used views are the LAO, ANT, 
and LLT. A complete evaluation should focus on 
the four heart chambers and include assessment of 
the size, global contraction, and regional function 
of each chamber. In addition, all parts of the great 
vessels, lungs, liver, and spleen that are included in 
the fi eld of view should be reviewed for abnormal-
ities. Although ventricular and atrial size are usu-
ally assessed visually, more accurate measurements 
can be obtained by placing lead shielding or radio-
active  57 Co markers of known dimensions in the 
fi eld of view and comparing the size of the heart 
with these standards [ 30 ].  

14.5.1.6     Qualitative Assessment 
  Right Atrium . The right atrium (RA) is best seen 
in the ANT or RAO views (Fig.  14.4 ). It also can 
be seen in the LAO view. The tricuspid valve 

plane appears as a photopenic area between the 
atria and ventricles that moves downward and to 
the left during contraction. In older patients a 
photopenic region may be seen superior to the 
valve plane; this represents a thrombosed, calci-
fi ed atrial appendage and may attenuate the blood 
pool radioactivity. Movement of the lateral RA 
wall toward the RV is better appreciated than the 
movement of the rest of the RA. The atrium may 
appear enlarged in the absence of anatomical 
enlargement in patients who have had cardiac 
surgery, where it becomes adherent to the lung 
serosa, or in patients who are in a nonsinus 
rhythm. True anatomical RA enlargement is 
more likely and of greater clinical signifi cance in 
the presence of RV enlargement.

    Right Ventricle . The right ventricle is normally 
best seen in the ANT and LAO views (Fig.  14.4 ). 
Usually the apex and lateral and inferior walls can 
be seen and assessed for regional wall motion 
abnormalities. On the LAO view, the lateral RV 
walls may appear to have decreased contractility. 
This is due, in part, to the fact that as the RV con-
tracts and empties, the RA is fi lling with blood and 
“fi lls in” the lateral wall area. If the RV is visual-
ized in the LLT view, it implies RV dilatation or 
clockwise rotation of the heart. The pulmonary 
artery is anterior to the aortic root. It can be clearly 
seen in all individuals and is especially prominent 
in patients with pulmonary hypertension. 

  Left Atrium . The LA is best defi ned in the LLT 
or left posterior oblique views (Fig.  14.4 ). It also 
can be seen superior to the LV at end systole in 
the LAO view in patients with vertical hearts. In 
patients with horizontal hearts, such an appear-
ance should raise concerns about true anatomical 
enlargement. 

  Left Ventricle . The LV is clearly seen on all 
three views and is normally smaller than the RV 
in the LAO view (Fig.  14.4 ). In general, patients 
with normal global and regional LV contractility 
will have normal chamber size and volumes. 
Patients with cardiac enlargement and normal 
ejection fraction include those with valvular heart 
disease, especially aortic and mitral regurgita-
tion, and some with high-output heart failure. In 
such patients, the apex may become hypokinetic 
in the absence of muscle damage, due to altered 
contractility and volume loading. 
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 All three views need to be examined visu-
ally, and a subjective determination of global 
LV ejection fraction should be made. Although 
this measurement is more accurate and reliable 
by quantitative means, errors in quantitative 
measurement are possible due to technical limi-
tations. If there is a major discrepancy between 
the visually assessed and calculated values, the 
quantitative technique needs to be carefully 
inspected for possible technical problems. 

 Assessment of regional wall motion is per-
formed by dividing the LV walls into segments 
and commenting about the contractility of each 
segment. Abnormal wall motion in any particular 
segment can be linked to a disease in the blood- 
supplying coronary artery. Patients with prior 
cardiac surgery, bundle branch block, or RV dila-

tation may have paradoxical septal motion in the 
absence of reduced coronary blood fl ow. 

 LV aneurysm can be accurately identifi ed by 
this technique (Fig.  14.5 ). An aneurysm is classi-
cally shown as an akinetic or dyskinetic segment 
with contour deformity, both in systolic and dia-
stolic frames, and normal contraction of the adja-
cent myocardium. An indentation in an aneurysm 
or in an area of dyskinesis is highly suspicious 
for the presence of a thrombus. However, an 
indentation in a normally moving wall, especially 
the lateral and inferior walls, is often caused by the 
attachment of normal or hypertrophic papillary 
muscles.

   A localized photopenic or low-count region 
surrounding the heart may also be seen in some 
patients. The differential diagnosis includes 

ED ES

LAO 45

ANT

L LAT

  Fig. 14.4    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-sys-
tolic ( ES ) frames. The main 
structures are identifi ed in 
each projection:  AO  aorta,  RV  
right ventricle,  LV  left 
ventricle,  RA  right atrium,  PA  
pulmonary artery,  LA  left 
atrium (Courtesy of Professor 
A. H. Elgazzar)       
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myocardial hypertrophy, pericardial effusion, 
or a prominent fat pad. Of these possibilities, 
the most common is myocardial hypertrophy 
due to systemic hypertension or valvular heart 
disease. Hypertrophy should include enlarge-
ment of the septum on the LAO view as well as 
a prominent “halo” surrounding the entire ante-
rior wall and apex on the ANT view. Large peri-
cardial effusions in the absence of clinical 
symptoms or suspicion are rare. ERNA is not a 
sensitive technique for detection of pericardial 
effusions, and only effusions greater than 
400 ml are consistently identifi ed. The septum 
appears to be of normal thickness in patients 
with effusions as well as in those with a promi-
nent epicardial fat pad, and this is one way to 
differentiate these two conditions from true 
ventricular hypertrophy [ 32 ]. 

  Noncardiac Structures . Extracardiac vascular 
structures normally visualized include the great 
vessels, lungs, liver, spleen, and stomach. Focal 
dilatation of the aorta signifying an aneurysm can 

be seen in the ascending aortic arch and descend-
ing portions. These should be carefully looked 
for in patients with long-standing hypertension. 
When lung blood pool activity is increased, par-
ticularly in the upper lung zone, it usually indi-
cates LV dysfunction. Pleural effusions and lung 
masses (tumor, infection with consolidation, or 
infarction) may also appear as photopenic areas 
in the lung fi elds. 

 The liver and spleen are also seen in the fi eld 
of view as highly vascular structures. Focal 
defects in areas of normal blood pool may be 
caused by metastasis, cysts, infection, or infarc-
tion. The stomach appears as a photopenic region 
medial to the spleen, except when free pertech-
netate has been injected. It then appears as an 
area of increased radioactive uptake. A hiatal 
hernia can sometimes be diagnosed by ERNA. In 
such cases the stomach is seen as a photopenic 
area near and superior to the LV. This fi nding is 
suspicious but not totally diagnostic for a large 
hiatal hernia.  

ED

ES

ANT LAO

  Fig. 14.5    Radionuclide 
ventriculographic images of a 
patient with an apical and 
distal anterior wall aneurysm 
following myocardial 
infarction ( arrow ). Note the 
deformity of the left ventricu-
lar apex at end diastole and 
end systole on the LAO view. 
Despite the normal movement 
of the rest of the left ventricu-
lar walls, ejection fraction was 
depressed because of the large 
akinetic aneurysm.  ANT  
anterior,  LAO  left anterior 
oblique,  ED  end diastole,  ES  
end systole (From Cerqueira 
[ 60 ], by permission)       
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14.5.1.7     Quantitative Evaluation 
  Ejection Fraction Calculations . Radioactive 
counts detected in a ventricle are proportional to 
its volume. Thus, by measuring counts at end 
diastole and end systole, one can calculate the 
stroke volume and accurately measure ejection 
fraction for the RV or LV. To measure LV ejection 
fraction, calculations are routinely performed on 
the best septal-view LAO projection, because this 
provides the best separation of the RV and LV 
blood pools (Fig.  14.6 ). In addition, in this view 
most counts from the LA, which is at least 
10–15 cm from the gamma camera crystal, are 
attenuated before reaching the detector. Thus, LV 
counts or volume in the LV alone can be mea-
sured for each frame or time point in the cardiac 
cycle [ 30 ]. Since the LV wall is approximately 
1 cm thick, it produces a photopenic region sur-
rounding the LV that allows excellent detection 
of the ventricular blood pool edge. Thus, LV 
ejection fraction calculation by this method is 
easy, reproducible, and accurate.

   Poor edge detection of the cavity may result 
from high background activity due to poor RBC 
labeling, abnormally increased soft tissue attenu-
ation due to obesity or large breasts in women, 

and patient movement during acquisition. Heart 
rotation in a vertical, horizontal, clockwise, or 
counterclockwise direction requires modifi ca-
tions of the detector angle to adequately separate 
the RV and LV blood pools. LA enlargement may 
add considerable counts to the LV region of inter-
est at end systole, resulting in underestimation of 
the ejection fraction [ 33 ]. 

 If problems develop with ECG gating during 
acquisition, the heart may appear globally aki-
netic in the cine movie. This can be distinguished 
from biventricular dysfunction by the fact that 
both atria will be akinetic in the former but not in 
the latter condition. Photon-attenuating artifacts 
such as metallic electrode leads on the chest wall 
and automatic implanted cardiac defi brillator 
(AICD) pads may affect ejection fraction calcula-
tion. Breast implants may also cause attenuation 
artifacts in part of or the whole image. 
Inappropriate image manipulation including fi l-
tering and background subtraction can also 
 infl uence the accuracy of the ejection fraction 
calculation [ 30 ]. 

  Phase Analysis . Phase analysis is a process 
whereby each pixel in the heart is evaluated 
with respect to count changes over time and a 
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  Fig. 14.6    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 ), cho-

sen area for background subtraction, volume curve ( right ), 
and ejection fraction (60 %) of the left ventricle. Specifi c 
information on heart rate and time/frame is also provided 
(Courtesy of Professor A. H. Elgazzar)       
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computer- generated image is produced (Fig.  14.7 ). 
The phase image readily identifi es abnormal tim-
ing of ventricular contraction. The atria and ven-
tricles contract at different times, approximately 
180° apart. Areas of ventricular dyskinesis are 
closer in phase to atrial contraction and will there-
fore be assigned a color similar to the atria. Areas 
of akinesis also demonstrate no change and also 
appear black. Asynchronous contraction in the RV 
or LV is usually caused by conduction abnormali-
ties, such as bundle branch block and Wolf-
Parkinson-White syndrome, or by mechanical 
abnormalities, such as pulmonary valve stenosis, 
RV pressure, or volume overloading [ 33 ].

    Amplitude Analysis . Amplitude analysis is a 
process whereby each pixel in the heart is evalu-
ated with respect to movement changes over time 
and a computer-generated image of the move-
ment is produced (Fig.  14.6 ). The amplitude 
image shows the magnitude of blood ejected 
from each pixel within the ventricular chamber. 
Areas of hypokinesis or akinesis display lower 

values than normal contracting regions. These 
images are generally less sensitive than visual 
analysis in detecting regional dysfunction, as 
errors can be introduced due to heart or patient 
motion [ 33 ]. 

  Diastolic Function Evaluation . Diastole of 
the ventricles is an energy-dependent process 
that has four distinct phases: isovolumic relax-
ation, rapid early fi lling, diastasis, and atrial fi ll-
ing. All four phases can be recognized and 
measured on the LV time-activity curve gener-
ated from ERNA (Fig.  14.8 ). Because abnormal-
ities in diastolic function may be present before 
a detectable decrease in systolic function is seen, 
measurement of diastolic variables may be 
potentially more sensitive for detection of heart 
pathology [ 31 ].

   The type of diastolic and systolic quantitative 
information generated from the ERNA time- 
activity curve consists of peak rates and the time 
at which these peak rates occur. Conventionally, 
these rates are normalized to the volume or counts 

  Fig. 14.7    Example of 
amplitude and phase images. 
Note the normal pattern of 
activity in the amplitude 
image and the uniform activity 
in the ventricles on the phase 
image (Courtesy of Professor 
A. H. Elgazzar)       
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present at end diastole and expressed as end-dia-
stolic volumes/s (EDV/s). The peak  fi lling rate 
(PFR), which represents the early and most rapid 
ventricular rate, has been found to be the most clin-
ically useful measure, and normal values range 
between 2.4 and 3.5 EDV/s. The time to the PFR 
should be less than 180 ms (this is the time from 
end systole until the peak fi lling rate is achieved). 
Ideally, fi lling rates as measures of diastolic func-
tion would be altered in a predictable manner only 
by the presence of ischemia, myocardial damage, 
or some other pathological processes such as aortic 
stenosis or regurgitation or restrictive, hypertro-
phic, or congestive cardiomyopathies [ 30 ]. 
Unfortunately, heart rate, medications, age, and 
loading conditions cause changes in fi lling rates 
that may be greater than the changes caused by 
cardiac pathology, and accurate interpretation of 
diastolic evaluation must take these values into 
account [ 33 ]. Compared with other methods, 
ERNA offers a rapid and accurate assessment of 
diastolic function by obtaining information from 
200 to 800 beats and assessing the entire ventri-
cle rather than a limited number of slices. 

 Echocardiography and contrast ventriculogra-
phy are the alternative methods for obtaining 
diastolic function information. Contrast ventricu-
lographic evaluation with frame-by- frame digitiz-
ing of the ventricular contour throughout a single 

beat is time-consuming and may not be truly 
representative of general ventricular function. 
M-mode echocardiographic measurement by dig-
itizing the endocardial contours has similar limi-
tations. The use of Doppler echocardiography to 
measure fl ow across the mitral valve overcomes 
many of these limitations and is the most com-
monly used measurement of diastolic function. 
Its only limitation is that the sampling region 
must be directly below the mitral annulus and the 
smallest angle between the cursor and the assumed 
blood row direction obtained. Failure to do so will 
result in inaccurate information.   

14.5.2     Exercise Radionuclide 
Angiography 

 Exercise radionuclide angiography is performed 
during supine or upright bicycle exercise. Bicycle 
exercise is necessary because treadmill exercise 
causes movement of the chest, and this does not 
allow acquisition of movement-free images for 
analysis. In the supine or upright bicycle posi-
tion, the patient’s chest is placed against the cam-
era in the best septal-separation LAO view, and 
the camera and patient are strapped together to 
further minimize movement during acquisition 
[ 31 ]. The patient is prepared for blood pressure 
and continuous ECG monitoring. Two or three 
ERNAs are acquired in the resting state. Exercise 
is started at a workload of 25 W (150 kpm/min) 
and increased by 25 W at the end of each 3- or 
4-min exercise stage. After the fi rst minute of 
exercise, image acquisition is started, and it con-
tinues for 2 or 3 min until the start of the next 
stage. As in treadmill ECG testing, exercise is 
terminated by symptom-limiting fatigue, angina, 
and dyspnea or observed life-threatening signs 
such as arrhythmia, hypotension, or marked ST 
segment depression. Slow bicycle pedaling 
against no load will help prevent postexercise 
hypotension and leg cramps. At the end of exer-
cise, two or three studies are obtained to docu-
ment recovery of function [ 30 ]. 

 Images are processed and ejection fraction is 
calculated using the same technique as rest 
ERNA. Serial ejection fraction is calculated for 
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  Fig. 14.8    Smoothed raw data of activity ( y  axis) plotted 
against time in milliseconds ( x  axis) to show important 
points on fi lling curve:  A  onset of fi lling,  B  end of isovolu-
mic period,  C  point of peak fi lling rate,  D  end of rapid 
fi lling phase,  E  end of slow fi lling phase,  F  end of atrial 
fi lling phase (Reproduced by permission from Sinak and 
Clements [ 61 ])       
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rest, each stage of exercise, and recovery. Visual 
assessment for both segmental wall motion and 
global function and size of the LV is an essential 
part of this examination.  

14.5.3     First-Pass Radionuclide 
Angiography 

 Examination of the initial transit of a radionu-
clide bolus through the different major vascular 
compartments can provide information about the 
function of each chamber. This is probably the 
most accurate method of calculating RV ejection 
fraction, and it is excellent for calculating LV 
ejection fraction as well. Optimal performance is 
achieved using a high-count-rate gamma camera 
interfaced to a high-speed computer. Multicrystal 
gamma camera systems offer the highest count 
rate capabilities but are not widely available [ 31 ]. 
Newer single-crystal systems with the ability to 
handle high count rates are now available in 
many nuclear medicine departments and can be 
used instead to perform these types of studies. 
First-pass techniques are more technically 
demanding than ERNA, and attention must be 
paid to all aspects of bolus injection, acquisition, 
and processing. 

 The preferred radiopharmaceutical for rapid 
bolus injection is any  99m Tc compound in a vol-
ume less than 1 ml and a dose of 15–30 mCi. 
Good-quality studies require that the radioactiv-
ity remains as a compact bolus to avoid overlap-
ping of chambers’ radioactivity at any given time. 
If serial studies are essential, for example, at rest 
and following peak exercise, the initial resting 
study is done using an agent cleared rapidly by 
the kidneys ( 99m Tc-DTPA or glucoheptonate) or 
liver ( 99m Tc-sulfur colloid). The second study at 
peak exercise can then be performed using  99m  Tc- 
pertechnetate , which will allow in vivo labeling 
of the RBC pool and acquisition of ERNA views 
for assessment of regional wall motion during 
recovery [ 34 ]. 

 Immediately following the bolus injection, 
25–100 frames/s are acquired in the ANT or 30° 
RAO position. With newer multihead cameras, 
two or more projection images of the chest can be 

assessed simultaneously. The transit of the bolus 
can be evaluated either by ECG gating or contin-
uous dynamic cine display. Using the gated fi rst- 
pass technique, four to fi ve individual beats can 
be summed to increase the number of counts in 
each frame; this provides better defi nition of 
valve planes and the lateral contours of the ven-
tricle, which must be defi ned for ejection fraction 
calculation. Unlike equilibrium studies, cardiac 
chambers, especially the atria, can be studied 
individually with minimal interference from 
background or overlapping chambers. Because 
ERNA studies have diffi culty in separating the 
RV from the RA due to overlap, the fi rst-pass 
technique is considered the method of choice for 
accurate RV evaluation. Moreover, it is the only 
radionuclide method for detection and quantita-
tion of left-to-right cardiac shunts [ 30 ].  

14.5.4     Nuclear Probe and VEST 

 Nuclear probe and VEST are two systems that can 
be used in the acute care setting. The nuclear probe 
is a portable nonimaging device that allows calcu-
lation of beat-to-beat ejection fraction as well as 
diastolic function assessment that is comparable in 
accuracy to ERNA. It consists of a small sensitive 
radiation detector, a single-bore collimator, and a 
microprocessor. A major advantage of this probe is 
that it allows continuous cardiac function monitor-
ing in the coronary care unit and for high-risk 
patients undergoing surgery or procedures that 
may affect cardiac function. Nonetheless, simulta-
neous visual examination of all cardiac chambers 
cannot be obtained [ 31 ]. 

 The VEST is a similar nonimaging detector 
that can be attached to the patient’s chest over the 
heart and provides continuous beat-to-beat ejec-
tion fraction and ECG information that is 
recorded on a tape recording system similar to 
that used for Holter monitoring. Patients can 
ambulate and perform normal activities while 
their ejection fraction is being recorded. At a 
later time the tape is scanned, and the ejection 
fraction changes associated with symptoms, ECG 
changes, and activity level can be observed. 
Newer VEST systems provide immediate, online 
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ejection fraction measurements that allow identi-
fi cation of acute changes, and this makes possible 
the initiation of immediate treatment [ 30 ].  

14.5.5     SPECT-Gated Equilibrium 
Radionuclide Angiography 

 In recent years, there has been growing interest in 
acquiring ERNA studies using single-photon 
emission computed tomography (SPECT) tech-
nique rather than the planar one. This has been 
largely facilitated by the rapid advancement in 
the computer technology, particularly in the disk 
space required to store the large amount of data 
and the time required for data processing. 

 The advantages of this technique over the 
usual planar method include the ability to visual-
ize each cardiac chamber without counts contam-
ination from adjacent structures. Regional wall 
motion can be also viewed in any projection. 
Additionally, the need for customizing the cam-
era position to obtain the various planar views is 
overcome as patient has to be positioned once in 
the SPECT technique. Unlike planar ERNA stud-
ies, accurate computation of RVEF may be pos-
sible with SPECT ERNA due to the removal of 
chamber overlap and the 3D nature of SPECT. 
Finally, ERNA SPECT can be performed in 
approximately half the time used to acquire a 
3-view planar ERNA series.

  On the other hand, counts are manipulated 
during the tomographic images reconstruction. 
Thus, the basic relationship between the LV 
counts and volume on planar ERNA is altered in 
the SPECT one. Consequently, many investiga-
tors used geometric assumptions to calculate the 
number of voxels in the cardiac chambers in 
order to estimate EF [ 35 ]. 

14.5.5.1     Acquisition and Processing 
 The images can be acquired with any SPECT 
gamma camera, preferably a 90° dual-head one. 
Sixty-four projections (32 per head) over a 180° 
rotation (RAO to LPO) at approximately 30 s per 
view are usually used. Cardiac cycles are prefera-
bly sampled by 16 frames/cycle. A 64 by 64 matrix 
size of 16-bit word pixels is employed with a zoom 

that results in a pixel size of about 4–5 mm/pixel. 
It is critical that the entire cardiac blood pool be in 
the fi eld of view in all projections. 

 In processing SPECT-gated ERNA images are 
fi rst reconstructed usually by fi ltered back pro-
jection followed by applying standard image 
fi lters. Subsequently, each of the 16 gated frames 
transverse reconstructions is reoriented in short- 
axis oblique slices, long-axis coronal slices, and 
long-axis sagittal slices. EF can be calculated by 
a count-based method with end-diastolic and 
end-systolic ROI drawn over slices and summed 
to include the entire chamber. Alternatively, a 
geometric-based method may be used to compute 
total number of voxels in a chamber. Voxel 
volume and hence chamber volume can then be 
calculated. Subsequently, EF is estimated from 
end-diastolic and end-systolic volumes. LVEF 
obtained from SPECT ERNA is likely to be 
higher than LVEF values determined from planar 
ERNA method due to the elimination of left 
atrium activity. Preliminary results indicate that 
SPECT-gated ERNA LVEF is about 7–10 % 
higher than planar studies. Caution, therefore, is 
needed when comparing an LVEF value 
obtained with SPECT-gated ERNA to a prior 
LVEF performed with planar technique particu-
larly during chemotherapy cardiotoxicity evalu-
ation [ 36 ]. RVEF methods to date have not been 
validated. One report found that SPECT-gated 
ERNA signifi cantly overestimated both RVEF 
and RV volumes [ 37 ]. 

    Fully automated    SPECT-gated ERNA assess-
ment of regional and global LV WM agrees with 
independent cardiac MRI calculations and is 
superior to visual analysis for detecting regional 
WM abnormalities [ 38 ]. Moreover, another study 
[ 39 ] found that SPECT-gated ERNA provides 
accurate measurement of LVEF and end-diastolic 
and end-systolic LV volumes than planar-gated 
ERNA.    

14.6     Clinical Applications 

 Nuclear medicine techniques are accurate and 
reproducible for cardiac function evaluation. They 
provide much important information that is useful 
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in the diagnosis and management of the following 
clinical situations. Guidelines for the clinical use 
of cardiac radionuclide imaging was published 
by American College of Cardiology, American 
Heart Association, and American Society of 
Nuclear Cardiology [ 40 ]. 

14.6.1     Assessment and Prognosis 
of Congestive Heart Failure 

 In many patients, the severity of global ejection 
fraction impairment can be suggested on the basis 
of clinical and physical examination fi ndings. 
In some, however, it is not always easy to separate 
right from left heart failure or the existence of 
both. Thus, the accuracy and reproducibility of 
serial measurements by ERNA are valuable and 
offer several advantages over other investigations, 
both for the initial workup and for the follow-up 
of these patients. This monitoring is especially 
important in patients with moderate to severe 
decrease in ventricular function. Such patients are 
less able to compensate for alterations in preload, 
afterload, or contractility state. 

 In general, LV dysfunction with regional wall 
motion abnormalities, especially in the presence 
of normal RV function, is most consistent with an 
ischemic cardiomyopathy [ 32 ]. Such patients 
may benefi t from antianginal therapy or evalua-
tion for the presence of hibernating myocardium. 
Further evaluation with coronary arteriography, 
positron emission tomography, or thallium-201 
perfusion imaging may be indicated in these 
patients. Nonetheless, the etiology can be diffi -
cult to determine in patients with long-standing 
LV failure and the coexistence of pulmonary 
hypertension with RV failure or RV infarction. 
Patients with severe biventricular enlargement 
and global dysfunction are less likely to have an 
ischemic etiology, and infl ammation caused by 
viruses, exposure to cardiotoxins such as alcohol 
and Adriamycin, or valvular disease should be 
considered. 

 ERNA is useful to differentiate between RV 
and LV heart failure. It is surprising how often 
clinical factors and physical examination fi nd-
ings do not allow a clear differentiation. Older 

patients with a history of smoking have an 
increased risk of both pulmonary and heart dis-
ease. Orthopnea, paroxysmal nocturnal dyspnea, 
pedal edema, rales, and neck vein distention can 
be seen in both. ERNA allows visual and quanti-
tative assessment of both ventricles, and techni-
cally optimal studies can be performed in nearly 
all patients [ 30 ]. Technically adequate echocar-
diographic studies are not always obtainable in 
patients with lung disease. 

 Diastolic function assessment can be impor-
tant in the management of these patients. In gen-
eral, patients will have heart failure symptoms 
due to systolic dysfunction. However, patients 
with acute myocardial infarction and normal sys-
tolic function can have severe congestive heart 
failure (CHF) due to impaired ventricular fi lling. 
Diminished early rapid ventricular fi lling has a 
greater impact on producing failure symptoms. In 
patients who already have a reduced ejection frac-
tion, the consequences of these diastolic abnor-
malities are even greater [ 41 ]. A more recent 
study found that diastolic function evaluation 
with radionuclide ventriculography can predict 
mortality, hospitalization, and the development of 
new onset heart failure [ 42 ]. 

 Phase analysis of ERNA was reviewed in a 
review article [ 43 ] and was found to be an opti-
mal tool for the evaluation of resynchronization 
therapy. 

 Finally, with the accurate functional informa-
tion obtained from ERNA, particularly LV 
 ejection fraction, more precise prognostic infor-
mation about CHF patients is provided. Such 
information is also valuable for monitoring these 
patients under the different management plans 
now available.  

14.6.2     Monitoring Drug Therapy 
and Exposure to Cardiotoxins 

 Injury to myocytes for any reason results in myocar-
dial fi brosis, which impairs ventricular relaxation 
and decreases peak fi lling rate and ejection fraction. 
Such damage may be due to ischemic infarction, 
toxins such as alcohol or chemotherapeutic drugs 
such as Adriamycin, or infl ammation. 
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14.6.2.1     Cardiotoxin Monitoring 
 Early in the clinical use of Adriamycin, some 
patients receiving treatment developed a transient 
cardiomyopathy. Adriamycin also has a direct, 
dose-dependent cardiotoxicity that is progressive 
and sometimes fatal. This is seen particularly in 
patients with prior radiation therapy, concurrent 
cyclophosphamide treatment, and older age. The 
individual variation in susceptibility and preex-
isting cardiac function made the exact prediction 
of this serious adverse reaction after a certain 
given dose diffi cult. Several series showed that 
doses higher than 1,000 mg/m 2  in certain groups 
of patients did not increase the incidence of car-
diomyopathy, while toxicity developed in some 
patients at 300 mg/m 2 . Serial monitoring of ven-
tricular function with resting ERNA was shown 
to be an accurate way of detecting early evidence 
of cardiotoxicity and allowed changes in therapy 
to prevent progression, and in some cases to 
reverse the toxicity [ 44 ]. Endomyocardial biopsy 
is another accurate but expensive and invasive 
alternative for monitoring toxicity [ 45 ]. 

 For Adriamycin monitoring, a baseline study 
should be obtained prior to treatment to exclude 
clinically unsuspected heart disease. Patients 
with LV ejection fraction less than 30 % are at 
extremely high risk for toxicity and should prob-
ably not be started on Adriamycin. Patients with 
ejection fraction between 30 and 50 % should 
have sequential studies before each dose. In these 
patients, an absolute decrease of ejection fraction 
greater than 10 % and/or a follow-up ejection 
fraction less than 30 % should be regarded as car-
diotoxicity, and no further Adriamycin should be 
given. With a baseline ejection fraction of greater 
than 50 %, a repeat study is recommended when 
the cumulative Adriamycin dose exceeds 300 mg/
m 2  and before each subsequent dose when the 
cumulative dose exceeds 450 mg/m 2 . If there is a 
decrease in ejection fraction of less than 10 %, 
but the measured value remains more than 45 %, 
this is considered mild toxicity and therapy can 
be continued. Moderate toxicity is indicated by a 
more than 15 % decrease or a fi nal ejection frac-
tion less than 45 %, and Adriamycin should be 
stopped. Repeat studies showing an improvement 
in ejection fraction may allow therapy to be 

restarted in these patients [ 30 ]. A more recent 
study showed that an incipient fall in LVEF 
detected on serial ERNA during doxorubicin 
therapy provides an appropriate and cost- effective 
approach for predicting and preventing impend-
ing CHF [ 46 ]. 

 A limited number of reports have shown that 
exercise ERNA and diastolic function evaluation 
are very sensitive in early detection of myocar-
dial damage [ 47 ]. Nonetheless, both exercise and 
diastolic function evaluation are not widely used 
clinically to date.  

14.6.2.2     Other Types of Monitoring 
 ERNA can be used successfully to monitor treat-
ment for coronary artery disease, chronic CHF, 
and arrhythmias. Thus, monitoring aggressive 
treatment of CHF or the use of certain antiar-
rhythmic drugs with negative inotropic effects 
has clinical value.   

14.6.3     Diagnosis of Coronary Artery 
Disease 

 Patients with high-grade stenosis or multivessel 
coronary artery disease may have normal global 
and regional function at rest, and it is only 
because of the increased oxygen demands 
imposed by maximal exercise or pharmacological 
stress that these functional parameters become 
abnormal. Patients with prior myocardial infarc-
tion will have regional wall motion abnormalities 
when studies are performed at rest. Exercise 
studies may be performed using the fi rst-pass 
method or by exercise and rest ERNA. 

14.6.3.1     Exercise Radionuclide 
Angiography 

 Several parameters can be measured from these 
studies: the resting and maximal exercise ejection 
fraction, the absolute difference in ejection 
fraction between rest and maximal exercise, the 
development of regional wall motion abnormali-
ties, and the end-systolic and end-diastolic ven-
tricular volumes at peak exercise [ 48 ]. All these 
parameters have been proven to be valuable, 
both for diagnostic accuracy and for prognosis. 
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The criteria for an abnormal test are summarized 
in Table  14.4 .

   At rest, the LV ejection fraction in a patient 
without prior infarction should be 50 % or higher, 
and at maxima1 exercise, there should be an 
absolute increase in ejection fraction of at least 
5 %. A drop or failure to augment ejection frac-
tion by 5 % is considered an abnormal response. 
This has a sensitivity of 85–95 % and a specifi c-
ity of 75–85 % for diagnosis of CAD. The lower 
specifi city is attributed to certain types of patients 
with no ischemic heart disease who may have an 
abnormal exercise response in the absence of 
coronary artery disease. Patients with a high nor-
mal ejection fraction, greater than 75 %, and 
patients over the age of 60 may not increase their 
LV ejection fraction normally with stress in the 
absence of coronary artery disease [ 48 ]. It has 
also been shown that patients with valvular heart 
disease or a nonischemic cardiomyopathy may 
fail to show an appropriate augmentation in ejec-
tion fraction with exercise. Other conditions that 
may result in a false-positive study include mitral 
valve prolapse, hypertension, left bundle branch 
block, syndrome X (angina with normal coronar-
ies), and severe anxiety. 

 The development of new regional wall motion 
abnormalities at peak exercise is highly specifi c 
for coronary disease, but it is not very sensitive. 
The number and location of segments with abnor-
mal movement refl ect the extent and location of 
ischemia, while the degree of functional abnor-
malities, time of their start, and disappearance 
refl ect the severity of the coronary disease. The 
apex and inferior wall are diffi cult to evaluate in 
the LAO projection. Therefore, an additional 
ANT view after exercise or a simultaneous LPO 
view with a dual-head camera is recommended 

for complete evaluation. The incidence and dura-
tion of postischemic LV dysfunction were exam-
ined by exercise radionuclide ventriculography in 
50 patients with coronary artery disease [ 49 ]. 
Regional wall motion abnormalities observed 
only after exercise were found to be related to 
increased levels of catecholamines or sympa-
thetic overdrive, which mask less signifi cant 
myocardial ischemia during exercise. 

 If the ischemia is suffi ciently severe, diastolic 
change may be detected at rest. Abnormalities 
may also be provoked by exercise and detected as 
a decreased fi lling rate for the entire ventricle or 
for a particular coronary distribution myocar-
dium using regional diastolic analysis. These dia-
stolic changes may be present even when systolic 
function is completely normal. A decrease in 
early ventricular fi lling associated with increas-
ing age is not related to the development of coro-
nary artery disease but rather to myocardial 
fi brosis, and there is greater dependence on the 
atrial component to diastolic fi lling. Improvements 
in global and regional diastolic function have 
been observed in patients with successful percu-
taneous transluminal coronary angioplasty or 
coronary artery bypass grafting. This suggests 
that ischemia was relieved. Diastolic evaluation 
may also have applications in the assessment of 
hibernating myocardium.  

14.6.3.2     First-Pass Radionuclide 
Angiography 

 This is an alternative method to the previously 
described exercise ERNA. This method also 
allows evaluation of RV function with exercise. 
Two separate studies are performed at rest and 
peak exercise. As mentioned previously, an ini-
tial bolus injection using a radiopharmaceutical 
that is cleared by the kidney or liver is adminis-
tered at rest. A second bolus is given at peak 
exercise using a different radiopharmaceutical. 
 99m  Tc- pertechnetate is usually chosen for this 
second bolus if a traditional radionuclide ven-
triculogram will follow, because this agent can 
be used for in vivo labeling of the RBCs. Another 
radiopharmaceutical that is more often used now 
clinically for this study is  99m Tc-sestamibi, which 
is a myocardial perfusion tracer. A fi rst pass 
using this agent during stress will help to obtain 

   Table 14.4    Criteria for abnormal exercise radionuclide 
angiography   

 1. Inappropriate ejection fraction response to exercise 
  Decrease from baseline 
  No change from baseline 
  Failure to increase ejection fraction by at least 5 % 
 2. Development of new segmental wall motion 

abnormalities 
 3. Transient increase in pulmonary blood pool activity 
 4. Transient left ventricular cavity dilatation 
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both functional and perfusion information of the 
myocardium at stress. If perfusion images, which 
are usually obtained around 1 h from stress, are 
performed as gated SPECT images, then a rest 
functional evaluation will be also provided, all 
with one radiotracer injection [ 50 ].   

14.6.4     Assessment and Prognosis 
of Myocardial Infarction 

 ERNA has an important role in evaluating patients 
with myocardial infarction during the acute phase 
and for long-term follow-up. 

14.6.4.1     Acute-Phase Assessment 
 The development of regional wall motion abnor-
malities is a manifestation of ischemia or infarc-
tion that precedes ECG changes and is a specifi c 
but not a very sensitive method. Thus, the presence 
of hypokinesis by ERNA in a patient with chest 
pain is consistent and specifi c for ischemia even in 
the absence of ECG changes. Although the pres-
ence of normal segmental wall motion argues 
against a large area of ischemia, the intermittent 
nature of ischemia or the involvement of a small 
area beyond the resolution limits of the technique 
can account for the low sensitivity. Preexisting 
dysfunction, especially in patients with prior myo-
cardial infarction, may confuse the interpretation 
unless previous ERNA or other functional studies 
are available for comparison [ 31 ]. 

 In general, patients with myocardial infarc-
tions show decreased global LV function that is 
directly related to the size of infarction [ 51 ]. 
Additionally, in patients with CAD, the degree of 
resting LV cavity dilatation refl ects mainly the 
extent of infarcted tissue and is closely related to 
the resting LV ejection fraction [ 52 ]. It has been 
shown that ejection fraction measured during the 
fi rst 24 h following infraction is the best predictor 
of in-hospital mortality. Patients with an ejection 
fraction less than 30 % have the highest mortality 
secondary to cardiac failure and arrhythmias. On 
the other hand, patients with normal or only 
mildly reduced ejection fraction have a much 
lower incidence of complications. 

 Evaluation may also assist in the diagnosis 
and management of a unique group of patients 

with infarctions. RV infarction, infrequently 
associated with RV failure, requires distinctive 
management to prevent the associated low car-
diac output status. ERNA can help confi rm the 
diagnosis by showing both the abnormal regional 
wall motion and the exact RV ejection fraction.  

14.6.4.2     Late-Phase Assessment 
 In patients who have suffered an acute myocardial 
infarction, the lower the ejection fraction at the 
time of discharge from the hospital, the shorter the 
long-term survival. This has been clearly docu-
mented using radionuclide and contrast measure-
ments of ejection fraction and is true in the pre- and 
post-thrombolytic era. Thus, patients with an ejec-
tion fraction of 30 % or less may benefi t from more 
aggressive techniques such as coronary arteriogra-
phy, especially if there is recurrence of chest pain 
or early congestive heart failure. Identifi cation of 
these high-risk patients and treatment started early 
while they are asymptomatic, as well as frequent 
follow-up of their ventricular function, offer the 
best chance for survival [ 30 ]. 

 Visual interpretation of the ERNA can help 
identify several post-infarction complications, 
notably ventricular aneurysms. ERNA can help 
differentiate between true aneurysms and pseu-
doaneurysms. True aneurysms, which result from 
thinning and bulging of scar tissue, have a wide 
neck and dyskinetic or akinetic wall motion. 
When the aneurysm is large enough to reduce 
ejection fraction signifi cantly despite hyperkine-
sis of normal walls, then aneurysmectomy may 
help to improve cardiac performance. On the 
other hand, pseudoaneurysm, caused by a local-
ized rupture of the myocardial tissue, which is 
contained within the pericardial space, is visual-
ized as a saccular aneurysm connected to the heart 
by a narrow neck. If pseudoaneurysm is suspected, 
prompt surgical repair is mandatory because of the 
tendency to rupture and the associated high mor-
tality [ 31 ]. 

 Ventricular thrombosis is another serious prob-
lem that can be recognized by ERNA. Intracavitary 
ventricular thrombi displace the radioactive blood 
pool and appear as photopenic areas next to aki-
netic or dyskinetic wall segments. Thrombi 
never occur in areas adjacent to normally con-
tracting wall segments. If thrombi are suspected 
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on the basis of ERNA, confi rmation should be 
made using echocardiography or radiolabeled 
platelets [ 30 ].   

14.6.5     Preoperative Cardiac 
Risk Assessment 

 The widely used screening tests utilize the readily 
available clinical and physical examination fi nd-
ings of poor ventricular function. Congestive 
heart failure, rales, and an S3 gallop are the 
factors associated with the highest surgical risk 
by the Goldman and Detsky criteria. Because in 
some patients these fi ndings are not adequately 
appreciated, an accurate, objective, and repro-
ducible measure of function is desirable. It is 
well established that complications are increased 
during and following surgery in patients with a 
diminished LV ejection fraction. 

 The Coronary Artery Surgery Study also dem-
onstrated that LV function was the best predictor 
of postoperative cardiac events in patients under-
going bypass surgery. In other studies, vascular 
surgery patients with an ejection fraction less 
than 35 % had increased cardiac complications 
and increased 30-day and 1.5-year mortality [ 53 ]. 
The increased surgical risk is due to the frequent 
coexistence of coronary artery disease. This risk 
is manifest as an increase in ischemic events as 
well as an increase in heart failure, arrhythmias, 
and management complications in those patients 
with prior myocardial infarction. The incidence 
of cardiopulmonary complications in high-risk 
patients rises from 12 to 58 % in those with 
reduced radionuclide ventriculographic ejection 
fraction. Abnormal LV ejection fraction is an 
independent risk factor beyond the detection of 
myocardial ischemia with myocardial perfusion 
imaging [ 54 ]. 

 The measurement of LV ejection fraction can 
be used effectively in the workup of these patients 
as follows: if the patient has no symptoms or car-
diac risk factors or is undergoing a minor surgical 
procedure, there is no need to obtain a ventricular 
function measurement. This is because of the low 
postoperative cardiac event in such group of 
patients. If, however, the patient is to undergo 
major surgery and is found to have a markedly 

reduced LV ejection fraction, then it is advisable 
to cancel the surgery or modify it to a less hazard-
ous procedure if possible or to revascularize any 
signifi cant ischemic myocardium prior to the 
procedure. The probability of postoperative mor-
tality from cardiac causes in these patients was 
found to be higher than that caused by their surgi-
cal disease. But if the resting LV ejection fraction 
is signifi cantly reduced and the patient’s surgery 
is an emergency, then it is important to monitor 
the patient extensively during the procedure [ 55 ]. 
Intraoperative monitoring with a Swan-Ganz 
catheter and an arterial line is indicated, in addi-
tion to the use of i.v. nitrates to reduce the periop-
erative cardiac complications.  

14.6.6     Cardiac Transplant Evaluation 

 Initial ERNA evaluation of transplant candidates 
is essential to document the severity of ventricular 
dysfunction and the response to aggressive medi-
cal management as well as to determine priority 
for transplantation based on the severity of impair-
ment. Although all patients undergo cardiac cath-
eterization, many do not receive contrast medium 
for ventriculograms. This is due to concerns with 
contrast media-induced acute tubular necrosis in 
patients who will develop some degree of renal 
failure after transplantation secondary to immu-
nosuppressive drugs. Subsequent radionuclide 
ventriculograms are also helpful to monitor rejec-
tion and detect other postoperative problems. 

 Transplanted hearts have images different 
from those seen in regular subjects. The best sep-
tal view (LAO) is usually shifted leftward. 
Therefore, subsequent views (ANT, LLT) should 
be taken perpendicular to the long axis of the 
heart [ 56 ]. Because the donor heart is attached to 
the remaining portions of the recipient RA and 
LA, this may give the appearance of atrial enlarge-
ment and hypokinesis. Paradoxical movement of 
the septum may be present and is usually related 
to the postpericardiotomy state as well as to the 
placement of a normal-size heart into a large peri-
cardial sac. This usually resolves with time. 

 Depression of ventricular contractility in the 
immediate postoperative period is thought to be 
due to ischemia and surgical changes. Thus, 
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baseline ventricular function should be measured 
for at least 4 days following transplantation. 
Cardiac rejection, on the other hand, becomes 
evident during the fi rst month. Since most epi-
sodes of rejection are asymptomatic until late in 
their course, periodic screening is important. 
Endomyocardial biopsy remains the gold stan-
dard for rejection but is an invasive procedure 
and is also subject to sampling error. ERNA has 
an important role in the evaluation of transplant 
rejection. Drop of LV ejection fraction below 
50 % has low sensitivity (40 %) but a very high 
specifi city (98 %) for acute rejection. The sensi-
tivity is higher (80 %) for moderate and severe 
rejection, however [ 57 ]. Other investigators have 
found that LV volumes measured by ERNA may 
be a better marker of early rejection [ 58 ]. 

 Acute isolated RV impairment is also an infre-
quent fi nding early after surgery, particularly in 
patients with increased pulmonary vascular resis-
tance, which resolves spontaneously in most 
cases. ERNA, particularly fi rst pass, is useful for 
diagnosis and follow-up in this setting. 

 To summarize, ERNA has a role in the initial 
evaluation of patients being considered for car-
diac transplantation. Additionally, it is a specifi c 
test for rejection of any severity. Other uncom-
mon causes of functional deterioration in cardiac 
transplant patients should fi rst be excluded: pro-
gressive fi brosis, signifi cant infection, and coro-
nary atherosclerosis. This test also has a good 
sensitivity for detection of moderate or severe 
rejection.  

14.6.7     Monitoring Valvular Heart 
Disease 

 Patients with chronic valvular heart disease toler-
ate pressure or volume overload for extended 
periods without the development of myocardial 
dysfunction or clinical symptoms. However, once 
a patient becomes symptomatic, changes in the 
myocardium are present that may or may not 
reverse with relief of the pressure or volume 
overloading. On the other hand, valve replace-
ment is not a totally benign procedure to be per-
formed on all valvular heart disease patients. 
Tissue prosthetic valves, which do not require 

anticoagulation in many cases, show more rapid 
deterioration than mechanical valves, but the lat-
ter require long-term anticoagulation to reduce 
the risk of embolization. Valve replacement does 
not reverse the myocardial damage, and there 
may actually be more rapid deterioration follow-
ing the procedure. Thus, determination of pre-
clinical cardiac reserve function could be helpful 
in choosing the appropriate timing for valve 
replacement surgery. 

 Exercise ERNA is a very sensitive and nonin-
vasive method to assess asymptomatic patients 
with aortic regurgitation and, to a lesser extent, 
mitral regurgitation for the preclinical detection 
of myocardial damage as manifested by a 
decrease in cardiac functional reserve [ 41 ]. A 
patient without myocardial damage will have a 
normal ejection fraction at rest and show 
increased ejection fraction by at least 5 % at 
peak exercise. Younger patients without clinical 
symptoms should have serial studies done every 
few years. Older patients or those with mild 
symptoms should be evaluated more frequently. 
Patients who remain mildly symptomatic, even 
if they show a mild decrease in resting or exer-
cise functional response, should be followed 
more closely. At one time, valve replacement 
was considered for asymptomatic patients with 
preclinical detection of deterioration by ERNA, 
as it was felt that further delays would result in 
permanent myocardial damage. However, sev-
eral studies have shown improvement in function 
in most patients with mild clinical symptoms 
and evidence of diminished cardiac reserve. If 
exercise- induced LV dysfunction is mild, these 
patients can probably continue to be managed 
medically. If the dysfunction is severe or there is 
resting LV dysfunction, however, then patients 
should be considered candidates for surgery. 
Additionally, resting LV ejection fraction is also 
a major predictor of postoperative survival, with 
a 96 % 5-year survival for patients with a normal 
preoperative LV ejection fraction compared with 
60 % for patients with an abnormal value. 

 In aortic stenosis, patients develop LV hyper-
trophy early in the course of the disease, and the 
LV ejection fraction is often normal or even ele-
vated due to a decrease in end-diastolic volume. 
However, an increase in afterload imposed by the 
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stenosis may cause a decrease in LV ejection 
fraction during exercise. Exercise-induced isch-
emia may also occur with insuffi cient coronary 
blood fl ow, which is limited by the stenosis. 
Patients with aortic stenosis and an abnormal 
resting LV ejection fraction have a less favorable 
prognosis following aortic valve replacement. 

 Immediately following valve replacement, 
resting ERNA usually demonstrates  improvement 
of the LV function. However, a decrease in ejec-
tion fraction can also be a normal fi nding due to 
the decrease in LV preload. Gradual improve-
ment can be observed over time. 

 A regurgitation fraction can be calculated 
from resting ERNA by comparing the stroke 
counts from each ventricle. Although this value 
correlates well with contrast ventriculography, 
accurate measurements are diffi cult to obtain. 
As with contrast ventriculography, this mea-
surement is not used widely for clinical 
decision-making.  

14.6.8     Myocardial Hypertrophy 
Evaluation 

    Myocardial hypertrophy due to hypertension, 
pressure/volume overloading, or idiopathic 
hypertrophic cardiomyopathy is associated with 
a decrease in early rapid ventricular fi lling. In 
patients with hypertension, such decreases may 
be observed before the development of obvious 
echocardiographic hypertrophy and may be an 
early sign of damage. Such changes can also be 
observed in aortic stenosis, but they are not clini-
cally useful to monitor the need for valve replace-
ment [ 30 ]. 

 Hypertrophic cardiomyopathy causes a 
marked decrease in isovolumic relaxation and in 
early rapid ventricular fi lling. It has also been 
shown that there is improvement in these mea-
surements when patients are treated with calcium 
channel blockers; the changes are related to clini-
cal improvement in symptoms and exercise dura-
tion [ 59 ]. 

 LV ejection fraction is usually in the higher 
normal value in these patients. This is presum-
ably a compensation mechanism to maintain a 

normal stroke volume, as the hypertrophic LV is 
stiff and has smaller end-diastolic volume than 
the normal LV.  

14.6.9     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. 

14.6.9.1     Left-to-Right Shunt 
 A fi rst-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 fi eld. The pulmonary 
transit time is normally shown as a narrow spike, 
with symmetric limbs that represent the pulmo-
nary blood fl ow 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 fl ow 
ratio can be obtained by subtracting the fi tted 
shunt curve from the pulmonary one. This is a 
sensitive method for detecting pulmonary-to- 
systemic blood fl ow shunts between 1.2 and 3.0, 
provided that the patient has no pulmonary 
hypertension, congestive heart failure, or tricus-
pid regurgitation [ 30 ].  

14.6.9.2     Right-to-Left Shunt 
 This can be suggested from visual examination 
of a fi rst-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  99m Tc-macroaggregated albu-
min. The small particles of this radiopharmaceu-
tical, 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 quantitative analysis of 
activity within the body can be accurately 
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obtained. A signifi cant right-to-left shunt is pres-
ent if the organ counts are greater than 7 % of the 
total lung uptake [ 31 ]. 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 capillar-
ies in any organ.       
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15.1            Introduction 

 This chapter will review the role of radionuclide 
imaging in the diagnosis and management of 
coronary artery disease, acute ischemic syn-
dromes, and heart failure. The pathophysiology 
of coronary artery disease and its complications, 
pertinent radiotracers and imaging instruments, 
and the clinical circumstances under which these 
tools are applied to clinical decision making will 
be reviewed.  

15.2     Pathophysiology of 
Coronary Artery Disease 

 Coronary artery disease is thought to arise from 
normal repair processes in response to chronic 
injuries to the arterial endothelium. It is often the 
result of heightened local shear stress, often at 
bending points and bifurcations of the arterial tree 
[ 1 ,  2 ]. These stresses, probably enhanced by 
hypertension, lead to accumulation of lipids and 
macrophages, abetted by hypercholesterolemia, 
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glycation end products of diabetes, chemical 
irritants, tobacco smoke, and other circulating 
vasoactive amines, immune complexes, and pos-
sibly infectious agents [ 3 – 5 ]. 

 Figure  15.1  is a schematic of the life of an 
 atherosclerotic plaque. The stages are detailed in 
Table  15.1 . An early atherosclerotic lesion, the 
so-called fatty streak or type II lesion, features a 

PHASE 4

PHASE 1 PHASE 2 PHASE 5 

PHASE 3 PHASE 5 

Silent
occlusive
process

Angina
pectoris

Angina
pectoris

Acute Syndromes
Myocardial infarction
Unstable angina
Ischemic sudden death

No Symptoms

  Fig. 15.1    Phases and lesion morphology of coronary atherosclerosis progression according to gross pathological and 
clinical fi ndings (Reproduced from Fuster et al. [ 11 ] with permission)       

   Table 15.1    Atherosclerotic    lesion types   

 Plaque type  Characteristics of plaque  Associated clinical syndrome 

 I  Intimal thickening, macrophages, isolated foam cells  Asymptomatic 
 II “fatty streak”  Accumulation of intracellular lipid in infi ltrating macrophages 

and smooth muscle cells 
 Asymptomatic 

 III  As above, plus incipient extracellular lipid and connective 
tissue deposition 

 Asymptomatic 

 IV “atheroma”  Large extracellular intimal lipid core; infl ammatory cell 
infi ltration, including macrophages, foam cells, and T cells 

 Usually asymptomatic; can also 
be associated with stable angina 

 Va  Atheroma with fi brous layer or layers  Same as type IV 
 Vb  Atheroma with extensive calcifi cation in the lipid core or 

elsewhere in the lesion 
 Stable angina pectoris; can also 
be asymptomatic 

 Vc  Fibrosed atheroma or organized mural thrombus with minimal 
or absent lipid component 

 Same as type Vb 

 VI “complicated 
lesion” 

 Disrupted type IV or V lesion with intramural hemorrhage and/
or overlying thrombus 

 Acute coronary syndrome or 
asymptomatic lesion progression 

  Adapted [ 13 ] from the Committee on Vascular Lesions of the Council on Atherosclerosis, American Heart Association [ 14 ]  
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dynamic balance of entry and exit of lipopro-
teins, as well as the development of an extracel-
lular matrix. This occurs in the fi rst several 
decades of life. Decreased lipoprotein entrance, 
through modifi cation of risk factors, results in a 
predominance of lipoprotein exit and thus in 
healing and scarring. Lipoprotein entry predomi-
nating over lipoprotein exit can result in a type IV 
or type Va lesion. Type IV and type Va plaques 
are soft, rich in lipids, and contained by a discrete 
extracellular matrix (Fig.  15.2 ). Such an ather-
oma is prone to disruption [ 6 ].

     The atherosclerotic plaque tends to grow in fi ts 
and starts, rather than in a continuous fashion. 

Sudden plaque growth occurs when the plaque 
ruptures or ulcerates, resulting in intracoronary 
thrombosis [ 7 ,  8 ] (Fig.  15.3 ). Even mildly or mod-
erately stenotic arteries can acutely progress to 
severely or totally occlusive lesions [ 6 ] (Fig.  15.4 ). 
They account for many acute coronary syndromes 
(unstable angina, acute infarction) but also may 
remain asymptomatic.

    Plaque disruption occurs not only in advanced 
stenotic plaques, but independently of lesion size 
and degree of stenosis [ 8 ]. Most acute coronary syn-
dromes actually result from the disruption of lesions 
which are initially not fl ow limiting, due to rapid 
progression to severe stenoses [ 9 ,  10 ]. Culprit lesions 
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  Fig. 15.2    Plaque vulnerability, disruption, and thrombosis: anatomical changes leading to acute coronary syndromes 
and subsequent plaque remodeling (Reproduced from Fuster et al. [ 11 ] with permission)       
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in acute coronary syndromes tend to have less calci-
fi cation and fi brous tissue, which implies softness 
and vulnerability to shear forces [ 15 ] (Fig.  15.3 ). 

 Nevertheless, lipid composition of a disrupted 
lesion can vary. Disrupted and thrombosed 
plaques with little lipid content are described in a 

a b

b’ b’’

  Fig. 15.3    ( a ,  b ) Two consecutive segments of atheroscle-
rotic coronary arteries, 1 cm apart: ( a ) plaque hemorrhage 
( h ), ( b ) plaque rupture with extrusion of atheromatous 
debris inducing thrombosis.  Areas boxed  in  b  are shown at 

higher magnifi cation in  B′  and  B″ . Note extruded choles-
terol/fatty acid material, through breaks ( arrows ) in intimal 
lining of lumen, admixed with thrombus (Reproduced from 
Fuster and Kottke [ 12 ] with permission)       
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recent autopsy report of plaque morphology in 
sudden cardiac death [ 16 ]. 

 The unstable phase of plaque development 
may be followed by a chronic phase with a calci-
fi ed type Vb or fi brotic type Vc lesion (Fig.  15.4 ). 
It is often marked by stable angina pectoris. 
Severely stenotic plaques can occlude without 
plaque rupture due to stasis, leading to a thrombus. 
Occlusion of such a vessel is often clinically 
silent, as distal myocardium is frequently sup-
plied by collateral fl ow [ 17 ]. 

 The primary and secondary prevention of 
acute coronary syndromes includes aggressive 
cholesterol-lowering therapy, demonstrated to 
signifi cantly improve prognosis following acute 
coronary syndromes and in hypercholesterolemic 
patients without a history of coronary disease 
[ 18 – 20 ]. The change does not appear to involve 
only a minimal regression of the atherosclerotic 
plaque, as demonstrated in a number of angio-
graphic studies [ 21 ,  22 ]. Rather, lowering of cho-
lesterol plus the more recently appreciated 
anti-infl ammatory effects of statins stabilizes the 
atheromatous plaque by increasing the net effl ux 
of lipid from the plaque, thereby decreasing the 

lipid content, decreasing the number of macro-
phages, and lowering of indices of infl ammation 
such as local temperature, uptake of FDG, and 
formation of a thicker fi brous cap. This helps 
make the plaque more resistant to disruption [ 7 , 
 23 – 25 ]. Furthermore, the anti-infl ammatory 
effects of statin therapy independent of choles-
terol lowering appear to promote the stabilization 
of lesions in acute coronary syndromes [ 26 ].  

15.3     Myocardial Perfusion SPECT 
Imaging 

 Clinical manifestations of coronary artery  disease 
include angina pectoris, myocardial infarction, 
congestive heart failure, and sudden death. It may 
be asymptomatic until advanced in severity or 
complications. Most diagnostic methods, both 
invasive and noninvasive, depend on the detec-
tion of luminal narrowing of the epicardial coro-
nary vessels. Vessel narrowing of up to 75 % of 
the cross-sectional area (or <50 % of luminal nar-
rowing) does not affect resting coronary fl ow. 
Increase of coronary fl ow caused by exercise or 

a b c

d e

  Fig. 15.4    ( a – e ) Slow progression of coronary atherosclero-
sis: ( a ) normal artery, ( b ) fatty streak with fi brosis, ( c ) 
advanced fi brous plaque. Rapid progression of coronary ath-

erosclerosis: ( d ) occlusion by thrombus formation, ( e ) 
thrombus during process of fi brotic organization (Reproduced 
from Fuster and Kottke [ 12 ] with permission)       
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pharmacological stress exaggerates fl ow nonuni-
formity, through either increased metabolic 
demand or vasodilation [ 27 ] (Fig.  15.5 ). The 
 easiest method of increasing coronary fl ow is 
physical exercise, using a motorized treadmill or 
a stationary bicycle. In patients who are unable to 
exercise adequately, pharmacological agents 
(adenosine, dipyridamole, regadenoson, dobuta-
mine, and arbutamine) are used for transient 
elevation of coronary fl ow.

   Myocardial perfusion imaging (MPI) maps the 
relative distribution of coronary fl ow, which is 
normally almost uniform in the absence of prior 
infarction or fi brosis. In the presence of luminal 
narrowing, fl ow nonuniformity corresponds to the 

anatomical location of the coronary stenoses and 
to the cumulative severity of the obstructions 
along the coronary arterial tree, the size of its 
watershed, modulated by the presence, size, and 
fl ow reserve of collateral vessels [ 28 ]. Therefore, 
MPI can diagnose not only the presence of coro-
nary artery disease, but also its extent, severity, 
and physiological impact, thereby providing great 
prognostic power. 

15.3.1     SPECT Tracers 

 The ideal tracer of coronary fl ow would be 
extracted by the myocardium with 100 % 
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  Fig. 15.5    Regulation of blood fl ow in normal and ste-
nosed coronary arteries: In the normal artery, the epicar-
dial and microvascular vessels dilate with exercise or 
pharmacological stress. In the atherosclerotic artery, when 
the patient is resting, there is a drop in pressure across the 
stenosis in the epicardial artery. During exercise or vaso-
dilation, the pressure drop across the stenosis increases, 

and the microcirculation has limited additional capacity 
for dilation, resulting in blood fl ow not adequate to meet 
the metabolic demand of exercise or to keep up with 
increased blood fl ow in the normal regions. As a result, 
the fractional fl ow reserve is reduced (Reproduced from 
Wilson [ 29 ] with permission)       

 

J. Machac



469

 effi ciency, like microspheres. Its myocardial 
uptake would be linearly related to coronary fl ow, 
and the tracer isotope would have optimal emis-
sion photon energy for imaging with a gamma 
camera. Currently, two classes of tracers are 
widely used for conventional MPI: thallium-201 
and the Tc-99m-labeled tracers. Three agents are 
approved for clinical use in the USA: thallium-
 201, Tc-99m sestamibi, and Tc-99m tetrofosmin. 
None of the available conventional agents have 
all characteristics of an ideal myocardial perfu-
sion agent. 

15.3.1.1     Thallium-201 
 Thallium-201 (Tl-201) has been in clinical use 
for more than three decades. Tl-201 is a metal in 
group III-A of the periodic table and, as an isoto-
pic cationic tracer, has properties similar to those 
of potassium. Tl-201 is extracted with a high 
extraction fraction by the ATPase-dependent Na + /
K +  channels (Table  15.2 ). Diagnostic and prog-
nostic data on Tl-201 are extensive. Another 
advantage of Tl-201 is the ease of use. Only one 
injection is needed [ 30 ]. Among the conventional 
tracers, Tl-201 is the one preferred for evaluation 

of myocardial viability. 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 qual-
ity due to noise. The low emission energies lead 
to a high scatter fraction in the imaging energy 
window and greater susceptibility to attenuation, 
especially in obese and female subjects. 
Compared with competing modalities (stress 
echo, Tc-99m-based tracers), a Tl-201 study is 
relatively long (4–6 h) in duration.

   A dose of 3–4 mCi of Tl-201 is injected intra-
venously at peak stress (exercise or pharmaco-
logical). Stress SPECT imaging starts 10–15 min 
following the injection. Tl-201 uptake in the 
myocytes requires active metabolic transport, 
i.e., only viable myocytes take up and retain the 
tracer. Washout of Tl-201 from the myocardium 
starts immediately after initial uptake. Initial 
tracer uptake is a function of tracer serum con-
centration, which is highest after injection, before 
complete extracellular volume mixing, the coro-
nary fl ow, and of the integrity of the myocytes. 

 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  

    Table 15.2    Tracers for 
SPECT myocardial perfusion 
imaging   
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Early (post stress) images reveal the degree of 
regional  uniformity of the coronary fl ow, i.e., 
demonstrate presence or absence of coronary 
artery disease. Washout of Tl-201 from the 
 myocardium is faster from areas with higher ini-
tial uptake (and higher regional fl ow) and is 
slower from hypoperfused but viable areas sup-
plied by arteries with inadequate fl ow during 
stress. This leads to a “fi lling in” or “redistribu-
tion” of initial defects (Fig.  15.6 ). The customary 
time for delayed imaging is 3–4 h after tracer 
injection. Tl-201 redistribution is consistent with 
presence of viable but hypoperfused (or isch-
emic) myocardium. Delayed imaging (up to 24 h) 
may reveal redistribution in some defects which 
appeared “fi xed” at 3–4 h. In addition, or alterna-
tively, reinjection of a small booster dose of 
Tl-201 (1 mCi) at rest may reveal improved 
uptake in regions with “fi xed” defects [ 31 – 35 ]. 
On the other hand, regions with old infarction, 
where viable myocardial mass, not vessel diam-
eter, is the fl ow-limiting factor, do not demon-
strate redistribution, i.e., replacement of 
contractile myocardium by fi brotic tissue. 
Figure  15.7  shows typical Tl-201 SPECT stress 
and redistribution images and both types of myo-
cardial behavior.

    Overall sensitivity of Tl-201 SPECT imaging 
for the detection of CAD is >80 %. Sensitivity for 
detection of multivessel CAD is higher than for 
detection of single-vessel disease. Sensitivity 
for detection of left anterior descending and right 
coronary artery disease is higher than for detec-
tion of circumfl ex disease [ 37 ]. Specifi city of the 
fi ndings is 50–80 %, depending on the degree of 
catheterization and laboratory referral bias. 
Specifi city is lower in patients with LBBB, left 
ventricular dysfunction, end-stage congestive 
heart failure, left ventricular hypertrophy, and/or 
marked obesity [ 38 ].  

15.3.1.2     Tc-99m Sestamibi, 
Tc-99m Tetrofosmin 

 The technetium-99m-based tracers, Tc-99m ses-
tamibi (Cardiolite), and Tc-99m tetrofosmin 
(Myoview), have more similarities than differ-
ences (Table  15.2 ). A shorter physical half-life of 
Tc-99m (6 h) allows the use of higher tracer doses 
(up to 50 mCi/day). Combined with more optimal 
photon energy for gamma camera imaging 
(140 keV) compared with Tl-201, image quality is 
less noisy, and frequency and severity of attenua-
tion artifacts are decreased. Negligible washout of 
Tc-99m-based tracers [ 39 ] (Fig.  15.8 )  necessitates 

200

45 LAO

150

100

50

POSTEROLATERAL
WALL

ANTEROSEPTAL

INFEROAPICAL

2 HR1 HR

  Fig. 15.6    Sequential LAO 
planar images obtained 10 min, 
1 and 2 h after low-level 
treadmill exercise, 10 days after 
a myocardial infarction. There 
is a persistent defect involving 
the inferoapical segment ( white 
arrow ) compatible with scar. 
The posterolateral wall shows 
normal uptake and washout, 
while the anteroseptal region 
demonstrates an initial defect 
with delayed redistribution 
indicative of ischemia 
(Reproduced from Gibson and 
Beller [ 36 ] with permission)       
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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 
clearance and partial liver clearance (Fig.  15.8 ). 
Gating of Tc-99m sestamibi or Tc-99m tetrofos-
min images, made possible because of the high 
photon fl ux, allows simultaneous evaluation of 
perfusion and resting function. Widely available 
commercial software is used for the quantifi cation 
of left ventricular ejection fraction, left ventricu-
lar volumes, and left ventricular mass and for 

semiquantitative evaluation of myocardial sys-
tolic thickening [ 41 ] (Fig.  15.9 ). In laboratories 
equipped with a suitable gamma camera posi-
tioned at the side of the treadmill or upright bicy-
cle, fi rst-pass blood pool imaging can be 
performed for the evaluation of left and right 
function during exercise stress [ 42 ].

    Tc-99m sestamibi and Tc-99m tetrofosmin 
can also be used in the setting of acute coronary 
syndromes. Patients with recent or current epi-
sodes of chest pain can be injected with the tracer 
at rest, medically stabilized or treated with 

  Fig. 15.7    Thallium-201 stress and redistribution images 
of a patient showing a severe fi xed inferolateral defect; a 
severe, partially reversible basal inferolateral defect; a 

reversible basal inferoseptal defect; and a mild to moder-
ate reversible anterolateral defect       

 

15 Nuclear Cardiology 2: Myocardial Perfusion, Metabolism, Infarction, and Receptor Imaging



472

thrombolysis or percutaneous revascularization, 
and imaged for diagnostic or prognostic purposes 
several hours later [ 43 ]. Patients in whom an 
acute infarction has been excluded, and at low 
risk for unstable angina, can be referred from the 
emergency department or chest pain unit to 
undergo stress and rest imaging. 

 Excretion of the Tc-99m tracers is 
 hepatobiliary and, to a lesser extent, renal 
[ 44 ]. High subdiaphragmatic uptake in the 
liver or intestines occasionally interferes with 

the  evaluation of cardiac perfusion. The aver-
age total length of the rest-stress imaging and 
stress-rest sequence is 3–4 h. In direct compari-
sons, the diagnostic accuracy of sestamibi and 
tetrofosmin is similar to that of Tl-201 [ 45 ,  46 ]. 
However, the linearity between fl ow and uptake 
of Tc-99m sestamibi or Tc-99m tetrofosmin 
is suboptimal at high fl ow rates (Fig.  15.10 ), 
due to the lower extraction fraction, which is 
achieved with coronary vasodilators (adenosine 
and dipyridamole) [ 47 – 49 ].

1200

1000

800

600

400

200

150

100

50

0
0 20 40 60 80 100 120 140 160 180

HEART
LIVER
SPLEEN
LUNG

GALLBLADDER

99m
Tc HEXAMIBI REST

TIME  AFTER  INJECTION (min)

b

a

P
E

R
C

E
N

T
 A

C
T

IV
IT

Y
P

E
R

C
E

N
T

 A
C

T
IV

IT
Y

TIME  AFTER  INJECTION (min)

360

310

260

160

210

100

80

60

40

20

0
0 20 40 60 80 100 120 140 160 180

Tc HEXAMIBI REST99m

HEART

LIVER
SPLEEN

LUNG

GALLBLADDER

  Fig. 15.8    ( a ) Organ time-activity 
curves after injection of Tc-99m 
sestamibi at rest in fi ve normal 
volunteers (mean ± SD). The data 
are normalized to cardiac activity 
at 5 min after injection. ( b ) Organ 
time-activity curves in fi ve 
normal volunteers after injection 
of Tc-99m sestamibi during 
exercise (Reproduced from 
Wackers et al. [ 40 ] with 
permission)       

 

J. Machac



473

a b

  Fig. 15.9    ( a ,  b ) Stress and rest gated Tc-99m sestamibi 
imaging study. ( a ) Stress and rest Tc-99m sestamibi 
SPECT images showing severe inferolateral and postero-
lateral defects at stress with improvement in the inferoapi-
cal and lateral walls at rest and persistence of the inferior 
and posterior defects. ( b ) Stress Tc-99m sestamibi imag-

ing with gating of the same patient as in ( a ), showing end-
diastolic and end-systolic gated images. There is excellent 
wall thickening in the septum and anterior wall, absence 
of uptake or thickening in the inferolateral and posterolat-
eral walls, and decreased thickening in the basal septum       
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   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 [ 50 ]. A potential 
drawback derives from different pharmacokinetic 
properties of the tracers, resulting in nonparallel 
fl ow-uptake relationships and different spatial 
contrast due to different isotope energies. 

 Tc-99m teboroxime (Cardiotech) was another 
FDA-approved perfusion agent that was mar-
keted about two decades ago. This highly lipo-
philic agent readily crosses myocardial cellular 
membranes but, unlike MIBI, rapidly diffuses out 
of the cells in 6–10 min, allowing only a few min-
utes for imaging [ 51 ]. It requires a separate rest 
and stress injection. There is some evidence that 
the differential washout rate of Tc-99m teborox-
ime obtained from stress-redistribution images 
can differentiate between ischemic and infarcted 
myocardium as well as stress-rest imaging [ 52 ]. 
One advantage of teboroxime is its very high 
extraction fraction, which is higher than any of 
the other conventional agents at high fl ow 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 cam-
eras in some laboratories. Its commercial avail-
ability has been stopped for over a decade ago. Its 
applicability may conceivably be revived with 
the use of new high-speed, high-sensitivity 
SPECT gamma cameras.  

15.3.1.3     Investigational Perfusion 
Radiotracers 

 Several new perfusion tracers have been devel-
oped and are under investigation. One type 
includes the so-called Q compounds (Q3 and Q12) 
labeled with Tc-99m. They are mixed cationic 
ligands, consisting of monophosphate ligands 
complexed to a Schiff-base ligand. Radiolabeling 
requires boiling in a water bath with Tc-99m 
pertechnetate. The Q agents have a rapid clearance 
from the blood by hepatobiliary and renal excre-
tion. Myocardial uptake of Q12 is stable without 

redistribution. However, the fi rst- pass extraction is 
only 29 %, a limitation with high-level exercise 
and pharmacological stress [ 34 ]. 

 Another promising agent was Tc-99mN- 
NOET. It is a nitrido dithiocarbamate, a neutral 
lipophilic compound. It also requires boiling a 
precursor tri-sulfophenyl phosphine with Tc-99m 
pertechnetate, followed by compounding with 
dithiocarbamate. Blood activity clearance by 
hepatobiliary excretion is slower than for Tl-201 
or Tc-99m MIBI or Tc-99m tetrofosmin. The 
agent’s features are a high extraction fraction and 
followed by signifi cant washout [ 44 ]. However, 
high lung uptake in some patients has discour-
aged its clinical application [ 53 ].   

15.3.2     Stressors 

15.3.2.1     Exercise 
 Exercise treadmill stress testing (ETT) is the 
most frequently used test for noninvasive diagno-
sis of coronary artery disease. Sensitivity of a 
symptom-limited ETT for diagnosis of CAD is 
65–70 % [ 54 ]. When combined with myocardial 
perfusion imaging, sensitivity increases to 
85–90 %, while specifi city is increased as well 
[ 37 ]. Motorized treadmill exercise is almost uni-
versally used in the USA, while the upright sta-
tionary bicycle is more popular in Europe and 
elsewhere. All monitored parameters (i.e., ECG, 
blood pressure, patient’s appearance, and symp-
toms) are valuable not only for diagnosis but also 
for prognosis. Using a Bayesian approach, pre- 
and posttest probability for presence of the dis-
ease can be reliably estimated. Short-term 
prognosis for major cardiovascular events can 
also be derived from easily obtained parameters. 
The single most powerful prognostic predictor in 
both men and women is exercise capacity (length 
of the exercise) [ 55 ,  56 ].  

15.3.2.2     Pharmacological Stress 
Testing 

 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 pharmacological 

J. Machac



475

stress testing. Five agents are currently approved 
for use in conjunction with MPI: adenosine, 
dipyridamole, regadenoson, dobutamine, and 
arbutamine. Adenosine, dipyridamole, and regad-
enoson are coronary vasodilators. Dobutamine 
and arbutamine are beta-adrenergic agonists and 
increase myocardial oxygen demand; they also 
have some direct vasodilatory effect [ 57 ]. 
Pharmacological stress makes possible evalua-
tion of patients unable to exercise for noncardiac 
reasons, including sick and debilitated patients. 
However, physiologically useful parameters 
derived from an exercise test, valuable for a com-
prehensive evaluation, are lost. 

   Adenosine 
 Adenosine is an endogenous coronary vasodilator 
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 conduction. Activation 
of the A2 receptor leads to coronary vasodilation 
(Fig.  15.11 , Table  15.3 ). The half-life of adenos-
ine 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 fl ushing in 37 % 
of patients, chest pain in 35 %, shortness of breath 
in 35 %, and gastrointestinal symptoms in 15 %. 
Chest pain is not indicative of myocardial isch-
emia. Vasodilation causes a modest blood pres-
sure drop, usually accompanied by compensatory 
tachycardia, although transient 2nd-degree AV 
block is seen in 3–4 % of patients and 3rd-degree 
AV block in <1 % of tested patients. All side 
effects and hemodynamic changes are transient 
and reversible. Use of an antidote (IV aminophyl-
line) is very rarely needed. Most situations can be 
controlled by decreasing the infusion rate and/or 
by shortening the duration of the infusion. 
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  Fig. 15.11    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 extracellular 

adenosine that can bind to the receptor. Methylxanthines, 
such as theophylline and caffeine, competitively block the 
receptor sites (Reproduced from Iskandrian et al. [ 58 ] with 
permission)       
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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 bronchodi-
lators. Caffeine, theophylline, and their metabo-
lites competitively block adenosine receptors. 
Therefore, patients should abstain from caffeine-
containing beverages and medication for 12–24 h 
prior to the test [ 59 ].

       Dipyridamole 
 Dipyridamole is an indirect vasodilator: It 
increases intravascular concentration of endoge-
nously produced adenosine by blocking its cel-
lular reuptake (Fig.   4.11    ). 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 [ 59 ,  60 ]. Dipyridamole potenti-
ates the effects of exogenously infused adenos-
ine. Therefore, oral dipyridamole, when being 
taken for its antiplatelet effects, should be discon-
tinued on the day of the stress test.  

   Regadenoson 
 The fi rst historically available vasodilator stress 
agents, dipyridamole and adenosine, are effective 
and useful, but they do have signifi cant 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: A 1 , A 2A , A 2B , and A 3 . The selective activa-
tion of A 2A  receptors leads to coronary 
vasodilation, while A 1  are responsible for 
decreased AV conduction and chest pain, while 
the stimulation of A 2B  receptors leads to periph-
eral vasodilation, mast cell degranulation, and 
bronchiolar constriction, and the stimulation of 
A 3  leads to ischemic preconditioning and mast 
cell degranulation[ 64 ]. Regadenoson is an A 2A  
receptor agonist that is a coronary vasodilator 
with very weak affi nity for A 1 , A 2B , and A 3  recep-
tors that are associated with adenosine’s unpleas-
ant side effects. It is supplied in prefi lled syringe 
doses of 0.4 mg in 5 mL of solution. It is admin-
istered as a single-dose bolus (less than 10 s), 
which leads to increased coronary blood fl ow to 
more than twice baseline levels within 30 s, with 
maximal vasodilation 1–4 min after injection, 
and decreases to less than twice baseline within 
10 min. This is accompanied by decrease in sys-
tolic and diastolic blood pressure and increase in 
heart rate[ 65 ]. In the ADVANCE MPI multi-
center trial comparing myocardial perfusion 
imaging with regadenoson compared to adenos-
ine pharmacological stress, it was demonstrated 
that regadenoson was similar to adenosine for the 
detection of ischemia[ 66 ]. 

 Methylxanthines block the effects of regade-
noson, as for adenosine. Patients should be 
instructed to avoid consumption of any products 
containing methylxanthines, including caffeinated 

   Table 15.3    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 
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coffee, tea, and other caffeine-containing bever-
ages of drug products for at least 12 h prior use. 
In clinical trials conducted during regadenoson’s 
development, where side effects were compared 
to adenosine, 80 % of subjects had some kind of 
adverse reaction, including dyspnea (28 %), 
headache (26 %), fl ushing (16 %), chest discom-
fort (13 %), angina or ST segment depression as 
evidence of myocardial ischemia (12 %), dizzi-
ness (8 %), chest pain (7 %), and nausea (6 %). In 
most categories, this profi le was similar to side 
effects from adenosine, except for a lower rate of 
chest discomfort (13 % vs. 18 %) or evidence of 
ischemia (12 % vs. 18 %). There was a similar 
rate (26 % vs. 30 %) of rhythm or conduction 
abnormalities, but a lower rate of 1st-degree 
block (3 % vs. 7 %) or 2nd-degree AV block 
(0.1 % vs. 1 %). There was a higher rate of respi-
ratory adverse reactions, such as dyspnea or 
wheezing compared to placebo (12.9 % in the 
asthma group and 19 % in the COPD patient 
group), but most respiratory adverse reactions 
resolved without therapy. Aminophylline was 
used 3 % of the time to treat side effects from 
regadenoson, versus 2 % for adenosine. As for 
dipyridamole and adenosine, serious ischemia, 
leading to myocardial infarction, ventricular 
arrhythmias, and cardiac arrest, has occurred fol-
lowing regadenoson injection [ 67 ,  68 ].  

   Dobutamine and Arbutamine 
 Dobutamine is a synthetic catecholamine with pre-
dominantly β1 affi nity and short plasma half- life 
(approximately 2 min). In the presence of signifi -
cant epicardial coronary artery stenosis, the 
increase in oxygen demand caused by positive ino-
tropic and chronotropic effects of  dobutamine can 
induce myocardial ischemia. Additionally, dobuta-
mine at higher doses induces coronary vasodila-
tion. 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 inotropic support in the intensive 
care units. The side effects of dobutamine in our 
patient series included supraventricular and ven-
tricular arrhythmia (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 exercise and have bronchospastic dis-
ease [ 38 ], but its use has decreased since the 
introduction of the selective A 2A  vasodilator ago-
nist 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 [ 38 ].   

15.3.2.3     Combined Pharmacological 
and Exercise Stress Testing 

 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 fl ushing, 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 [ 61 ,  62 ,  69 ]. On the other 
hand, the incidence of stress-inducible ischemia 
is more common due to increased myocardial 
demand, leading to a higher prevalence of isch-
emic 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 certain that they can 
attain maximal heart rate has been found safe and 
useful to achieve maximal level of stress [ 63 ]. 
Combined exercise with pharmacological stress 
should be avoided in patients with left bundle 
branch block or RV pacemaker, since the likeli-
hood of false-positive myocardial perfusion 
stress images is increased with exercise.   

15.3.3     Methods of SPECT Imaging 

15.3.3.1     SPECT Imaging 
 Single-photon emission computed tomography 
(SPECT) has by now been well standardized 
and optimized for either thallium-201 or Tc-99m 
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 sestamibi or Tc-99m tetrofosmin imaging as well 
as optimized for each imaging system manufac-
turer. This includes timing of acquisition, choice 
of collimators, choice of step-and-shoot versus 
contiguous acquisition, circular versus elliptical 
orbits, fi ltered versus iterative reconstruction, fi l-
tering, display, quantifi cation, 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 ineffi ciencies in patient management 
arising from mistaking soft tissue attenuation 
artifacts from true perfusion defects. 

 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-
tifi cation, 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 effi cacy in anterior wall attenua-
tion artifacts [ 70 ,  71 ]. Nevertheless, this strategy 
is useful when other means are not available or in 
combination with gated SPECT imaging.  

15.3.3.2     Gated SPECT Imaging 
 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 confi dence, resulting in enhanced 
accuracy [ 72 ]. 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 fi xed 
perfusion abnormality could be due to non- 
transmural wall injury, insuffi cient to cause a 
discernible wall motion abnormality.  

15.3.3.3     Quantifi cation 
 Quantitative analysis of myocardial perfusion 
images compares the patient’s distribution at rest 
and during stress, after normalization to an area 
of the best tracer uptake, against an aggregate 
profi le obtained from patients with known 
absence of disease. Software developed for this 
purpose provides indices of the extent and sever-
ity of perfusion abnormalities outside the normal 
limits, at arrest and stress, plus an index of change 
between stress and rest. These indices are 
expressed for the entire myocardium, for each of 
the coronary vascular territories or arbitrary seg-
ments (e.g., quadrants). These normal limits 
refl ect the average differences between men and 
women, as well as a range of regional variation 
commonly seen in low-risk subjects. The use of 
this technique has been shown to enhance the 
accuracy of interpretation for a single reader or 
for readers who are less than expert [ 73 ]. The use 
of one of the commercially available software 
packages also provides standard indices that pro-
vide objective indices that can be utilized for 
serial studies. It also provides an index of LV 
cavity size, and its change with stress, which is of 
prognostic usefulness (see below). 

 Nevertheless, quantifi cation of relative distri-
bution of tracer at rest and stress does not express 
absolute uptake, thus being unable to alert for a 
diffusely uniform decrease in uptake during 
stress, indicating diffuse or extensive disease, 
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which can be obtained only from quantitative 
PET imaging. In addition, quantifi cation does not 
help one decide if a defect is due to disease or 
attenuation artifact [ 73 ,  74 ]. 

 Quantifi cation of gated SPECT images pro-
vides a global LVEF, plus indices of regional wall 
motion and wall thickening, useful in evaluation 
of function. LV dyssynchrony that occurs with 
primary contractile dysfunction, conduction 
abnormalities, and pacing can be quantifi ed with 
phase analysis, adapted from its previous use in 
gated radionuclide blood pool imaging [ 75 ]. In 
this method, the fi rst harmonic Fourier phase 
analysis fi ts a cosine function to the count varia-
tions over the gated cardiac cycle, expressing the 
function as an amplitude, refl ecting the amount 
of change over time, and phase (in degrees), 
refl ecting the onset of mechanical movement. 
Whereas its original use was applied in planar 
gated blood pool imaging, recent applications 
used three-dimensional SPECT gated blood pool 
images to overcome problems of overlap of adja-
cent cardiac structures and inaccurate localiza-
tion of left ventricular and right ventricular 
abnormalities [ 76 ], which was subsequently 
applied to myocardial perfusion imaging [ 77 ]. 
This technique has been found useful in patients 
with advanced systolic heart failure and evidence 
of dyssynchrony on ECG due to conduction 
abnormalities, single ventricle pacing, in predict-
ing which patients would benefi t from cardiac 
resynchronization therapy [ 78 ,  79 ].  

15.3.3.4     Attenuation Correction 
 Commercial SPECT attenuation correction sys-
tems determine the distribution of nonuniform 
attenuation in the chest utilizing an external 
source of radiation, with either external colli-
mated radionuclide sources [ 80 ,  81 ] or X-ray CT 
offered on hybrid SPECT-CT systems [ 82 ,  83 ]. 
The former systems use collimated stationary or 
moving line sources of gadolinium-153 (Gd- 
153), which has a physical half-life of 242 days, 
with photon energies of 97 and 103 keV [ 84 ]. 
Emission and transmission information is sepa-
rated with physical collimation of the radiation 
sources and electronic masking of the fi eld of 
view of the detector during simultaneous 

emission- transmission imaging or, in some sys-
tems, by sequential imaging. In other systems, 
separation is achieved during simultaneous 
acquisition of emission and transmission infor-
mation with either Gd-153 or, alternatively, using 
barium-133 (Ba-133) (physical half-life of 
10.5 years, gamma energy 356 keV) [ 85 ] by 
energy separation. 

 For the external radiation source transmission 
scans, limitations include limited source strength 
and therefore additional introduced noise, cross-
over between emission and transmission data. 
Sequential emission-transmission imaging has 
the disadvantage of greater chance for misalign-
ment of the two scans due to body movement or 
changed respiratory pattern. 

 Hybrid SPECT-CT systems, combining a 
multidetector SPECT gamma camera with a sin-
gle slice, and most recently, multislice CT, devel-
oped for oncology and bone imaging, have been 
applied for cardiac imaging with attenuation cor-
rection. The attenuation map is provided by a 
low-dose noncontrast CT scan, performed after 
the emission scan [ 82 ,  83 ]. An advantage of CT 
transmission imaging is greater photon fl ux and 
thus less noise. A disadvantage is the production 
of unique artifacts from metallic objects, such as 
stents, pacemakers, and pacemaker and ECG 
monitor leads [ 86 ]. 

 Regardless of the type of manufacturer, care-
ful attention is required to minimize additional 
image noise introduced by the attenuation correc-
tion by good quality control and the use of itera-
tive reconstruction. Care is needed to minimize 
and compensate for truncation and its artifacts 
and minimize misregistration. Misregistration 
can be often corrected by operator-dependent 
realignment of the transmission images with the 
emission images. Attenuation-corrected images 
are sensitive to artifact stemming from intense 
subdiaphragmatic activity close to the heart, par-
ticularly activity that is changing or in motion in 
the course of the acquisition [ 87 ]. 

 In spite of inauspicious results with early 
attenuation correction that did not take into 
account scatter and depth-dependent resolution 
blur, attenuation correction has been shown to 
achieve signifi cant improvement in the specifi city 
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of detection of coronary disease, across a wide 
spectrum of multiple centers with different meth-
ods of attenuation correction [ 88 ,  89 ]. ECG gat-
ing and attenuation correction appear to provide 
synergistic and complementary improvement in 
diagnostic accuracy [ 90 ,  91 ]. The improvements 
in specifi city as a result of attenuation correction 
were seen in all patients, but particularly in obese 
individuals [ 92 ]. This has enabled the use of a 
single normal database for both men and women 
[ 93 ]. The improved detection of patients with 
disease and the identifi cation of patients with 
normal perfusion have also facilitated the prac-
tice of stress-only imaging, thereby saving time 
and cost of SPECT imaging [ 94 ]. Research has 
suggested that a routine examination of all 
acquired images, spine SPECT images without 
and with attenuation correction, as well as prone 
SPECT images resulted in the fewest equivocal 
studies [ 95 ]  

15.3.3.5     Novel Processing Software 
 Signifi cant advances have been made recently in 
SPECT image reconstruction software. They built 
upon earlier advance in iterative reconstruction 
techniques, which were developed to achieve 
improved image contrast while reducing noise lev-
els, compared with earlier standard fi ltered back-
projection techniques. The new algorithms correct 
for losses in spatial resolution due to depth-depen-
dent scatter and the line response function of the 
collimator, the gamma camera, and the patient, 
while suppressing noise in the image reconstruc-
tion process. Depending on the application need, 
the resolution recovery aspects may be empha-
sized to improve image quality, or the noise sup-
pression aspects can be emphasized to permit 
either decreased imaging time or reduced radio-
tracer dose [ 96 ]. Sometimes termed as “wide 
beam” reconstruction method, it was shown that 
the scan time may be reduced by 50 % without 
compromising qualitative or quantitative imaging 
results [ 97 ,  98 ]. If the reconstruction is optimized 
for reduced count densities, satisfactory results 
were obtained even with quarter-time acquisition 
[ 99 ]. Both half-time and half-dose wide beam 
reconstructions were shown to provide myocardial 
perfusion SPECT image quality superior to full-

time full-dose standard iterative reconstruction 
[ 100 ]. 

 Another development that improves image 
quality is “motion-frozen” processing of gated 
cardiac images, which decreases blurring of per-
fusion images due to cardiac motion. This tech-
nique shifts counts from whole cardiac cycle into 
the end-diastolic position, resulting in less noisy 
images while enhancing resolution [ 96 ].  

15.3.3.6     New Dedicated Cardiac SPECT 
Gamma Cameras 

 In the past, imaging systems were designed spe-
cifi cally for cardiac use, but their design differed 
from standard single-head or dual-head imaging 
gamma camera systems mainly in the smaller 
size of the gamma camera heads and their com-
pact arrangement. Recently, a number of innova-
tive new imaging systems were introduced into 
routine clinical use that were not only designed 
for cardiac use but also used novel approaches in 
imaging technology and design. The goals were 
to achieve improved spatial resolution and sensi-
tivity, to be sure, but also to improve patient com-
fort by permitting imaging in an upright or 
reclining position and eliminating the need for 
positioning the patient’s arms above the head by 
allowing arms to be comfortably supported at 
shoulder level and reducing or eliminating claus-
trophobic effects [ 96 ]. It has been determined 
that compared to supine acquisition, in the 
upright position, anterior wall attenuation was 
signifi cantly less in those imaged upright (6.1 % 
vs. 52 %), particularly among women. Inferior 
attenuation was more common among women 
imaged upright (50 % vs. 24 %), but was not 
affected among men. Lateral attenuation was 
more prevalent in the upright group, especially in 
women and those with BMI >30 [ 101 ]. 

 Unlike conventional gamma cameras, where 
only a small portion of the fi eld of view is actu-
ally used to image the heart, these new devices all 
have in common the concept that all available 
detectors image just the cardiac fi eld of view. 
These designs vary in the number and type of 
moving (scanning) or stationary detectors and in 
whether sodium iodide, cesium iodide, or cad-
mium zinc telluride (CZT) solid-state detectors 
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are used. They share a fi vefold to tenfold gain in 
count sensitivity and either no loss or even a gain 
in resolution. This results in the ability to reduce 
the imaging time for a cardiac perfusion scan to 
2 min or less if performed with a standard dose, 
or a fi vefold or even tenfold decrease in injected 
dose, or some combination of the time/dose 
reduction [ 102 ]. 

 Two of these systems use solid-state CZT 
detectors arranged in a pixilated array with each 
detector unit. The direct conversion of energy 
into electronic impulse provides 1.65 times supe-
rior energy resolution and thus reduced scattered 
photon acceptance resulting in twice and better 
resolution of 5 mm versus conventional 11 mm, 
while the pixilated array design provides local-
ization [ 102 ]. 

 Some of these systems come with attenuation 
correction using a CT transmission scan, yielding 
excellent clinical agreement when compared 
with conventional SPECT with attenuation cor-
rection [ 103 ]. 

 This has resulted in possibilities of fl exible 
acquisition protocols, tailored to the needs of the 
patient and/or constraints faced by the laboratory. 
This includes stress-only MPI in low-risk patients 
with a 2-min acquisition with a standard tracer 
dose to the more conventional 15-min rest/12- 
min stress MPI studies, simultaneous dual iso-
tope studies, studies performed with as little as 
185 MBq (5 mCi) or less [ 102 ]. Clinical studies 
have shown diagnostic and prognostic perfor-
mance of these protocols at least as equal as that 
obtained with conventional gamma cameras and 
standard protocols [ 104 – 110 ]. These develop-
ments are a challenge to the cardiac imaging 
community to assure high quality and consis-
tency by devising standardized protocols tailored 
for these new instruments.   

15.3.4     Clinical Utility of Myocardial 
Perfusion Imaging 

 Initially, myocardial perfusion imaging was a pri-
marily diagnostic method for noninvasive detec-
tion of coronary artery disease. Over the past two 
decades, emphasis has shifted from diagnosis to 

evaluation of prognosis. Analysis of extensive 
clinical, angiographic, and perfusion databases 
has identifi ed patients who are at high risk for 
adverse outcome (death or nonfatal cardiac 
events) [ 111 ,  112 ]. Advances in surgical, percuta-
neous, and medical therapy of CAD have funda-
mentally changed the natural history of the 
disease. Thus, appropriate identifi cation of high- 
risk patients, followed by appropriate therapy, 
favorably modifi es prognosis. Conversely, the 
identifi cation of low-risk patients with a benign 
prognosis reduces the need for costly and poten-
tially detrimental invasive testing and therapy. 
A normal SPECT myocardial perfusion imaging 
study has been shown to be extremely effective in 
predicting a good prognosis in a variety of 
settings. 

15.3.4.1     Diagnosis 
 Appropriate candidates for stress testing with 
MPI are patients with intermediate pretest prob-
ability for the presence of coronary artery dis-
ease. The pretest probability is determined from 
easily obtained parameters: age, gender, symp-
toms, and rest ECG [ 113 ]. Such patients might be 
chronically symptomatic with some atypical fea-
tures at presentation. MPI is inappropriate for 
patients with a low pretest probability 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 benefi t from MPI 
for risk stratifi cation. Exercise stress testing with-
out 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 [ 114 ]. In other 
patients, MPI adds to the diagnostic accuracy of 
ECG stress testing alone. 

 Average sensitivity and specifi city of MPI for 
diagnosis of CAD have been reported close to 90 
and 70 %, respectively. The gold standard for 
diagnosis of CAD remains coronary angiogra-
phy, despite its known limitations and likely sys-
tematic underestimation of the extent of disease. 
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True sensitivity and specifi city with each new 
tracer and each new imaging protocol have been 
diffi cult to ascertain because of posttest angio-
graphic referral bias. Patients with negative 
results on MPI are rarely referred for coronary 
angiography, except where clinical ECG 
responses or clues in the MPI images suggest 
possible global “balanced ischemia.” This prac-
tice is justifi ed because of the known excellent 
prognosis of patients with a normal MPI study 
[ 115 ]. Nevertheless, this referral bias limits the 
usefulness of retrospective validation studies 
using a clinical test population.  

15.3.4.2     Prognosis 
 Several distinct patient groups are commonly 
referred for MPI:
    1.    Patients with stable CAD evaluated for 

prognosis   
   2.    Patients with acute chest pain syndromes   
   3.    Patients after an acute myocardial infarction   
   4.    Patients followed after revascularization pro-

cedures (CABG, PTCA, coronary stenting)   
   5.    Patients evaluated prior to noncardiac surgery   
   6.    Patients surveyed after cardiac transplantation 

for presence of transplant vasculopathy     

   Risk Stratifi cation in Stable CAD 
 Recent technological advances in image acquisi-
tion and processing such as tomographic imaging 
(SPECT), gating, attenuation correction, and 
Tc-99m-based tracers allow for more accurate 

simultaneous evaluation of myocardial perfusion 
and function. Perfusion abnormalities can be 
classifi ed according to size, localization, severity, 
and reversibility. Left ventricular volumes, sys-
tolic wall thickening, segmental wall motion, and 
ejection fraction can be quantifi ed. Right ventric-
ular size and function can be assessed. 

 Retrospective and prospective observations 
have defi ned patterns which are compatible with 
high-risk prognosis as well as benign prognosis. 
A normal perfusion pattern in patients with an 
adequate level of stress and with high-quality 
study is consistent with an excellent short-term 
prognosis, regardless of coronary anatomy [ 115 ]. 
The extent of perfusion abnormalities character-
ized by number of abnormal segments, severity 
of defects, and extent of reversibility (ischemia) 
defi nes prognosis. When integrated with results 
of the exercise stress test and parameters of left 
and right ventricular function, combined infor-
mation has a prognostic value which exceeds 
prognostication based on performance of coro-
nary angiography [ 112 ] (Fig.  15.12 ). The average 
annual cardiac event rate in patients with abnor-
mal images is 12-fold than in patients with nor-
mal images. Both fi xed and reversible defects are 
prognostically signifi cant. Fixed defects are a 
predictor of death, whereas reversible defects are 
an important predictor of nonfatal myocardial 
infarction [ 116 ]. The event rate is signifi cantly 
greater in patients with severe than in those with 
mild abnormalities (10.6 % annual hard event 
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rate vs. 3.5 %) [ 114 ]. Incorporation of other 
SPECT variables, such as stress-induced LV 
dilation, LVEF, and LV volumes, further enhances 
the prognostic power of SPECT imaging [ 114 , 
 117 ,  118 ]. A high likelihood of multivessel 
(hence surgical) CAD is indicated by the pres-
ence 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 pos-
terolateral defects [ 119 ].

      Acute Chest Pain Syndromes 
 Acute chest pain may be due to myocardial isch-
emia as a result of a coronary artery plaque rup-
ture and may be potentially life threatening. 
However, in only 40 % of emergency department 
(ED) visits for chest pain the pain of cardiac ori-
gin. Rapid and reliable triage is needed for speedy 
diagnosis of acute myocardial infarction and to 
prevent unnecessary hospitalizations and inap-
propriate discharges from the ED [ 120 ]. Current 
diagnostic tools include clinical observation, 
serial ECGs, ST segment monitoring, serial mea-
surements of serum markers of myocardial 
necrosis (such as CK-MB, troponins), and nonin-
vasive cardiac imaging. Many medical centers 
have recently established dedicated chest pain 
evaluation units, usually adjacent to the ED. 
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 [ 121 , 
 122 ]. Based on the results of MPI, a patient’s 
short-term prognosis can be determined. Safety 
of early stress testing has been well documented. 
In several cost analyses, up to a 50 % decrease in 
hospital charges and a 50 % shorter hospital stay 
can potentially be realized [ 123 ]. In another 
study, a cost saving of $800 per patient was 
reported [ 124 ]. In still another, a cost saving of 
$4,000 per patient was realized if patients with 
normal resting myocardial perfusion images 
were discharged home from the emergency 
department [ 125 ].  

   MPI After an Acute Myocardial Infarction 
 The purposes of early or predischarge MPI evalu-
ation after an acute myocardial infarction are (a) to 
assess the extent of sustained damage, including 
determination of the ejection fraction, and (b) to 
detect residual ischemia, both in the infarct- related 
territory and in the other vascular territories using 
either exercise MPI (Fig.  15.13 ) or pharmacologi-
cal stress (Fig.  15.14 ). In the era of acute interven-
tions (i.e., thrombolysis, PTCA, stenting), the urge 
to perform invasive assessment (by angiography) 
is often irresistible. However, recent reports sup-
port a less aggressive approach: Patients with a 
limited amount of  ischemia after an acute myocar-
dial infarction can be risk stratifi ed noninvasively 
and, if found to have a low-risk profi le, treated 
medically with the same results as those treated 
with interventions [ 128 – 130 ].

       MPI in Patients After Revascularization 
Procedures 
 In view of the possibility of restenosis after per-
cutaneous revascularization and of aortocoronary 
bypass graft closure after coronary artery bypass 
surgery, and the frequent absence of reliable 
symptoms, MPI is an effi cient means to deter-
mine the need for additional and/or repeat inter-
ventions, especially when the clinical symptoms 
are vague or nonspecifi c [ 131 – 133 ].  

   MPI Prior to Noncardiac Surgery 
 Preoperative evaluation for noncardiac surgery 
depends partly on a patient’s risk factors. These 
include severity and/or stability of known heart 
disease; the presence of concomitant conditions 
such as diabetes mellitus, peripheral vascular dis-
ease, renal insuffi ciency, and pulmonary disease; 
urgency of the surgery (emergency vs. elective); 
and type of surgery planned. Several principles 
for preoperative evaluation are summarized in the 
2002 AHA/ACC Task Force guideline update 
recommendations [ 134 ]:
    1.    In case of lifesaving surgery, no cardiac evalu-

ation is needed and it should be performed, if 
necessary, after the surgery.   

   2.    No evaluation is needed in stable patients with a 
history of revascularization in the past 5 years.   
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   3.    Cancelation or delay of elective surgery 
should be considered for patients with unsta-
ble angina, decompensated CHF, signifi cant 
arrhythmia, and/or severe valvular disease 
(major predictors).   

   4.    Patients with mild angina, history of myocar-
dial infarction, compensated CHF, and diabe-
tes mellitus (intermediate predictors) and those 
with abnormal ECG at rest, advanced age, 
nonsinus rhythm, low functional capacity, 
history of stroke, and uncontrolled arterial 
hypertension (mild predictors) should be tri-
aged according to their functional capacity and 
according to the risk of planned surgery to 
noninvasive stress testing (MPI or stress 
echocardiography).    
  There is currently no evidence that preopera-

tive revascularization alters the outcome of non-
cardiac surgery. However, risk stratifi cation 
based on preoperative testing can help the patient 
and physician choose the best type and timing of 
surgery, perioperative care, and long-term post-
operative management.  

   MPI After Cardiac Transplantation 
 Long-term survival after heart transplantation, in 
excess of 80 % after 1 year, is now common 
[ 135 ,  136 ]. Immunologically mediated obstruc-
tive coronary vasculopathy has emerged as the 
most devastating late complication. Pain symp-
toms of myocardial ischemia are absent because of 
 denervation of the transplanted heart. Frequent 
invasive (angiographic) evaluation is not practical. 
MPI and perhaps stress echocardiography are 
emerging as surveillance methods for detection of 
asymptomatic myocardial ischemia [ 137 ,  138 ].     

15.4     PET Myocardial Perfusion 
Imaging 

 In spite of its high diagnostic accuracy and prog-
nostic value, conventional myocardial imaging 
suffers from limitations of attenuation artifact 
and spatial nonuniformity, particularly in obese 
patients, only partially mitigated by gated acqui-
sition or attenuation correction [ 139 ], limited 

resolution, and decreased tracer extraction fraction 
during stress [ 140 ]. Limitation is posed in some 
patients by inadequate exercise level and by an 
occasional inadequate effect of pharmacologi-
cal stress. 

15.4.1     Principles of PET Imaging 

 PET myocardial perfusion imaging offers an 
alternative for patients with the above diffi culties. 
PET imaging utilizes tracers containing isotopes 
which decay by the emission of positrons; these 
undergo annihilation together with a local elec-
tron to produce two simultaneous high-energy 
511 keV photons, 180° apart. Positron emission 
tomography (PET) gamma cameras are able to 
document these events through coincidence 
detection. Localization is achieved electronically, 
rather than through collimation, greatly enhanc-
ing sensitivity. Resolution is also signifi cantly 
improved (4–6 mm) compared with SPECT or 
planar imaging (1.5–2.5 cm). The attenuation 
fraction of the coincident pair of photons is high 
but uniform along any given path. Attenuation 
correction is achieved with a separate PET acqui-
sition for each subject using an external source of 
coincident photons. This is done either by rotat-
ing rod sources containing germanium-68 or, 
more frequently now, with a CT scan contained 
within a hybrid PET-CT scanner. This transmis-
sion acquisition yields an attenuation map, which 
is used to correct the emission images. 

 Limitation on resolution comes from the fol-
lowing: (a) the mean distance that the positron 
travels before undergoing annihilation [ 140 – 143 ]; 
(b) the deviation from 180° of the angle between 
the two coincident photons, depending on the 
positron momentum at the time of annihilation, 
producing an error of about 1.7 mm [ 144 ]; (c) the 
proportion of coincident photons which undergo 
scatter; (d) random coincidences [ 145 ,  146 ]; (e) 
the noise of acquisition and that introduced by the 
attenuation correction; and (f) the intrinsic resolu-
tion limit of the gamma camera itself. Modern 
PET cameras achieve an intrinsic resolution of 
3–5 mm [ 147 ].  
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15.4.2     Cardiac PET Perfusion Tracers 

 The most common PET myocardial perfusion 
tracers include N-13 ammonia, rubidium-82, 
F-18 fl urpiridaz, and O-15 water (Table  15.4 ). 
Only rubidium-82 and N-13 ammonia are 
approved for clinical use. Both N-13 ammonia 
and O-15 water require an on-site or near-vicinity 
cyclotron and a chemistry laboratory equipped to 
produce the tracer. Excellent timing between pro-
duction and patient use is required, due to their 
short half-lives. Rubidium-82 is produced on-site 
by a commercially available generator consisting 
of an alumina column containing strontium-82, 
which decays to rubidium-82, which is eluted 
with saline. Its availability is reestablished within 
6–8 min after each use. The generator is changed 
every 4 weeks. However, N-13 ammonia use is 
limited by the necessity of being located close to 
a cyclotron-radiopharmacy unit, while the use of 
rubidium-82 is limited by the high fi xed cost of 
the generator. F-18 fl urpiridaz is currently evalu-
ated in post-Phase III trials, and awaiting US 
FDA approval, as an alternative, being, like F-18 
FDG with a suffi ciently long physical half-life to 
be produced in regional cyclotron radiopharmacy 
and distributed through the existing commercial 
radiotracer supply network.

   The imaging session begins with a short 
scout perfusion acquisition or a scout transmis-
sion CT scan, in order to position the patient 
within the scanner properly. The perfusion 
tracer is injected intravenously at rest, followed 
by a PET acquisition, and again during pharma-
cological stress with either intravenous regade-
noson, 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 
transmission scan with each of the rest and stress 
perfusion scans is performed. In the case of a 
dedicated PET scanner, a pin-source transmis-
sion scan is usually performed between the rest 
and the stress perfusion scan. For N-13 ammonia 
or F-18 fl urpiridaz, it is possible to perform either 
exercise or pharmacological stress, although 
pharmacological stress is been used in most 
patients. It is possible to perform supine bicycle 
exercise on the imaging table, but this has been 
the exception. The half-lives of Rb-82 and O-15 
are too short to allow imaging with exercise on a 
treadmill. On the other hand, the short half-lives 
allow a quick succession of resting and stress 
acquisition and multiple interventions, including 
vasodilation, handgrip, hand ice immersion, or 
mental effort [ 162 ].  

15.4.3     N-13 Ammonia 

 In the bloodstream, N-13 ammonia consists of 
the neutral NH 3  molecule in equilibrium with 
NH 4  + . At normal pH, NH 4  +  is the predominant 
form. The neutral, lipid-soluble NH 3  readily 
crosses cell membranes by diffusion. Inside the 
cell, the NH 3  converts into NH 4  +  and is trapped in 
the cell as glutamine in a reaction catalyzed by 
glutamine synthase [ 151 ]. 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 
[ 163 ] with either pharmacological or exercise 
stress. Its extraction fraction remains high even 
with high fl ows during pharmacological vasodi-
lation, although under severe metabolic derange-
ment, the glutamine synthase pathway can be 
blocked and the uptake of N-13 ammonia can 
become low [ 164 ]. 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 
imaging with N-13 ammonia in conjunction with 
IV dipyridamole [ 165 ]. In human beings, 
Schelbert et al. correctly identifi ed 52 of 58 ste-
nosed vessels (90 % sensitivity per vessel) and 
correctly diagnosed the presence of CAD in 31 of 
32 patients (97 % sensitivity) [ 151 ]. Tamaki et al. 

   Table 15.4    Positron-emitting tracers of myocardial 
blood fl ow   

 Agent 
 Physical 
half-life 

 Mean positron 
range (mm)  Production 

 N-13 ammonia  9.8 min  0.7  Cyclotron 
 Rubidium-82  75 s  2.4  Generator 
 F-18 fl urpiridaz  110 min  0.2  Cyclotron 
 O-15 water  2.0 min  1.1  Cyclotron 
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[ 166 ] demonstrated a sensitivity of 95 % for N-13 
ammonia rest and exercise stress imaging 
(Table  15.5 ) (Fig   .  15.15 ).

15.4.3.1        Rubidium-82 
 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 fl ow [ 167 ,  168 ] and can 
be altered by drugs, severe acidosis, hypoxia, and 
ischemia [ 169 – 171 ]. With ischemia, segmental 
reduction of Rb-82 uptake can persist following 
exercise, even after symptoms and ECG abnor-
malities 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 imaging 
sequence can be fast and effi cient. An example of 
rest and stress Rb-82 PET myocardial perfusion 
images and gated resting images is shown in 
Fig  15.16 . In chronically instrumented dogs, 
Gould et al. detected coronary stenoses of 50 % 
or greater with Rb-82 imaging and dipyridamole 
stress [ 172 ]. Gould et al. [ 152 ] compared Rb-82 
rest and dipyridamole-handgrip stress imaging 

     Table 15.5    Detection of coronary artery disease with PET perfusion imaging [ 148 ]   

 Reference  Agent  Stress  No. of subjects  Sensitivity (%)  Specifi city (%) 

 CAD subjects 
 Tamaki et al. [ 149 ]  NH 3   Exercise  19  95  95 
 Allan et al. [ 150 ]  Rb-82  Exercise  25  –  96 
 Schelbert et al. [ 151 ]  NH 3   Dipyridamole  32  90  97 
 Gould et al. [ 152 ]  NH 3 , Rb-82 

Dipyridamole 
 50  –  95 

 Samson et al. [ 153 ]  Rb-82  Pharma  64  93  50 
 Santana et al. [ 154 ]  Rb-82  Adenosine  53  93  75 
 Stewart et al. [ 155 ]  Rb-82  Dipyridamole  81  85  90 
 Yonekura et al. [ 156 ]  NH 3   Exercise  38  89  90 
 Go et al. [ 157 ]  Rb-82  Dipyridamole  202  93  78 
 Bateman et al. [ 158 ]  Rb-82  Dipyridamole  112  89  90 
 Nandalur et al. [ 159 ]  NH 3 , Rb-82 Ex, Pharma  1,442  92  85 
 Berman et al. [ 160 ]  F-18 fl urpiridaz Ex, 

Pharma 143 
 79  76.5 

  Normal subjects  
 Tamaki et al. [ 149 ]  NH 3   Exercise  6  –  100 
 Deanfi eld et al. [ 161 ]  Rb-82  Exercise  16  –  100 
 Schelbert et al. [ 151 ]  NH 3   Dipyridamole  13  –  100 
 Berman et al. [ 160 ]  F-18 fl urpiridaz Ex, 

Pharma 39 
 –  90 

  Fig. 15.15    Stress and rest N-13 ammonia PET images 
demonstrating a mild lateral wall defect during stress, 
with normal distribution at rest       
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with a validated quantitative fl ow reserve index 
obtained from contrast angiograms. The results 
showed a sensitivity of 95 % and a specifi city of 
100 % for impaired fl ow reserve. As shown in 
Table  15.5 , studies performed to study the accu-
racy of Rb-82 PET perfusion MPI for the detec-
tion of CAD showed a sensitivity from 85 to 
93 % and a specifi city of 50–90 %

   The rubidium-82 generator needs to be replaced 
13 times per year. Its advantage is 24-h availability 
in PET centers that do not have a cyclotron or 
where the cyclotron is preoccupied with produc-
tion of other isotopes. The disadvantage of Rb-82 

is the high fi xed cost of the generator, which rivals 
the yearly costs of a PET camera or cyclotron. 
It is thus feasible only in centers with a high vol-
ume of cardiac PET perfusion imaging. Generally, 
centers that have an on-site cyclotron perform 
perfusion imaging with N-13 ammonia, due to 
the already built-in overhead costs of the cyclo-
tron. Due to the high energy of the positron emit-
ted by Rb-82, the mean travel of the positron is 
higher compared with the other positron-emitting 
isotopes, making resolution slightly worse than 
for F-18 fl urpiridaz or N-13 ammonia. Due to the 
short half-life of Rb-82, the images tend to be 
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  Fig. 15.16    ( a ) Stress and rest of Rb-82 PET images dem-
onstrating 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       
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noisier, especially on older PET instruments with 
lower sensitivity. This disadvantage is mitigated 
with the higher sensitivity of 3D PET imaging, 
but which has to contend with dead time and high 
rate of random coincidences and scatter.  

15.4.3.2     Fluorine-18 Flurpiridaz 
 F-18 fl urpiridaz is lipophilic and, like Tc-99m 
sestamibi, binds to mitochondria with high affi n-
ity. Preclinical studies showed that the extraction 
fraction of F-18 fl urpiridaz 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 sensi-
tivity and absolute quantifi cation of MBF would 
be expected to be more suitable with this high-
extraction- fraction tracer because there is signifi -
cantly less roll-off in extraction at high fl ows than 
there is with other tracers [ 173 ]. In Phase I trials, 
the heart exhibited high and sustained retention 
of F-18 fl urpiridaz from the earliest images 
through approximately 5 h after injection [ 174 ]. 
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, per-
form exercise or pharmacological stress, and 
administer a higher (approximately 240 MBq 
(6.5 mCi)) during stress for stress study. In a 
Phase II study comparing F-18 fl urpiridaz MPI to 
Tc-99m sestamibi SPECT MPI in the same 143 
subjects in 21 centers, a higher percentage of 
images was rated as excellent or good on PET 
versus SPECT imaging, with a higher diagnostic 
certainty. In 86 patients who underwent coronary 
angiography, sensitivity of F-18 fl urpiridaz PET 
for individual coronary vessel disease was higher 
than SPECT MPI, 79 % versus 62 %, with simi-
lar specifi city, and a normalcy of 90 % with F-18 
fl urpiridaz PET versus 97 % with SPECT. In 
patients with CAD on angiography, the magni-
tude of reversible defects was greater with PET 
compared to SPECT [ 160 ].  

15.4.3.3     Oxygen-15 Water 
 The use of O-15 water is limited to quantifi cation 
of coronary blood fl ow. Water enters all cells by 
diffusion, with a high extraction fraction even at 

high myocardial fl ow. Owing to the very short 
half-life of O-15, the tracer must be produced by 
an on-site cyclotron. The images tend to be noisy, 
and the rapid equilibration between blood pool 
and the myocardium prevents good quality imag-
ing of the myocardial phase. Routine clinical use 
could tie up a cyclotron just for this indication in 
a large number of patients. Therefore, for com-
bined clinical use and quantifi cation of blood 
fl ow, N-13 ammonia has been used more exten-
sively in centers equipped with a cyclotron.   

15.4.4     Applications of Cardiac PET 
Perfusion Imaging 

 PET myocardial perfusion imaging, when per-
formed properly, offers reliable attenuation cor-
rection, thus avoiding the attenuation artifacts 
seen frequently in SPECT imaging, although 
caution needs to be exercised to recognize and 
correct for PET emission-transmission misregis-
tration artifacts. PET imaging also offers higher 
resolution, although if used without gating, the 
higher resolution is not fully taken advantage of. 
The high energy of the positrons from Rb-82 also 
prevents a full utilization of the inherent high 
resolution of PET. Because clinically useful risk 
stratifi cation needs to detect signifi cant myocar-
dial mass with disease risk, spatial resolution is 
not critical in deciding to use PET versus SPECT 
imaging. The higher resolution is defi nitely help-
ful in children with anomalies of the coronary 
arteries or after repair procedures, such as the 
switch operation [ 175 ,  176 ]. The high extraction 
fraction of the PET tracers, especially N-13 
ammonia and O-15 water, assures higher sensi-
tivity for disease at high fl ows during pharmaco-
logical stress, resulting in the ability to reliably 
detect coronary disease down to about 50 % 
occlusion [ 177 ,  178 ] (Table  15.5 ). A number of 
studies have shown a higher accuracy of coronary 
disease detection by stress PET imaging com-
pared with SPECT Tl-201 imaging [ 151 ,  175 –
 177 ] (Table  15.6 ). Comparisons of sestamibi and 
PET perfusion imaging showed that adenosine 
stress MIBI SPECT imaging signifi cantly under-
estimates ischemia and defect severity compared 
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with N-13 ammonia PET [ 179 ]. More recent 
studies indicate that the most up-to-date PET 
imaging achieves both higher sensitivity and 
specifi city for detection of coronary artery dis-
ease compared to gated Tc-99m sestamibi 
SPECT imaging, both with [ 180 ] and without 
SPECT attenuation correction[ 158 ]. Figure  15.17  
illustrates such a case. The gating of MPI at rest 
and during stress with PET imaging allows the 
additional diagnostic and prognostic relevant 
information about the severity of disease. During 
gated vasodilator stress Rb-82 PET imaging, 
LVEF increases with vasodilator stress in patients 
without signifi cant 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 noninvasively 
[ 181 ] (Fig.  15.18 ).

     Positron emission tomography for myocardial 
perfusion is an expensive option, due to the high 
cost of a PET or PET-CT camera ($1–2 million) 
and of either cyclotron-produced isotopes or the 
Rb-82 generator. Patterson et al. [ 182 ] have mod-
eled the clinical use of Rb-82 perfusion imaging, 
stress ECG, Tl-201 SPECT perfusion imaging, 
and coronary angiography in the diagnosis of 
CAD. Using published data for accuracy and costs 
of procedures, assumptions of some cost savings 
from making the right diagnosis, and costs 
incurred when the diagnosis is missed, they found 
PET perfusion imaging to be more cost- effective 
(lowest cost/deltaQALY) than the other modalities 
in populations with a low to intermediate proba-
bility of CAD. Savings were realized through 

reductions of costs of missing disease and reduc-
tion in costs from unnecessary additional diagnos-
tic and therapeutic procedures. A preliminary 
study came to the same conclusions when com-
paring PET myocardial perfusion imaging with 
stress echocardiography and coronary angiogra-
phy [ 183 ]. This model was verifi ed by clinical 
cost-effectiveness in 2,159 patients studied with 
PET MPI with intermediate risk of CAD com-
pared with 102 internal group of patients and an 
external group of 5,826 patients studied with 
SPECT MPI, with a 30 % reduction in manage-
ment costs due to the reduced rate of angiography 
and CABG surgery and yet no signifi cant differ-
ence in cardiac death or myocardial infarction at 
1 year follow-up [ 184 ]. PET myocardial perfusion 
imaging has been approved by the CME for reim-
bursement by Medicare and is reimbursed by most 
insurance plans. From a more conservative point 
of view, PET perfusion stress imaging is justifi ed 
in cases where conventional methods are incon-
clusive or confl icting or where technical artifacts, 
e.g., obesity or breast attenuation artifact, are likely 
to limit the accuracy of conventional imaging. 

 The ready availability of Rb-82 from a genera-
tor allows the PET scanner to be used in patients 
with acute chest pain [ 122 ,  185 – 187 ] where 
logistics and location permit. Goldstein et al. 
studied 14 patients with Rb-82 within 96 h of 
onset of symptoms. Positron emission tomogra-
phy correctly identifi ed segmental blood fl ow 
reduction in all instances of myocardial infarc-
tion [ 188 ]. PET imaging has been shown to be 
more reliable than ECGs in distinguishing 

   Table 15.6    Comparison of PET and conventional perfusion imaging for CAD detection   

 Reference  Tracer  Accuracy (%)  Sensitivity (%)  Specifi city (%) 

 Schelbert et al. [ 151 ]  NH 3   90 
 Tl-201  58 

 Go et al. [ 157 ]  Rb-82  92  95  82 
 Tl-201  78  79  76 

 Stewart et al. [ 155 ]  Rb-82  84  88  85 
 Tl-201  84  53  79 

 Bateman et al. [ 158 ]  Rb-82  89  87  93 
 Tc-99m MIBI  79  82  73 

 Berman et al. [ 160 ]  F-18 fl urpiridaz  79  76 
 Tc-99m SPECT  62  74 

J. Machac



491

  Fig. 15.17    Stress and rest PET images with F-18 fl ur-
piridaz, 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       
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 transmural from nontransmural infarction and in 
the localization of infarction [ 189 ]. 

 PET MPI, similarly to SPECT MPI, has great 
prognostic value, although the literature with PET 
imaging is less well developed. Marvick et al. 
noted that defect severity with PET was related to 
outcome [ 190 ]. Work by Yoshinaga et al. supports 
these fi ndings [ 191 ]. Recent work by Chow et al. 
[ 192 ] indicates that patients with normal ribid-
ium-82 PET MPI have good prognosis, regardless 
of ECG changes during stress. Work by 
Nemirovsky et al. supports these fi ndings [ 193 ]. 

A study by Yoshinaga et al. [ 194 ] obtained a mean 
follow-up of 3.1 years in 367 patients studied with 
dipyridamole Rb-82 PET MPI and showed a sig-
nifi cant prognostic value of PET MPI for predict-
ing cardiac events and death. They observed 
signifi cant prognostic value in patients whose 
diagnosis was uncertain after SPECT MPI and in 
obese patients. A multicenter observational regis-
try in 7,061 patients from 4 centers underwent a 
clinical indicated rest-stress Rb-82 PET MPI, 
with a mean follow-up of 2.2 years. The investiga-
tors found that the risk- adjusted hazard of cardiac 
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  Fig. 15.18    ( a ) Stress and rest attenuation-corrected (AC) 
Tc-99m sestamibi SPECT images of a 290-lb, 51-year-old 
male. The SPECT image shows mild to moderate infero-

apical ischemia and partial scarring. ( b ) The stress and 
rest PET images show normal distribution       
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death increased with 10 % mildly, moderately, or 
severely abnormal stress PET, compared to nor-
mal PET results. The model worked even better 
when clinical risk factors were combined with 
PET MPI fi ndings [ 195 ]. In a related work, Rb-82 
PET fi ndings were particularly helpful in identi-
fying high-risk, older women [ 196 ]. Similarly, 
perfusion fi ndings on 256 N-13 ammonia PET 
MPI studies were shown to be strong predictors of 
clinical outcome [ 197 ]. Dorbala et al. [ 198 ] dem-
onstrated that not only vasodilator stress Rb-82 
PET MPI provides incremental prognostic value 
to historical/clinical variables to predict risk of 
cardiac events and all-cause death, but also the 
left ventricular ejection fraction reserve provides 
signifi cant independent and incremental value to 
Rb-82 MPI for predicting the risk of future 
adverse events. 

 From the beginning, PET perfusion rest and 
stress imaging has shown its value in basic and 
clinical research endeavors, based on its ability to 
measure absolute myocardial perfusion. 
Conventional methods of expressing blood fl ow 
reduction pose signifi cant diffi culties. Regional 
blood fl ow reduction is usually expressed as a 
ratio of abnormal to maximal uptake, without 
consideration of the nonlinearity of the relation 
of the blood fl ow response and uptake of all dif-
fusible tracers (Fig.  15.10 ). The same ratio may 
describe widely different relations in fl ow 
reductions. 

 The high degree of uniformity through atten-
uation correction in PEt allows calibration of the 
PET imaging system, so that the absolute activ-
ity in the myocardium can be measured. Unlike 
routine myocardial perfusion imaging, which 
requires only a single “snapshot” of tracer dis-
tribution at rest and again at stress, quantifi ca-
tion of blood fl ow requires a dynamic acquisition 
of both blood pool and myocardial activity. 
Combined with a suitable compartmental model 
and a method of measuring or estimating the 
concentration of tracer in arterial blood, myo-
cardial perfusion can be regionally quantifi ed 
with N-13 ammonia, Rb-82, F-18 fl urpiridaz, or 
O-15 water [ 150 ,  199 – 202 ]. Using beta-probes 
and an open- chest dog model, Mullani et al. 

validated their method of fl ow quantifi cation 
using fi rst-pass bolus imaging of Rb-82 [ 170 , 
 203 ,  204 ]. This was also validated using PET 
imaging with either N-13 ammonia or Rb-92 
and a compartmental model in dogs. Compared 
with coronary fl ow and fl ow reserve measure-
ment using coronary electromagnetic fl ow 
probes, Yoshida et al. obtained correlation coef-
fi cients of 0.94 for N-13 ammonia and 0.88 for 
Rb-82. A simplifi ed, more practical imaging 
protocol yielded a correlation of 0.98 and 0.94 
between the simplifi ed model and the complete 
compartmental model for Rb-82 and N-13 
ammonia, respectively [ 205 ]. More recently, a 
similar simple model approach was found to be 
accurate with fl ow measurement with F-18 fl ur-
piridaz [ 206 ]. 

 CFR was found to independently augment 
clinical outcome prediction in addition to per-
fusion fi ndings in N13-ammonia PET MPI 
[ 197 ]. The quantifi cation of blood fl ow at rest 
and during maximal pharmacological stress 
allows measurement of fl ow reserve in various 
hypertrophies and cardiomyopathies, posttrans-
plant CAD [ 207 ], syndrome X, and other vascu-
lar endothelial disorders and to study the effects 
of smoking, diabetes, various medications 
[ 208 – 210 ], and lipid control [ 211 – 214 ]. 

 Ultimately, utilization of PET for perfusion 
imaging will be determined by a combination of 
complex factors such as clinical needs, availabil-
ity and cost of PET gamma cameras and tracers, 
and reimbursement for outpatients and inpatients. 
By this time, the availability of PET cameras has 
become ubiquitous, fueled by the acceptance of 
PET imaging in clinical oncological applications 
and making its availability for myocardial imag-
ing, at least on a part-time basis, easier than in the 
past. It is for these reasons that PET MPI has wit-
nessed rapid growth in the past decade. This is 
counteracted by strong pressures to reduce costs 
of health care by the restrictions on the use of all 
diagnostic procedures and, when these are neces-
sary, by the use of the least expensive among 
them, such as simple exercise, ECG stress test-
ing, ECHO stress testing, and SPECT MPI, as 
opposed to PET MPI.   
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15.5     Hybrid Myocardial Perfusion 
and CT Imaging 

15.5.1     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-
nifi cant 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. 

 PET-CT imaging holds both challenges and 
solution for attenuation correction. There is poten-
tial for transmission-emission scan misregistration, 
particularly for the stress perfusion study, which 
is susceptible to changes in heart and diaphragm 
position due to changes in respiratory pattern 
during stress. This occurs about 10 % of the time, 
with a potential signifi cant impact of about 5 % 
of patient studies [ 215 ]. The CT transmission and 
PET emission images can be easily displayed 
using existing software. It has become standard 
practice in most laboratories to perform a sepa-
rate CT transmission scan at rest and during 
stress. 

 The lower-energy high-resolution (80–120 keV) 
X-rays of the CT attenuation correction scan are 
also more susceptible to artifacts produced by 
metallic implants or pacemakers than the 511 keV 
lower-resolution gamma photons of the pin-
source transmission scans. The shorter amount of 
time (10–30 s) taken by the CT transmission 
scans makes it more vulnerable to diaphragm 
motion artifact, compared to the much longer 
time required for the pin-source transmission 
scan, which averages the heart and diaphragm 
motion over several minutes. 

 Hybrid SPECT-CT imaging system was origi-
nally designed for oncology and bone imaging. 
Following a SPECT emission acquisition, a CT 

transmission scan can be obtained, which is less 
noisy than radioactive-source transmission scans. 
In a study using chest phantoms, O’Conner et al. 
found that the imaging system with SPECT 
attenuation correction with a CT transmission 
scan produced more accurate attenuation correc-
tion than other systems with either fi xed or mov-
ing radioactive line sources [ 216 ]. On the other 
hand, sequential emission-transmission imaging 
is more susceptible to misregistration artifact. 
Other manufacturers have more recently devel-
oped SPECT-CT hybrid systems with higher- 
quality 2–64-slice CT scanners. These multislice 
CTs are capable of more than just attenuation 
correction.  

15.5.2     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. 

 The clinical value of coronary calcium scoring 
is at this time still an open question in clinical 
practice. Shaw et al. showed in a large observa-
tional data series that coronary calcium scoring 
provides independent incremental information in 
addition to traditional risk factors in the predic-
tion of all-cause mortality [ 217 ]. Berman et al. 
[ 218 ] and Kim et al. [ 219 ] showed that while 
there is a general relationship between the sever-
ity of coronary calcifi cations and the prevalence 
and severity of myocardial perfusion abnormali-
ties with SPECT or PET imaging, respectively, 
there were a substantial proportion of patients 
with no coronary calcifi cations but abnormal 
myocardial perfusion fi ndings and normal myo-
cardial perfusion even in the presence of very 
high coronary calcium scores. Thus, regional 
coronary disease and calcium deposition provide 
different, even if complementary, information. In 
patients with risk factors but few symptoms being 
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screened for CAD, calcium scoring can add spec-
ifi city when the calcium score is low and the per-
fusion results are equivocal or abnormal due to 
endothelial dysfunction. The calcium score can 
add sensitivity in the detection of preclinical 
CAD, even in the presence of a normal MPI. 
Importantly, a stepwise increase occurs in the 
risk of adverse events with increasing CAC 
scores in patients with and without ischemia on 
PET myocardial perfusion imaging [ 220 ]. The 
optimal selection of patients for the acquisition 
of myocardial perfusion and calcium scoring in 
the same session remains to be determined.  

15.5.3     CT Coronary Angiography 

 An intriguing possibility is the potential value of 
CT coronary angiography performed together 
with PET or SPECT MPI in selected patients. 
Multislice (16 or greater) CT scans have been 
found to have suffi cient temporal resolution to 
image, with intravenous contrast, coronary arter-
ies with a diameter of 1.5 or greater with 16-slice 
CT with a sensitivity of 86–92 %, a specifi city of 
93–99 %, and an accuracy of 93 % and an even 
better performance in smaller vessels with 32- or 
64-slice CTs [ 221 ,  222 ]. There are limitations in 
visualizing lesions in the smallest distal vessels 
and in the presence of heavy calcifi cations. The 
latter limitations can be overcome with the aid of 
MPI [ 223 ]. Combined CTA and radionuclide 
MPI was shown to provide improved diagnostic 
accuracy for the noninvasive detection of CAD 
[ 224 ]. A meta-analysis of 11 eligible articles 
including 7,335 patients with suspected CAD 
revealed that the presence of one or more signifi -
cant coronary stenoses was associated with an 
annualized event rate of 11.9 and 6.4 % if revas-
cularizations were excluded [ 225 ]. Choudhary 
et al. showed that a stepwise approach, with high 
clinical risk, in spite of normal MPI, history, 
CAC, and CTA can identify about 50 % of the 
patients with normal MPI who have a higher risk 
and may benefi t from aggressive medical man-
agement [ 226 ]. 

 Nonetheless, the use of coronary CTA in non-
acute setting among US Medicare benefi ciaries 

was more likely to undergo subsequent invasive 
cardiac procedures and has higher CAD-related 
spending than patients who underwent stress test-
ing [ 227 ]. This was supported by the results from 
the SPARC study, which assessed 90-day posttest 
rates for catheterization and medication changes 
in a prospective registry of 1,703 patients without 
a documented history of CAD and an intermedi-
ate to high likelihood of CAD, undergoing 
SPECT MPI, or PET MPI, or 64-slice coronary 
CTA. Overall, noninvasive testing had only a 
modest impact on clinical management of 
patients, with an apparent medical and invasive 
therapy undertreatment in patient with test abnor-
malities of higher risk. Patients were more likely 
to undergo cardiac catheterization after coronary 
CTA than after SPECT or PET MPI after normal/
nonobstructive and mildly abnormal study fi nd-
ings [ 228 ]. 

 It is conceivable that patients with known or 
suspected disease could be effectively studied 
with sequential stress-rest perfusion and func-
tional imaging and if clinically indicated by care-
ful selection, CT angiography, allowing the 
acquisition of superimposable images of  coronary 
artery anatomy, perfusion, wall motion, and via-
bility [ 229 ]. This complete set of spatially 
mapped information could add precision and 
ease to decision making for interventions in mul-
tivessel disease or in patients with physiologi-
cally abnormal perfusion but anatomically 
normal coronary arteries. This proposition needs 
to be tested in clinical studies.   

15.6     Infarct-Avid Imaging 

15.6.1     Introduction 

 The diagnosis of myocardial infarction is made on 
the basis of clinical history, the ECG, and myocar-
dial enzymes. In the 1970s and earlier, there was a 
role for myocardial infarct imaging, due to lack of 
suffi ciently sensitive and specifi c diagnostic meth-
ods. The introduction of specifi c CK-MB myocar-
dial enzyme assays and assays for myoglobin and 
troponin has markedly improved clinical diagnosis 
of acute infarction [ 230 ]. 
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 One indication for infarct-avid imaging per-
sisted for some time. It occurred in a patient who 
has a prolonged episode of chest pain and does 
not present to the hospital until several days later, 
by which time the value of serial cardiac enzyme 
measurement has passed. If the patient has an 
ECG in which diagnosis of infarction is diffi cult 
(LBBB, pacemaker, IVCD, marked LVH), infarct-
avid imaging can be useful to confi rm an MI 
event. On the other hand, the greatest clinical dan-
ger from the MI itself has passed, and the urgency 
of diagnosis has decreased. Clinical attention is 
then focused on the evaluation of prognosis and 
the need for further intervention, using the various 
stress perfusion or wall motion techniques dis-
cussed before. Therefore, even for this indication, 
the use of infarct-avid imaging has been very rare 
and of historical interest only. 

 A second look at myocardial infarct-avid 
imaging is indicated by an increasing need to 
make a rapid diagnosis, driven by economic 
considerations and new developments in infarct-
avid imaging. One method has been myocardial 
perfusion imaging in the ER or chest pain unit, an 
approach that has been implemented in numerous 

institutions [ 186 ,  231 ]. This works successfully 
in patients who do not have a history of prior 
myocardial infarction. However, perfusion imag-
ing is not expected to be successful in patients 
with prior myocardial damage. Therefore, rapid 
“hot spot” imaging, in the setting of prior myo-
cardial damage and dysfunction, would be poten-
tially useful.  

15.6.2     Pathophysiology of 
Myocardial Infarction 

 Myocardial infarction occurs in the setting of an 
acute coronary vessel occlusion due to plaque rup-
ture plus thrombosis [ 232 ,  233 ], with a variable 
amount of spasm [ 234 ] and increased myocardial 
demand as contributing factors. Figure  15.19  shows 
the peri-infarct zone to be a complex collection of 
regions in different states of injury, depending on 
the amount of blood fl ow reduction, myocardial 
metabolic demand, and the rate of onset and dura-
tion of fl ow reduction. Myocardial necrosis and 
severe acute ischemia lead to cellular membrane 
disruption and increased permeability. Both types 
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`Doughnu’t pattern on
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myocardial scintigram

Calcified muscle cells in outer
region of peripheral zone of infarct

Neutrophilic infltrate throughout
peripheral zone of infarct

devoid of neutrophilic infiltrate and 
calcium deposit

Central zone of infarct virtually

  Fig. 15.19    Correlation of 
scintigraphic and histological 
features of a typical acute 
myocardial infarction 
produced in dogs by occlusion 
of the proximal left anterior 
descending coronary artery. 
Histopathological sections of 
transverse ventricular slices 
through the infarct reveal a 
large peripheral zone 
infi ltrated by neutrophils that 
surround the subendocardial 
central zone devoid of 
neutrophils. An area of 
extensive calcifi cation (and 
Tc-99m pyrophosphate 
deposition) is limited to the 
outer region of the peripheral 
zone of the infarct 
(Reproduced from [ 191 ,  236 ] 
with permission)       
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of injury result in leakage of a number of intracel-
lular molecules used to detect tissue injury [ 230 ] 
and in large, exogenous-labeled molecules being 
able to penetrate and concentrate in these zones. 
Another zone may consist of ischemia and/or 
hibernation, where myocardial contraction has 
ceased or diminished in response to decreased per-
fusion, but where cellular viability and membrane 
integrity are intact. Still another zone may have 
experienced severe ischemic injury, with partial or 
total spontaneous or therapeutic restoration of 
myocardial blood fl ow, but continued dysfunction 
due to ischemia-induced oxidative stress or 
“stunned” myocardium. Finally, there may be a 
larger zone which is functional and perfused, but 
jeopardized by being supplied by a partially 
occluded artery. These various myocardial tissue 
states could be present in layers, or closely inter-
digitated with each other, seen pathologically as 
islands of viable tissue in the midst of fi brosis, or 
vice versa [ 235 ].

   The time course of coronary thrombosis is 
variable, with endogenous thrombotic and throm-
bolytic factors in competition in an unstable 
dynamic state [ 237 ]. The presence of collaterals, 
available immediately or gradually through the 
recruitment or development of new collaterals, 
has been shown to make a big difference between 
the amount of infarcted and/or injured myocar-
dium and its potential recovery [ 235 ]. 
Spontaneous or therapeutic thrombolysis or acute 
revascularization plays an important role in the 
salvage of myocardium that has managed to sur-
vive following acute ischemic occlusion [ 238 , 
 239 ]. All these factors greatly infl uence the rela-
tive proportions of these zones of tissues and the 
likelihood that one turns into the other [ 235 ].  

15.6.3     Infarct-Imaging Agents 

 An early and the most extensively used infarct- 
avid imaging agent was Tc-99m pyrophosphate, 
a bone-imaging agent [ 240 ,  241 ]. It is imaged at 
4 h after intravenous injection. This tracer binds 
to microscopic calcium deposits in dead or dying 
cells [ 242 ] and in severely ischemic cells. 
Consequently, it tends to overestimate infarct 

size [ 243 ]. The technique was found to have a 
sensitivity of 59–100 % [ 245 ,  246 ], depending on 
infarct type. This was sensitive enough for acute 
transmural infarction (94 %), but its sensitivity 
was limited for subendocardial infarction (42 %) 
[ 247 ]. Its peak sensitivity is at 48 h after the 
infarction, with a useful range of 12 h to 8 days 
after infarction [ 248 ] (Fig.  15.20 ). Tc-99m pyro-
phosphate imaging may remain positive for up to 
several months in very large infarcts. Clearly, its 
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  Fig. 15.20    ( a ,  b ) “Hot spot” imaging with Tc-99m pyro-
phosphate. ( a ) Focal intense uptake in the lateral and 
inferolateral myocardium. ( b ) Focal intense uptake in the 
anterior myocardium.  ANT  anterior,  LAO  left anterior 
oblique,  LAT  lateral (Reproduced from [ 199 ,  244 ] with 
permission)       
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use was limited to the rare patient who presents 
several days after the event when the ECG and 
serum markers cannot help in diagnosis and to 
patients in whom the age of the infarction, dis-
covered on a routine ECG while screening for 
noncardiac surgery, is unknown. The method is 
poor in detecting very small infarctions. Its use 
declined to a virtual zero level in the 1980s and 
thereafter.

   In-111-labeled antimyosin Fab antibody 
imaging was studied three decades ago and was 
approved by the FDA for acute myocardial 
infarction, although it was then withdrawn from 
the market. Antimyosin antibody imaging is 
sensitive and specifi c for the diagnosis of myo-
cardial necrosis. Myocytes with disruption of 
cellular and sarcolemmal membranes expose 
the insoluble intracellular myosin to the anti-
bodies, which are normally limited to the extra-
cellular and intravascular space [ 249 ]. The 
antimyosin  antibodies can be administered any-
time after the onset of chest pain, but a delay of 
12–24 h is needed in order to image the result-
ing distribution, due to required blood pool 
clearance [ 250 ,  251 ]. In-111 antimyosin anti-
body imaging was found to have a 96 % sensi-
tivity and a very high specifi city (Figs.  15.21  

and  15.22 ). In a comparison with Tc-99m pyro-
phosphate, the sensitivity of antimyosin anti-
body imaging for the detection of myocardial 
infarction was similar (90 %), but its ability to 
delineate the myocardial infarct area was more 
accurate [ 252 ,  253 ]. SPECT imaging with 
In-111 antimyosin antibodies yields high accu-
racy in determination of infarct size, especially 
when combined with Tl-201 perfusion imaging 
[ 255 ]. The time delay required for imaging has 
prevented this agent from becoming routinely 
used in clinical decision making in the ER.

    The need for rapid diagnosis has stimulated 
the search for other infarct-avid agents. Tc-99m 
glucaric acid is a dicarboxylic sugar. It was found 
to detect experimental myocardial infarcts very 
rapidly after administration, in part due to rapid 
clearance from the blood [ 256 ]. Tc-99m glucaric 
acid binds to nuclear histones in the nucleus 
exposed by membrane disruption [ 257 ] 
(Fig.  15.23 ). The uptake of Tc-99m glucarate is 
highly specifi c for myocardial infarction, as dis-
tinct from ischemic myocardium [ 258 ] or nonin-
farcted reperfused myocardium. Its distribution 
closely correlates with the distribution of In-111 
antimyosin Fab localization [ 259 ]. However, its 
uptake in infarcted myocardium can be imaged as 

  Fig. 15.21    Electron micrographs demonstrating micro-
spheres bound to antimyosin antibodies binding to areas 
of myocyte cell membrane disruption. Higher magnifi ca-

tion shows specifi c binding of antimyosin microspheres to 
exposed myofi brils (Reproduced from Goldstein et al. 
[ 170 ] with permission)       
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early as after 3–4 h of reperfusion in rats, increas-
ing for the fi rst 24–48 h and resolving by 
7–10 days [ 260 ]. In clinical trials, a large acute 
MI was visualized as early as 1 h after adminis-
tration of Tc-99m glucarate. Small MIs required 
2–3 h for detection. By the time peak CK levels 
were reached at 13 h after onset of chest pains, 
the Tc-99m glucarate images were already nega-
tive. In patients with unstable angina, the images 
were consistently negative [ 261 ].

   Given the need for rapid diagnosis of acute MI, 
Tc-99m glucarate is a promising agent. Further 
trials are needed to demonstrate its potential role in 
clinical decision making under current conditions.   

15.7     Congestive Heart Failure 

15.7.1     Introduction 

 Congestive heart failure (CHF) is a leading 
cause of mortality and morbidity in the industri-
alized world [ 262 ,  263 ]. The primary causes 
are ischemic heart disease and hypertension. 
Other etiologies include valvular disease; viral, 
idiopathic, and alcoholic cardiomyopathy; and, 
less commonly, thyroid disease and hemochro-
matosis [ 264 ,  265 ]. (See also Chap.   13    .) 

 CHF stems from inadequate cardiac output, 
due to systolic or diastolic left ventricular (LV) 

a

b

  Fig. 15.22    ( a ,  b ) Long-axis 
views ( a ) and short-axis views 
( b ) obtained with indium-111 
antimyosin ( left ) and 
thallium- 201 ( right ) in a 
patient with acute inferior 
infarction. In both projections, 
there is I-111 antibody uptake 
and a Tl-201 defect in the 
inferior wall (Reproduced 
from [ 208 ,  254 ] with 
permission)       

  Fig. 15.23    Anterior and LAO 
planar images from a patient 
with reperfused myocardial 
infarction injected with 
Tc-99m glucarate, obtained 
3.5 h after IV administration 
of the tracer (Reproduced 
from Gould et al. [ 213 ] with 
permission)       
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dysfunction. This results in inadequate fl ow to 
the peripheral tissues at rest and, with exertion, 
leading to compensatory responses designed to 
maintain perfusion pressure to vital organs. The 
neurohumoral systems include the sympathetic 
nervous system, the renin-angiotensin system, 
and the circulating plasma vasopressin [ 266 , 
 267 ]. The model accepted today is that inade-
quate fl ow activates vasoconstrictor forces that 
eventually cause excessive impedance to left ven-
tricular ejection and further reduction in cardiac 
output, allowing a vicious cycle to ensue 
(Fig.  15.24 ).

   Despite, or because of, neuroendocrine activa-
tion, patients with CHF have a blunted sympa-
thetic and vasopressin response to orthostatic tilt 
or exercise. This abnormality appears to be 
related to the severity of the resting hemody-
namic abnormality [ 268 – 273 ], suggesting that 
sympathetic system responsiveness is a useful 
index of the progression of CHF. 

 The diagnosis of CHF is usually made on the 
basis of symptoms of dyspnea, orthopnea, par-
oxysmal nocturnal dyspnea, and edema, but 
these are relatively nonspecifi c [ 274 ] and may be 
misleading in many patients [ 275 ,  276 ]. The 
diagnosis is aided by the more specifi c physical 
signs of third heart sound, elevated jugular 
venous pressure, and the presence of pulmonary 

crackles on auscultation [ 274 ]. The chest radio-
graph is helpful in correlating signs and symp-
toms with heart enlargement and pulmonary 
venous distention [ 277 ]. To distinguish CHF 
secondary to LV systolic dysfunction from that 
resulting from diastolic dysfunction [ 278 ], echo-
cardiography or radionuclide gated blood pool 
imaging is commonly employed.  

15.7.2     Therapy 

 The standard therapy for CHF is diuretics [ 279 –
 281 ] and ACE inhibitors [ 282 ]. Digoxin was 
recently shown not to reduce mortality, but it did 
lower hospitalization rates [ 283 ]. Beta-blocker 
therapy results in increased ejection fraction and 
reduces the risk of dying by some 30 %. Benefi t 
was noted especially in patients with the lowest 
LVEF [ 284 – 288 ] in spite of the possibility of 
exacerbation of heart failure, bradycardia, and 
AV block in some patients. The combined alpha-/
beta-blocker carvedilol produced a 65 % reduc-
tion in total mortality caused by both progressive 
CHF and sudden death [ 289 ]. 

 Sudden death accounts for about half of all 
CHF deaths [ 290 ,  291 ]. The class 3 drug amioda-
rone reduces mortality from sudden death by 
29 % and overall mortality by 15 % [ 292 ]. 
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  Fig. 15.24    The pathophysiol-
ogy of congestive heart failure       
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Another option is prophylaxis with an implant-
able defi brillator in patients with nonsustained 
VT and CAD [ 293 ]. 

 A further cause of morbidity and mortality is 
embolic stroke, particularly with atrial fi brilla-
tion. Warfarin and, more recently, its oral equiv-
alents reduce the risk of embolic stroke by 68 % 
in patients with nonvalvular atrial fi brillation. 
The benefi t outweighs the risk of a serious hem-
orrhage [ 294 ]. 

 Some patients with ischemic heart disease ben-
efi t from revascularization, using either percutane-
ous methods or coronary artery bypass grafting 
(CABG) surgery, by controlling symptoms of isch-
emia, improving function, and preventing further 
deterioration. Heart transplantation provides a last 
resort for some patients with severe CHF. Exciting 
research is being conducted in the new fi eld of 
induction of angiogenesis [ 295 ], transmyocardial 
laser revascularization, and implantation of bone 
marrow stem cells. 

 Much of the treatment of CHF is based on the 
hemodynamic paradigm, which predicts that 
interventions that improve the LVEF or its surro-
gates (exercise time, symptoms) should improve 
survival. However, a lack of direct connection 
between inotropism and survival is shown by the 
lack of life prolongation with digoxin therapy 
[ 283 ] and the increased mortality with milrinone, 
amrinone, and enoximone, despite improvements 
in hemodynamics and symptoms [ 296 – 298 ].  

15.7.3     Clinical Risk Stratifi cation 

 Only a small number of patients actually benefi t 
from transplantation [ 299 ]. The high mortality in 
CHF poses a challenge to devise effective risk 
stratifi cation which would optimally steer 
patients for revascularization, implantation of 
pacemaker-defi brillators, synchronized pace-
makers, or heart transplantation. 

 The therapy of CHF is based on the response 
to initial empirical therapy, evaluation of dis-
ease severity, and an estimation of the patient’s 
prognosis. The risk of mortality and sudden 
death increases with advancing LV dysfunction 
and higher NYHA class [ 300 ,  301 ]. The annual 

 mortality among ambulatory patients approaches 
10–20 % [ 302 – 304 ]. Older patients with severe 
CHF have 1-year survival rates of less than 50 % 
[ 305 ]. Risk is particularly high in those with a 
history of sustained VT or syncope [ 306 ,  307 ] or 
the combination of low LVEF, frequent ventricu-
lar ectopy, and a positive signal-averaged electro-
cardiogram [ 308 ].  

15.7.4     Ventricular Function 

 The single most important measurement in CHF 
is the assessment of LV function (ejection frac-
tion). It separates patients with systolic dysfunc-
tion from those with other causes of CHF and is 
an important index of survival [ 309 ]. This can be 
done with 2D echocardiography, radionuclide 
gated blood pool imaging, gated myocardial per-
fusion imaging, MRI ventriculography, or con-
trast ventriculography. Assessment of LV size and 
diastolic dimension is also useful. As important as 
the LVEF is, it correlates poorly with the extent of 
disability as measured by exercise tolerance tests 
[ 310 ,  311 ]. Repeat measurements of LVEF are 
justifi ed if the patient has an important change in 
clinical status or has received an intervention that 
might have a signifi cant effect on LV function 
[ 312 ]. RV function also is an important indepen-
dent prognostic indicator [ 313 ].  

15.7.5     Selection for Bypass 

 Coronary artery bypass grafting (CABG) plays an 
important role in the control of medically intrac-
table ischemia and improves mortality in some 
groups of patients with CAD, particularly those 
with multivessel disease and LV dysfunction. The 
CASS registry showed that patients with CHF and 
three-vessel CAD who underwent CABG had a 
9 % incidence of sudden cardiac death at 5 years, 
compared with 31 % for patients who did not 
undergo CABG [ 314 ]. Lansman et al. showed that 
it was possible to perform CABG safely (mortal-
ity of 4.8 %) even in patients with LVEFs less 
than 20 % [ 315 ]. Reduced survival was noted for 
patients with an RVEF of less than 30 %.  
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15.7.6     Assessment of Ischemia 

 Myocardial stress perfusion SPECT or PET imag-
ing is very useful for prognostic risk stratifi cation. 
Patients with clinical CHF usually present with 
already severe LV dysfunction and, if due to 
CAD, with extensive areas of hypoperfusion on 
rest or stress perfusion imaging. Therefore, these 
patients already belong to the high-risk category. 
The value of rest and stress imaging lies in estab-
lishing (a) LV versus RV dysfunction; (b) in the 
presence of normal LV function or only mild to 
moderate LV dysfunction, the presence of exten-
sive stress-induced ischemia, which clinically 
presents as heart failure, a high-risk combination 
that indicates need for CABG; and (c) in the pres-
ence of severe LV dysfunction, the presence of 
stress-induced ischemia that helps clarify vague 
symptoms or document silent ischemia. The myo-
cardium which is functional and well perfused at 
rest but becomes ischemic with stress, the so-
called jeopardized myocardium, contributes to 
diastolic and systolic dysfunction during ischemia. 
(d) It also helps to distinguish ischemic from 
nonischemic heart disease.  

15.7.7     Assessment of Viability 

 The need for making the diagnosis of resting 
ischemia, hibernation, or stunning stems from 
their role in exacerbating LV dysfunction, CHF 
symptoms, sudden death, and hemodynamic 
deterioration and from the need to decide between 
revascularization and cardiac transplantation. 
Nonfunctioning but viable myocardium includes 
stunned and hibernating myocardium:
    1.    Stunned myocardium shows decreased con-

tractility after an episode of prolonged isch-
emia, but intact blood fl ow at the time of 
observation [ 316 ]. Oxygen-derived free radi-
cals contribute to postischemic dysfunction 
[ 317 ]. Stunned myocardium generally 
improves without further intervention. In most 
cases of exercise-induced ischemia, 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 presence of residual stenosis 
and/or repeated stunning [ 318 ]. 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-permanent state of 
stunning [ 319 ,  320 ] and progressing to hiber-
nation [ 321 ]. When superimposed on an 
already severely dysfunctional heart, it may 
become dangerous, and the patient may 
require hemodynamic support. Restoration of 
vessel patency or prevention of ischemic epi-
sodes due to coronary spasm or thrombosis is 
required to reverse this precarious state.   

   2.    Hibernation occurs in myocardium that has 
undergone a downregulation of contractile 
function, thus reducing cellular demand for 
energy, in response to chronic ischemia [ 322 ]. 
Hibernation, by defi nition, requires the restora-
tion of blood fl ow in order to improve function. 
Benefi t also may be expected from reduced 
metabolic demand via hemodynamic support.     
 Studies have found that the majority (72 %) of 

dysfunctional but viable segments are in fact due 
to stunning, with only a minority (28 %) due to 
hibernation [ 323 ]. The defi nition of either stun-
ning or hibernation requires the recovery of func-
tion, either spontaneously or after intervention. 
This hemodynamic paradigm ignores other 
potential benefi ts from the reversal of stunning or 
hibernation, including prevention of remodeling 
or arrhythmias. The above defi nitions also ignore 
the possibility that the different tissue types may 
coexist with each other and with inducible isch-
emia and scarred tissue in the same or adjacent 
myocardial segments. Melon et al. showed that 
dysfunctional but “viable” myocardium is a het-
erogeneous condition [ 324 ]. This may partially 
explain the limitations in predictive abilities for 
all imaging techniques. 

 How prevalent is dysfunctional but viable 
myocardium? Up to 50 % of patients with previ-
ous infarction may have areas of dysfunctional 
viable myocardium mixed with scar tissue, even 
in areas with Q waves on the ECG [ 325 ] and in 
24–82 % of all dysfunctional segments [ 326 ]. 
Therefore, the importance of this subject cannot 
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be overemphasized when dealing with the man-
agement of CHF. 

 Resting wall motion imaging identifi es myo-
cardium which is thickening and moving well 
and that which is not. It cannot differentiate dys-
functional and recoverable (viable) myocardium 
from permanently scarred myocardium, except 
by documenting serial changes in function over 
time. Stimulation by exercise, catecholamines, or 
nitrates and post-exercise and post-PVC potenti-
ation are all evidence of viability, albeit with lim-
ited sensitivity. Low-dose dobutamine (LDDE) 
and high-dose dobutamine echocardiography 
showed that both biphasic response (improve-
ment at low dose and deterioration 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 [ 327 ], with a combined 
sensitivity of 84 % and specifi city of 81 % [ 326 ] 
(Table  15.8 ). 

 The uptake and retention of myocardial perfu-
sion agents is good evidence of myocardial via-
bility. 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 
[ 31 ]. Simple stress-redistribution imaging with 
Tl-201 has been shown to underestimate the pres-
ence of viability. Augmentation with late (12–
24 h) imaging and/or resting reinjection was 
found to increase sensitivity for viability [ 31 – 34 , 
 328 ]. The latter approach yielded a combined 
mean sensitivity of 86 % but at the cost of a lower 
specifi city of 47 % [ 326 ]. 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 speci-
fi city of 54 % [ 326 ]. Comparisons showed LDDE 
to be slightly less sensitive but more specifi c. 
Rest-dobutamine MRI wall motion imaging was 
shown to be slightly less sensitive (50 %) but spe-
cifi c (81 %) compared with Tl-201 imaging 
[ 329 ]. 

 Myocardial perfusion imaging with Tc-99m 
sestamibi has yielded a slightly lower sensitivity 
of 83 % but higher specifi city of 69 % [ 326 ,  330 ]. 
Tc-99m sestamibi imaging combined with nitrate 

administration has yielded an improved sensitiv-
ity of 91 % and specifi city of 88 % [ 326 ]. Gated 
Tc-99m sestamibi imaging with nitroglycerin 
(NTG) administration can be used successfully 
as an alternative to rest-redistribution Tl-201 
SPECT imaging [ 331 ]. 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 [ 329 ]. 

 It is evident that neither myocardial perfusion 
imaging nor LDDE imaging can supply both 
high sensitivity and high specifi city. Sequential 
testing by Tl-201 and LDDE imaging in patients 
with intermediate probability of viable myocar-
dium by either test alone enhance the prediction 
of post-revascularization improvement of the 
LVEF [ 332 ]. 

 Another strategy is the addition of metabolic 
imaging to perfusion imaging using analogs of 
either free fatty acids or glucose imaging. Injured 
myocardium frequently demonstrates impaired 
oxidative metabolism, impaired free fatty acid 
utilization, and an excess of glucose utilization 
relative to fl ow. F-18 fl uorodeoxyglucose (FDG) 
is an analog of glucose, which is transported into 
cells via a specifi c glucose membrane transporter 
and is phosphorylated by hexokinase. Unlike glu-
cose, FDG is trapped and is not metabolized fur-
ther (Fig.  15.25 ). Its accumulation is an index of 
glucose utilization [ 333 ]. Myocardial fl ow can be 
imaged with N-13 ammonia or Rb-82 with PET 
imaging or Tl-201, Tc-99m sestamibi, or Tc-99m 
tetrofosmin imaging using SPECT.

   Stunned myocardium shows preserved fl ow 
and either matched or excessive FDG accumula-
tion [ 334 ,  336 ]. At times, stunning results in 
impaired FDG accumulation, producing an 
underestimation of viability [ 337 ]. Hibernation 
has been shown to demonstrate decreased perfu-
sion and relatively preserved or disproportion-
ately increased FDG accumulation [ 338 ,  339 ] 
(Fig.  15.26 ). Infarcted myocardium shows a 
matched decrease in both perfusion and FDG 
uptake (Fig.  15.27 ) (Table  15.7 ).

     Early studies with FDG PET imaging required 
a cyclotron and a dedicated PET scanner. PET 
imaging with FDG yielded a combined 88 % 
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 sensitivity and 73 % specifi city [ 326 ] for viabil-
ity. More recently, F-18 FDG has been imaged 
as a SPECT study with specially designed high- 
energy collimators for conventional SPECT 
gamma cameras, together with Tl-201 or Tc-99m 
sestamibi [ 341 ] (Fig.  15.28 ). Several groups have 
shown the sensitivity and specifi city of FDG/

13 NH 3

a

b

18 FDG  Fig. 15.26    Comparison between 
regional blood fl ow (assessed with 
N-13-labeled ammonia,  left panel ) and 
exogenous glucose utilization 
(assessed with F-18 FDG,  right panel ) 
in two patients with ischemic heart 
disease and segmental wall motion 
abnormalities. Patient ( a ), who was 
imaged in the nonfasting state, shows 
marked reduction in blood fl ow in the 
anteroseptal and anterior wall ( arrows ) 
and normal or increased uptake of 
exogenous glucose. Patient ( b ), who 
was imaged in the fasting state, shows 
a marked defect in anterior and 
anterolateral perfusion. The F-18 FDG 
image shows enhanced glucose 
utilization in the underperfused 
segments and little utilization in the 
normally perfused segments 
(Reproduced from [ 326 ,  335 ] with 
permission)       

   Table 15.7    Value of Tl-201/F-18 FDG match and mis-
match in predicting improvement in wall motion [ 344 ]   

 Pattern  % improvement 

 Normal  75 
 Mild match  15 
 Mild mismatch  70 
 Severe match  5 
 Severe mismatch  70 

Glucose FDG

Glucose FDG

Hexokinase Hexokinase G-6-Pase

G-6-P FDG-6-P

CELL MEMBRANE

H2O+CO2

Glycogen

G-6-Pase

  Fig. 15.25    Mechanism transport and metabolism of glucose and its analog, F-18 fl uorodeoxyglucose ( FDG ).  G6P  
glucose-6-phosphate,  G6Pase  glucose-6-phosphatase       
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Tl-201 SPECT imaging to be 87 and 78 %, 
respectively, similar in magnitude to corre-
sponding studies using PET imaging [ 341 – 344 ] 
(Table  15.8 ). The need for an on-site cyclotron 
has lessened with the establishment of commer-
cial FDG production and distribution centers in 
most major metropolitan regions in the USA. 
FDG metabolic/perfusion imaging has become 
a clinical tool in many centers around the world 
and should no longer be considered an investiga-
tional technique.

    A somewhat different approach uses labeled 
free fatty acid (FFA) analogs. Myocardial FFA 
uptake is proportional to blood fl ow. FFA beta- 
oxidation is reduced in the presence of ischemia, 
stunning, and hibernation, which increases the 
proportion of FFAs accumulating in the triglycer-
ide 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 oxida-
tion. Thus, impaired FFA clearance represents 
recoverable myocardium [ 345 ,  346 ]. Because the 
image quality with labeled FFAs is poor, the 
situation was remedied by using another labeled 
FFA analog with an extra methyl group at the 
beta- carbon of the FFA chain, which blocks beta- 
oxidation. One such analog is BMIPP. It shows 
prolonged retention in the normal myocardium, 
thus achieving good image quality. With oxidative 
impairment, BMIPP retention is reduced. Thus, a 
disproportionately reduced BMIPP retention rela-
tive to fl ow is an indicator of stunning or hiberna-
tion [ 347 ,  348 ]. This pattern predicts improvement 
in left ventricular function and recovery of oxida-
tive metabolism [ 349 ]. Labeled FFAs are only 
investigational in the USA. BMIPP is approved 
for clinical use in Japan. Where FDG production 
and PET imaging equipment are unavailable, 
I-123-labeled FFA imaging is a feasible alternative 
to FDG imaging. 

 How much impaired but viable tissue is needed 
in order to result in functional improvement after 
revascularization? Bax et al. conducted ROC anal-
ysis on the results of Tl-201/FDG SPECT imaging 
in 32 patients. The extent of viable myocardium 
was closely related to the magnitude of LVEF 
improvement after revascularization. An LVEF 
improvement greater than 5 % could be expected 
when three or more impaired but viable segments 

13NH3 18FDG

L1

L2

  Fig. 15.27    Comparison between myocardial blood fl ow 
(assessed by intravenous N-13 ammonia) and exogenous 
glucose utilization (assessed by F-18 FDG) in a patient 
with recent myocardial infarction. Two contiguous cross- 
sectional images are shown ( L1  and  L2 ), which demon-
strate a matched decreased in perfusion and glucose 
utilization. This concordant pattern is consistent with irre-
versible tissue injury (Reproduced from [ 297 ,  340 ] with 
permission)       

TL

FDG

  Fig. 15.28    Short-axis slices 
of a patient with a severe 
Tl-201 defect in the anterior, 
septal, and inferior regions, 
showing preserved FDG 
uptake in these regions 
(Reproduced from Louie et al. 
[ 299 ] with permission)       
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(out of 13 segments) were present [ 350 ]. This sup-
ports fi ndings in the earlier pioneering study by 
Tillisch et al. [ 351 ]. 

 The ultimate utility of myocardial viability 
imaging appears to lie in its prognostic value, 
rather than in mere prediction of increased LVEF 
after revascularization. Pasquet et al. showed that 
the presence of ischemic myocardium (deter-
mined by thallium scintigraphy) and viable myo-
cardium (determined by LDDE) is an independent 
predictor of subsequent mortality [ 352 ]. Layher 
et al. showed a higher risk of arrhythmic death in 
patients with PET mismatched patterns [ 353 ]. 
Huiting et al. showed that patients who had 
Tl-201/FDG mismatched defects ( n  = 39) experi-
enced 19 cardiac events (deaths, reinfarction, late 
revascularizations, and unstable angina) versus 
one event (one death) in the matched defect group 
( n  = 20) [ 354 ]. Patients with substantial viability 
on LDDE demonstrated not only improvement in 
LVEF and NYHA functional class after revascu-
larization but also a favorable prognosis after 
revascularization [ 355 ]. 

 In some patients, a low LVEF can discourage 
surgery. Several centers have demonstrated that 
patients with severe LV dysfunction can undergo 
surgery with acceptable risk (<10 % mortality) 
even in the absence of consistent screening for 
the presence of viable myocardium before sur-
gery [ 356 – 358 ]. The presence of viable myocar-
dium appears to predict a more favorable 
outcome, although these were not randomized 
studies [ 359 – 361 ]. Viability studies promise to 
help in the selection of patients at low risk for 
serious perioperative complications [ 362 ,  363 ]. 

These studies suggest that revascularization 
brings a survival benefi t beyond wall motion 
enhancement or an increase in LVEF, possibly 
due to protection against sudden death or protec-
tion from further remodeling and dilation. The 
question of possible survival benefi t from CABG 
even in the absence of an increase in LVEF needs 
to be ascertained. 

 Some patients with angina undergo CABG 
even without hope of likely improvement in 
LVEF [ 364 ]. Documentation of ischemia in 
patients with symptoms or episodes of exacerba-
tion of CHF and prediction of resolution of isch-
emic episodes after even limited revascularization 
is a desirable aim. 

 More recently, several studies tried to address 
the role of viability imaging in routine decision 
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-
nifi cant independent predictor of LV function 
recovery after revascularization. A combination 
of PET and clinical parameters predicted the 
degree of recovery [ 365 ]. 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 
signifi cant 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, signifi cant benefi ts in event-free survival 
were observed, thus supporting the utility of via-
bility FDG PET imaging [ 366 ]. The complexity 
of the relationship between clinical factors and 
viability imaging and management decisions was 
also illustrated in the STICH trial. Among 1,212 
patients with CAD and LV dysfunction enrolled, 
601 were randomized to assessment of  myocardial 

    Table 15.8    Sensitivity and specifi city of various meth-
ods of imaging for myocardial viability [ 326 ]   

 Method 
 No. of 
patients 

 Sensitivity 
(%) 

 Specifi city 
(%) 

 Tc-99m MIBI  207  83  69 
 Tc-99m 
MIBI + NTG 

 55  91  88 

 Tl-201 reinjection  209  86  47 
 Tl-201 
rest- redistribution  

 145  90  54 

 LDDE  448  84  81 
 F-18 FDG PET  332  88  73 
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viability. Of these, 298 were randomized to medi-
cal therapy plus CABG, and 303 were random-
ized to medical therapy alone. While 37 % of 487 
patients have viable myocardium and 51 % with-
out viable myocardium, seemingly confi rming 
utility of viability imaging, after adjustment for 
baseline variable, the association between mor-
tality and viability was no longer signifi cant. One 
potential weakness of the study was that the via-
bility studies were a mixture of SPECT MPI and 
dobutamine stress echocardiography [ 367 ]. 
Ultimately, the role of viability imaging in patient 
management is not clear, given the complexity of 
various factors infl uencing outcome.  

15.7.8     Selection for Transplantation 

 Despite the reduction of mortality in CHF 
patients as a result of ACE inhibitor and beta- 
blocker therapy and use of implantable pace-
maker defi brillators, and in spite of advances in 
selecting patients for CABG and technical 
advances in performing CABG, the prognosis of 
patients suffering from end-stage CHF remains 
grim. While heart transplantation can substan-
tially modify the prognosis for these patients, 
leading to a prolonged and potentially productive 
life [ 368 ], only a small proportion of patients 
actually undergo transplantation [ 369 ]. Many 
patients die while undergoing evaluation for heart 
transplantation and waiting for a donor heart. 
Therefore, an effective triage of pretransplant 
patients is desirable. 

 The severity of heart failure is routinely evalu-
ated on the basis of symptoms, clinical fi ndings, 
hemodynamic measurements, exercise tolerance 
[ 335 ,  370 – 373 ], and assessment of the degree of 
activation of the neurohormonal system [ 302 , 
 374 – 376 ]. Despite these efforts, an accurate risk 
stratifi cation system that would predict survival 
or mortality has been elusive to date. 

15.7.8.1     Neuroendocrine Evaluation 
 There have been important advances in the in 
vivo evaluation of function of autonomic inner-
vation and receptors in the heart that offer the 
potential of improved risk stratifi cation and more 

specifi c therapy by manipulating the autonomic 
milieu. These methods are still being evaluated in 
clinical trials in patients with CHF. 

 The heart is richly supplied with autonomic 
sympathetic and parasympathetic innervation. 
Sympathetic innervation originates from the right 
and left stellate ganglia; their neuronal fi bers 
travel along the epicardial coronary vessels to 
reach the myocardium. Sympathetic nerves syn-
thesize and store norepinephrine, which is 
released during stimulation into the neuromuscu-
lar synaptic junction (Fig.  15.29 ). Presynaptic 
receptors mediate neurotransmitter reuptake. 
Postsynaptic membrane receptors are linked with 
their effector mechanisms. The neurotransmitters 
are metabolized within the synapse and the nerve 
terminals and in the liver.

   The activation of the sympathetic nervous sys-
tem and parasympathetic withdrawal play an 
important part in the progression of CHF. An 
elevated plasma norepinephrine is one of several 
independent prognostic indicators in heart failure 
[ 374 ]. There is also decreased clearance of nor-
epinephrine by sympathetic neurons in the myo-
cardium, resulting in increased synaptic 
norepinephrine levels. The postsynaptic adrener-
gic receptors become desensitized to catechol-
amine stimulation due to decoupling of receptors 
from effector systems, as well as loss of beta 
(B1)-receptors [ 378 ]. The myocardium from 
hearts with idiopathic cardiomyopathy shows a 
greater degree of B1-receptor downregulation. 
Ischemic disease leads to a greater degree of 
uncoupling [ 379 ]. However, this differential 
response has not resulted in different approaches 
in beta-blocker therapy. 

 The loss of responsiveness to catecholamines 
may be overcome through short-term administra-
tion of beta-receptor agonists. Long-term adminis-
tration may lead to further desensitization, 
myocardial injury, and increased incidence of 
arrhythmias. In contrast, cautious use of beta- 
blocking agents can restore responsiveness of the 
beta-receptor system, through protection against 
excess levels of circulating and local catechol-
amines and restoration of response to direct stimu-
lation [ 380 ]. Treatment with beta-blockers has 
emerged as a successful approach for some patients.  
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15.7.8.2     Sympathetic Receptor 
Imaging 

 A number of radiotracers can be used to study 
cardiac presynaptic autonomic neuronal func-
tion. The norepinephrine analog I-123 metaiodo-
benzylguanidine (MIBG) has been widely used 
in studies with conventional planar and SPECT 
imaging [ 381 ,  382 ] and C-11 hydroxyephedrine 
with PET imaging [ 383 ]. Postsynaptic beta- 
adrenergic receptors have been studied with the 
nonselective beta-antagonists C-11-CGP-12177 
and PET imaging [ 384 ] and I-123 cyanopindolol 
with SPECT imaging [ 385 ]. 

 MIBG is an analog of the adrenergic 
neuron- blocking agent guanethidine. MIBG 
is taken up and stored by the same mechanism 
as norepinephrine, but it is not metabolized by 
 catechol-O- methyltransferase or monoamine 
oxidase [ 386 ] (Fig.  15.28 ). Initial accumulation 
in the heart consists of both specifi c intravesicu-
lar (uptake-1 system) and nonspecifi c, nonvesic-
ular accumulation (uptake-2 system). Imaging at 
4 h after injection allows assessment of specifi c 
neuronal accumulation of MIBG in various path-
ological conditions [ 387 ]. 

 The uptake of MIBG in the heart, measured by 
the heart-to-mediastinum activity ratio (H/M) 
and the heart-to-lung ratio, is inversely related to 

the level of circulating plasma catecholamines, 
although it is not known if this is due to direct 
competition or secondary to sympathetic nerve 
dysfunction [ 388 ]. Increased cardiac sympathetic 
nervous system activity has been associated with 
increased myocardial MIBG clearance [ 381 , 
 389 ] (Fig.  15.30 ).

   Studies showed poor cardiac retention of 
MIBG in patients with idiopathic cardiomyopa-
thy (IDC), in proportion to the severity of LVEF 
impairment [ 390 ,  391 ] (Fig.  15.31 ). Schofer et al. 
demonstrated that scintigraphically and biopsy- 
measured cardiac MIBG activity was signifi -
cantly related to myocardial norepinephrine 
concentration and LV ejection fraction 
(Fig.  15.32 ), but that elevated circulating cate-
cholamines in CHF do not directly affect cardiac 
norepinephrine and MIBG content [ 392 ]. Merlet 
et al. showed that a poor inotropic response to 
dobutamine infusion correlated with both 
increased plasma norepinephrine (NE) concen-
tration and diminished cardiac MIBG concentra-
tion, suggesting that the desensitization is related 
to both. A subset of patients with moderate CHF 
showed diminished cardiac MIBG uptake but 
normal plasma NE levels, suggesting that neuro-
nal dysfunction is an early mechanism of desen-
sitization in IDC [ 393 ].
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  Fig. 15.29    Schematic of an 
adrenergic neuron and synaptic 
space within the heart and the 
transport and release of 
norepinephrine ( NE ) and I-123 
metaiodobenzylguanidine 
( MIBG )  U-1  uptake-1 
mechanism (Reproduced from 
[ 33 ,  377 ] with permission)       
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    In patients with dilated cardiomyopathy 
(CMP) treated with either beta-blockers or ACE 
inhibitor therapy, the LVEF improved only after 
they had received beta-blockers, but not with 
ACE inhibitor therapy. NYHA score and MIBG 
retention improved in both groups, but more in 
the group treated with beta-blockers [ 394 ]. In a 
small, randomized trial, patients who received 
carvedilol showed an increase in LVEF after 1 
year. Initial cardiac MIBG uptake showed an 
inverse relationship with future improvement in 
LVEF. MIBG predicted which patients would 
improve after carvedilol therapy [ 395 ]. 

 Merlet et al. tested the ability of MIBG to 
predict survival in 112 patients with CHF due to 
IDC, in comparison with circulating plasma NE, 
LVEF, peak VO 2 , X-ray cardiothoracic ratio, 
M-mode echo end-diastolic diameter, and right- 
sided heart catheterization parameters. After a 
follow-up of 27 months, the only independent 
predictors for mortality were low MIBG uptake 
and LVEF. MIBG uptake and plasma NE were 
the only independent predictors for life dura-
tion. MIBG was a better discriminator between 

 high- and low-risk patients than LVEF or plasma 
NE [ 396 ] (Figs.  15.33 ,  15.34 , and  15.35 ). In 
another preliminary study, Agostini et al. ana-
lyzed NYHA functional class, LVEF, peak VO 2 , 
and cardiac MIBG uptake in predicting cardiac 
events in 89 patients with CHF. VO 2  and MIBG 
uptake ratio had the higher risk odds ratio inde-
pendently. Patients with greater than 50 % maxi-
mal predicted VO 2  or MIBG uptake >125 % had 
a risk of cardiac events less than 10 %, while 
patients with VO 2  <50 % or MIBG uptake 
<125 % had a cardiac event rate of >60 % [ 397 ]. 
The ADMIRE-HF trial showed that in 25 % 
of 961 enrolled patients with heart failure and 
LVEF <35 %, the 2-year event rate was 15 % for 
those with heart-to- mediastinum ratio of >1.6 
versus 37 % event rate for those with a ratio 
of less than 1.6 [ 398 ]. A more recent analysis 
of the ADMIRE-HF study, among 901 patients 
with MIBG imaging and LVEF measurements 
of less than 35 % in patient in NYHA class II 
or III, MIBG imaging had heart-to-mediastinum 
ratio of MIBG uptake had important prognos-
tic value across a spectrum of LVEFs [ 399 ].    
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  Fig. 15.30    Rates of loss of MIBG from the heart of a 
lightly anesthetized dog. Data were acquired by scinti-
graphic camera between 2 and 6 h after injection of I-123 
MIBG for each of three experiments featuring administra-
tion of control vehicle ( VEHICLE ), yohimbine 
( YOHIMBINE ), and clonidine ( CLONIDINE ) given 2 h 

after administration of MIBG. Yohimbine, an alpha-2-an-
tagonist that increases sympathetic nerve traffi c, resulted 
in accelerated nerve loss of MIBG, while clonidine, an 
alpha-2-antagonist that slows neuron traffi c, resulted in 
inhibition of MIBG loss (Reproduced from [ 34 ,  377 ] with 
permission)       
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A  meta- analysis of MIBG imaging in heart fail-
ure found that the decreased retention of MIBG 
in the heart indicated a poor prognosis, consis-
tent with previous and subsequent reports; there 

was appreciable heterogeneity in the measured 
heart-to-mediastinum ratio that could be due to 
difference in gamma cameras and collimators, 
body type, the specifi c activity of the MIBG 

a

b

c

  Fig. 15.31    ( a ) MIBG 
scintigram in a patient with 
normal (79 %) left ventricular 
ejection fraction. There is 
intense and homogeneous 
tracer uptake in the myocar-
dium. ( b ) MIBG scintigram of 
a patient with an abnormal 
(44 %) left ventricular 
ejection fraction. There is a 
low heart-versus-background 
ratio, and myocardial uptake 
defects are present. ( c ) MIBG 
scintigram in a patient with 
severe (class IV) heart failure 
and low left ventricular 
ejection fraction (20 %). The 
myocardium is not visible. 
The MIBG uptake in the lungs 
is high in patients with LV 
dysfunction (Reproduced 
from [ 345 ,  392 ] with 
permission)       
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  Fig. 15.32    Relation between myocardial 
norepinephrine ( NE ) content and the myocardial 
versus mediastinal MIBG activity ratio in 28 
patients with dilated cardiomyopathy (Reproduced 
from [ 345 ,  392 ] with permission)       
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  Fig. 15.33    Survival curves obtained from 
life-table analysis using LVEF for prognostication. 
Patient subset with LVEF of 20 % ( solid line ) 
shows better survival than patient subset with 
LVEF of 20 % ( dashed line ) (Reproduced from 
Shimonagata et al. [ 349 ] with permission)       
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  Fig. 15.34    Survival curves obtained from 
life-table analysis using plasma norepinephrine 
( NE ) concentration for prognostication. Patients 
with NE values of 1.0 ng/ml ( solid line ) had better 
survival than those with lower NE values ( dashed 
line ) (Reproduced from Shimonagata et al. [ 349 ] 
with permission)       
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  Fig. 15.35    Survival curves obtained from 
life-table analysis using scintigraphic index of 
cardiac MIBG uptake ( H/M ) for prognostication. 
MIBG imaging permits clear delineation between 
high- and low-risk subsets when using a threshold 
value of 120 % for H/M ratio. Patients with low 
MIBG uptake ( dashed line ) had poor prognosis 
compared with patients with high MIBG uptake 
( solid line ) (Reproduced from Shimonagata et al. 
[ 349 ] with permission)       
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used, and clinical variables [ 400 ]. In spite of the 
need for standardization of imaging and quantifi -
cation parameters, MIBG is a powerful predictor 
of a high risk for cardiac events in those who 
would be least likely to survive waiting for car-
diac transplantation. Alone or in combination, 
this index can predict a low cardiac event rate in 
patients who can survive with medical therapy. 
In May of 2013, MIBG imaging was approved 
by the US FDA for clinical imaging for assess-
ment of prognostic risk in heart failure.

     The regional distribution status of cardiac 
sympathetic neuron dysfunction is also of rele-
vance. In ischemic myocardial disease, myocar-
dial infarction produces sympathetic denervation 
in noninfarcted myocardium distal to the infarct 
site. Since the sympathetic nerves run along the 
epicardial vessels, denervation occurs distal to 
proximal myocardial injury. This viable apical 
tissue demonstrates denervation supersensitivity 
to exogenous norepinephrine and isoproterenol 
[ 401 ,  402 ], presumably due to the absence of 
local sympathetic stimulation and lack of removal 
of exogenous catecholamines. Stanton et al. 
showed that ten of 12 patients with spontaneous 
ventricular tachyarrhythmias after myocardial 
infarction exhibited regions of Tl-201 uptake, 
indicating viable and perfused myocardium with 
no MIBG uptake, indicating regional  denervation. 
Eleven of these 12 patients had ventricular tachy-
cardia induced by programmed stimulation. This 
induction could not be prevented by beta- 
blockers. Sympathetic denervation was seen in 
only two of seven patients without ventricular 
tachycardia. Normal subjects showed a normal 
perfusion and MIBG uptake pattern. This study 
suggested that some patients susceptible to 
tachyarrhythmias could be identifi ed noninva-
sively [ 403 ], although this has not been replicated 
successfully. 

 Other tracers have been used to study postsyn-
aptic receptor function noninvasively. Merlet et al. 
demonstrated a 53 % decrease in the number of 
beta-adrenergic receptors in patients with conges-
tive heart failure, which was concordant with in 
vitro biopsy studies [ 404 ]. It has been appreciated 
that receptor density changes dynamically with 
presynaptic function and neurotransmitter level 

[ 405 ,  406 ]. Buja et al. found that beta-receptor 
density increases during the early stages of myo-
cardial ischemic injury and decreases in cells irre-
versibly injured. The initial increase in reversibly 
injured myocytes was reversed on withdrawal of 
the insulting agent. Changes in circulating cate-
cholamines are not required to cause changes in 
sensitivity to catecholamines [ 407 ]. 

 At this time and the foreseeable future, the 
quantifi cation of postsynaptic receptors, employing 
cyclotron-produced tracer-labeled neurotransmitter 
ligands imaged with PET, is limited to a few 
experimental centers, although other postsynap-
tic tracers such as I-123 cyanopindolol can be 
imaged with conventional instrumentation. 
Interestingly, Qing et al. found a concordant rela-
tionship of beta-receptor density in the lung and 
mononuclear leukocytes and the myocardium 
after albuterol treatment in normal subjects [ 408 ]. 
Although the reduction of receptor density by the 
B2-agonists was less in the myocardium than 
those in the leukocytes, presumably due to dif-
ferential B2 and B1 concentrations, these fi nd-
ings suggested that it would be possible to moni-
tor the beta-receptor milieu remotely by in vitro 
assays available in most laboratories. To date, it 
is not known to what extent monocyte sampling 
misdiagnoses the infl uence of the local myocar-
dial milieu. In RV heart failure due to pulmonary 
hypertension, only right ventricular beta- 
adrenergic receptors are decreased [ 378 ].   

15.7.9     Imaging of Cardiac 
Transplant Rejection 

 With aggressive use of immunosuppression and 
tissue matching, postcardiac transplantation sur-
vival has been in excess of 80 % at 1 year [ 136 ]. 
Application of immunosuppressive therapy 
requires an accurate diagnosis of cardiac allograft 
rejection. The current method of diagnosing 
rejection is endomyocardial biopsy and the path-
ological fi nding of myocyte necrosis [ 409 ]. 

 Electrocardiography and M-mode and 2D 
echocardiography have been shown to be too 
nonspecifi c [ 409 – 411 ]. Radionuclide imaging 
with labeled WBC imaging has shown increased 
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deposition in the myocardium during rejection, 
but was found to be nonspecifi c, as lymphocyte 
infi ltration is not considered a suffi cient criterion 
for rejection [ 412 – 414 ]. Since myocyte necrosis 
is the criterion of rejection by biopsy, myocardial 
infarct-avid In-111 antimyosin antibody imaging 
has been studied for its potential value in diag-
nosing rejection noninvasively. In dogs, rejection 
led to increased uptake even when there was 
no ECG evidence of rejection. In chronically 
transplanted hearts without active rejection, 
In-111 antimyosin antibody uptake was low 
[ 415 ]. 

 Several small patient series were studied: 18 
recipients underwent 20 imaging studies, using 
planar imaging within 24 h of biopsy. Cardiac 
uptake greater than skeletal uptake gave 16/20 
concordant results with biopsies, eight true posi-
tives and eight true negatives and two false posi-
tives and two false negatives, for an overall 
accuracy of 80 % [ 416 ]. 

 In spite of its early promise, the technique has 
not become a standard method of evaluating 
rejection. The time lag between injection and 
imaging is a disadvantage. The need for serial 
imaging is made diffi cult by HAMA (human 
anti-murine antibody) development, raising the 
possibility of either allergic reaction or decreas-
ing imaging effectiveness after more than one 
imaging session. Given the stakes, even 80 % 
accuracy may not be high enough to replace inva-
sive biopsies. The search continues for more 
effective noninvasive markers of rejection.      
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        The digestive system consists of the gastrointes-
tinal tract, hepatobiliary system (Fig.  16.1 ), 
 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 
 limited to evaluation of its tumors which is dealt 
with elsewhere in the book. This chapter will deal 
with gastrointestinal tract and salivary glands, 
while the next chapter is devoted to the 
 hepatobiliary system.

16.1       The Esophagus 

16.1.1     Anatomic and Physiological 
Considerations 

 The esophagus is a 25 cm-long muscular tube that 
passes through the mediastinum, connecting the 
pharynx and the stomach. The cervical  esophagus 
is composed of striated muscles whereas the 
thoracic esophagus consists of smooth mus-
cles. Physiologically, the main  function of the 
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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). 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. 

16.1.1.1     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 
 closure muscles comprise the cervical esopha-
gus, cricopharyngeus, and interior pharyngeal 
constrictor. The UES opening muscles consist of 
the superior and inferior hypoid muscles and 
superior pharyngeal muscles [ 1 ]. All UES 

 muscles are striated and are innervated by the 
glossopharyngeal, branches of the vagus, ansa 
cervicalis, and sympathetic nerves from the 
 cervical ganglion. The vagus nerve is the major 
motor nerve of the UES. Nerve cell bodies of the 
vagus efferent fi bers are located in the nucleus 
ambiguus (medulla oblongata). Between swal-
lows, the UES is tonically contracted to prevent 
refl ux of esophageal contents and entry of air 
from the pharynx during inspiration. During 
swallowing, the cricopharyngeal and inferior 
pharyngeal constrictor muscles relax and the 
suprahyoid muscles contract.  

16.1.1.2     Esophageal Body 
 The esophageal body extends from the UES to 
the LES and measures 18–24 cm. The esophageal 
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 stratifi ed 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 epithelium defi nes the 
pathological entity known as Barrett’s esophagus 
(Fig.  16.2 ). Outside the epithelial lining is a thin 
layer of longitudinally oriented smooth muscle 
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  Fig. 16.1    Diagram of the 
relevant parts of the digestive 
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fi bers, the muscularis mucosa. Below the muscu-
laris mucosa is the submucosa, which consists of 
connective tissue. The muscularis propria is 
made up of an inner, circular, muscle layer and an 
outer, longitudinal, muscle layer. In the proximal 
5 % of the esophageal body, the muscularis pro-
pria is made up of striated muscle fi bers. The dis-
tal 50–60 % consists entirely of smooth muscle. 
The middle 35–40 % is composed of a mixture of 
smooth and striated muscle fi bers.

    Neuronal control of esophageal body motility 
is complex [ 2 ]. The esophageal wall receives 
extrinsic innervation via the vagus nerve. Striated 
muscle fi bers are directly innervated by postgan-
glionic neurons originating in the nucleus ambig-
uus and terminating on the motor end plate. 
Smooth muscle fi bers are controlled by pregan-
glionic nerve fi bers originating in the dorsal 
motor nucleus. These cholinergic nerve fi bers 
terminate on the intrinsic neurons of the myen-
teric plexus located between the circular and lon-
gitudinal muscle layers. Within the myenteric 
plexus, two types of neurons have been identi-
fi ed. Excitatory neurons mediate contraction of 
both longitudinal and circular muscle layers via 
nicotinic cholinergic nerve receptors. Inhibitory 
neurons mediate the relaxation of mainly circular 
muscle fi bers via noncholinergic, nonadrenergic 

neurotransmitters, most probably nitrous oxide 
and vasoactive intestinal peptide (VIP) [ 3 ]. 
Intrinsic sensory (afferent) neurons are within 
Meissner’s plexus located in the submucosa. 
Sensory impulses are conveyed to the central ner-
vous system via both vagal and thoracic sympa-
thetic nerve fi bers. 

 Swallowing initiates a progressive series of 
coordinated propulsive contractions throughout 
both the striated and the smooth muscle portions 
of the esophageal body. This form of esophageal 
motor activity is referred to as primary peristal-
sis. Intraluminal distention of the esophageal 
body results in a peristaltic wave at or proximal 
to the site of distention. This wave is termed sec-
ondary peristalsis and serves to clear the esopha-
gus from contents that have not been cleared by 
primary peristalsis, or refl uxed gastric contents. 
Primary and secondary peristaltic waves have 
similar amplitudes and travel at a velocity of 
3–5 cm/s. 

 Deglutitory inhibition is a unique physio-
logical phenomenon whereby repetitive swal-
lowing 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 com-
pletely [ 4 ].  

  Fig. 16.2    Barrett’s 
esophagus.  Solid arrows  
point to columnar metapla-
sia.  Open arrow  points to the 
normal stratifi ed squamous 
epithelium (Courtesy of Prof. 
M. Elmonayeri)       
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16.1.1.3     Lower Esophageal Sphincter 
 The LES is a high-pressure zone measuring 
2–5 cm in length located between the esophageal 
body and the stomach. Ultrastructural studies 
show that this high-pressure zone consists of a 
specialized thickened region of the circular mus-
cles layer of the distal esophagus, albeit the mus-
cle fi bers are not circular, rather they are 
organized as clasp and sling fi bers [ 5 ]. 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 factors: myo-
genic tone that is independent of neural infl u-
ences, cholinergic excitatory tone, and nitrergic 
inhibitory tone. The LES relaxes after swallow-
ing. Relaxation is mediated by the nitrergic 
inhibitory neurons. The LES may also relax with-
out 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 refl ux disease. 

 A number of endogenous compounds affect the 
LES tone when administered in pharmacological 
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.   

16.1.2     Esophageal Motor Disorders 

16.1.2.1     Disorders of the UES and 
Cervical Esophagus 

 Motor disorders affecting the skeletal (proximal) 
part of the esophagus result from either 
 neurological abnormalities affecting the extrin-
sic innervation of the proximal esophagus, or 
skeletal muscle or neuromuscular disorders. 
More specifi cally 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       

 Because of the diffi culty 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. 
Videofl uoroscopy is the best diagnostic modality 
for diagnosing oropharyngeal dysphagia. 
Scintigraphy is of limited value.  

16.1.2.2     Disorders of Esophageal Body 
and LES 

 Disorders of the distal esophageal body (smooth 
muscle) and LES can be broadly classifi ed into 
achalasia and nonspecifi c esophageal dysmotility 
according to conventional stationary esophageal 
manometry (Table  16.1 ).

     Achalasia 
 Achalasia 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 degen-
eration of the inhibitory myenteric neurons in 
the body and the LES region. This leads to a 
hypertensive LES which relaxes poorly and also 
causes aperistalsis in the body of the esophagus. 
Patients usually present with dysphagia to liq-
uids and solids. Barium esophagogram may 
show dilatation of the esophagus and “bird 
beaking” of the distal esophagus. Esophageal 
manometry confi rms the diagnosis of achalasia. 
Typically, there is incomplete relaxation of the 
LES and aperistalsis. LES hypertension is 
detected in 20–40 % of patients [ 6 ]. Although 
these changes are highly suggestive of achalasia, 
they are by no means pathognomonic. Other 
conditions that might mimic achalasia include 
adenocarcinoma of the cardia, esophageal squa-
mous cell carcinoma, Chagas’ disease, and lung 
cancer. 

 Several other spastic disorders have been 
characterized in patients with noncardiac chest 
pain (Table  16.1 ). They all share a similar clinical 
presentation. Diffuse esophageal spasm (DES) is 
the most severe form. It is less common than 
achalasia. The mean age at presentation is 40 

F.A.M. Hassan and A.H. Elgazzar



533

years. Patients frequently complain of intermit-
tent nonprogressive dysphagia for solids and liq-
uids. Hot or cold liquids and stress may precipitate 
chest pain. Some patients with DES progress to 
achalasia.  

   Nonspecifi c Esophageal Dysmotility 
 Nonspecifi c esophageal motility disorders are 
further classifi ed into hypercontractile, hypocon-
tractile, and discoordinated motility. Patients 
with hypercontractile esophagus usually present 
with chest pain and dysphagia. Nutcracker 
esophagus is a hypercontractile disorder charac-
terized by increased lower esophageal peristalsis 
amplitude and duration. Hypertensive LES is 
associated with an LES resting pressure of 
>45 mmHg [ 7 ,  8 ]. 

 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 defi ned 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 compo-
nent. The manometric hallmark of diffuse esoph-
ageal spasm is simultaneous discoordinated 
contractions in more than 20 % of swallow. The 
resultant tertiary contractions give the corkscrew 
appearance on barium swallow.   

16.1.2.3     Gastroesophageal Refl ux 
Disease 

 Gastroesophageal refl ux disease (GERD) 
involves the refl ux of chyme from the stomach to 
the esophagus. The LES may relax spontane-
ously and transiently 1–2 h after the patient has 
eaten, allowing gastric contents to regurgitate 
into the esophagus. The acid is normally neutral-
ized and cleared by peristalsis from the esopha-
gus within 3 min and the tone of the sphincter is 
stored. When the refl ux does not cause symp-
toms, it is known as physiological but in some 
individuals it may cause a spectrum of infl amma-
tory responses in the esophagus. GERD is the 
most prevalent condition originating from the 
gastrointestinal tract. It is estimated than 20 % of 
the Western adult population suffers from heart-
burn more than three times a month [ 9 ]. It is par-
ticularly 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 
refl ux (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 refl ux occurs in infants and resolves 
spontaneously by 8 months of age. The Tuttle 
acid refl ux 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  16.2 . As men-
tioned earlier, transient LES relaxation appears 
to be the most common mechanism of GERD, 

    Table 16.1    Classifi cation of primary esophageal disorders   

 Achalasia 
 Nonspecifi c esophageal dysmotility 
  Hypercontractile esophagus 
   Nutcracker esophagus 
   Hypertensive lower esophageal sphincter 
  Hypocontractile esophagus 
   Ineffective esophageal motility 
   Hypotensive lower esophageal sphincter 
 Discoordinated motility 
  Diffuse esophageal spasm 
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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 refl ux. 
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 refl uxed acid in both the 
upright and the supine position. Defective pri-
mary or secondary peristalsis leads to incomplete 
clearance of acid. Furthermore, salivary HCO 3  
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 refl uxate, particu-
larly acid/pepsin, is important in the pathogenesis 
of refl ux esophagitis. Bile and pancreatic 
enzymes may be additional contributing factors. 

 Delayed gastric emptying is documented in 
6–30 % of patients with GERD. Theoretically, 
gastric stasis can contribute to GERD. However, 
the relative importance of delayed gastric empty-
ing is not well established [ 13 ].  Helicobacter 
pylori  has recently been implicated as having a 
potential role in the pathogenesis of GERD [ 14 ]. 
 H. pylori  may secrete proinfl ammatory 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 [ 15 ]. 

 Finally, a signifi cant 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 fl ow to the esophagus [ 16 ].     

16.2     The Stomach 

16.2.1     Anatomic and Physiological 
Considerations 

16.2.1.1     Anatomic Features 
 The stomach is a storage sac located between the 
esophagus and duodenum (Fig.  16.1 ). 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 con-
sists of the mucosa, submucosa, muscularis pro-
pria, and serosa. However, unlike other parts of the 
gastrointestinal tract, the muscularis consists of 
three layers – circular, longitudinal, and oblique. 
This facilitates distension of the stomach and stor-
age of food. The muscle layer in the antrum is 
modifi ed to aid the mixing of food. The pyloric 
ring regulates the emptying of the stomach.  

16.2.1.2     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 function, 
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. 

   Table 16.2    Mechanisms of gastroesophageal refl ux 
disease   

 Mechanism  Causes 

 Anti-refl ux barrier  Transient LES relaxation 
 Incompetent LES 
 Sliding hiatus hernia 

 Esophageal clearance  Impaired peristalsis 
 Decreased salivary output 

 Refl uxate composition  Acid 
 Pepsin 
 Bile salts 
 Pancreatic enzymes 

 Gastric factors  Delayed gastric emptying 
 Acid hypersecretion 
  Helicobacter pylori  

 Defective esophageal 
mucosal protection 

 Lack of HCO 3  secretion 
 Lack of mucus secretion 
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 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-
cifi c 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.  

16.2.1.3     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 dis-
tinct 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 activity: 
receptive relaxation and accommodation. 
Receptive relaxation refers to the reduction in 
proximal stomach tone initiated by swallowing or 
pharyngeal stimulation. Accommodation is refl ex 
relaxation of the proximal stomach in response to 
gastric distention. It is not induced by swallowing 
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 gastrin 
induce proximal stomach relaxation, whereas 
motilin increases fundic pressure [ 17 ,  18 ]. 

 The distal stomach is comprised of two mus-
cle layers: the longitudinal and circular. Slow 
waves or slow pacer potentials originate in the 
pacemaker region, located on the greater curva-
ture of the stomach near the junction of the proxi-
mal and distal stomach. Slow waves pace the 
normal 3/min corpus-antral peristalsis, which 

mixes solid and liquid food with gastric juice and 
triturates larger particles. The distal gastric motor 
activity is regulated by cholinergic and noncho-
linergic, vagal efferent nerve fi bers. Cholinergic 
pathways stimulate antral contraction whereas 
noncholinergic vagal nerve stimulation inhibits 
antral activity through VIP and possibly nitrous 
oxide release from inhibitory neurons within the 
myenteric plexus. 

 The pyloric sphincter functions, in coordina-
tion with the duodenum, as a sieve allowing par-
ticles l mm or smaller to pass into the duodenum 
in 2- to 4-ml aliquots with each gastric peristalsis 
[ 19 ]. Emptying of inert liquids such as 0.9 % 
saline follows fi rst-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.  16.3 ) [ 20 ]. Emptying 
of digestible solid particles is characterized by a 
lag phase and a linear phase (Fig.  16.4 ) [ 21 ]. 
However, the caloric density, viscosity, osmolar-
ity, and volume of any specifi c meal will infl u-
ence gastric emptying rates. Fibrous material in 
the stomach is emptied in the interdigestive state 
by migrating myoelectrical- contractile com-
plexes comprising 3–10 min of strong lumen-
obliterating antral contractions [ 17 ].

  Fig. 16.3    Gastric emptying of 0.9 % normal saline fol-
lows fi rst-order kinetics. (From [ 20 ])       

400

350

300

250

200

150

100

50

0
2 4 10 15

Time (min)
M

ea
l v

ol
um

e 
re

m
ai

ni
ng

 in
 s

to
m

ac
h 

(m
l)

20

 

16 Digestive System 1: Gastrointestinal Tract



536

16.2.2         Disorders of Gastric Emptying 

 Conditions that cause abnormal gastric emptying 
can be divided into two groups: disorders associated 
with delayed emptying and disorders associated 
with dumping (Table  16.3 ). Diabetes is one of the 
most common causes of delayed gastric emptying 
in clinical practice. Most affl icted patients have had 
type I diabetes for more than 10 years, complicated 
by autonomic and peripheral neuropathy. Delayed 
emptying of both solids and liquids is attributed to 
the dysfunction of the proximal and distal stomach, 
as well as to increased pyloric resistance [ 22 ,  23 ].

   Idiopathic gastroparesis is also encountered 
frequently in patients with bloating, early satiety, 
and nausea. The exact cause is unclear but it may 
be related to post-viral gastroenteritis [ 24 ]. 
Delayed gastric emptying is a known and frequent 
complication of gastric surgery. For instance, 
vagotomy delays emptying of solids but 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 gastroparesis are nonspe-
cifi c and cannot be easily differentiated from those 
of mechanical obstruction. Other diseases such as 
gastritis, irritable bowel syndrome, and nonulcer 
dyspepsia may cause similar complaints.  

16.2.3     Duodenogastric Refl ux 

 Duodenogastric refl ux (DGR) has been sug-
gested to occur in normal individuals in both 
fasting and postprandial periods [ 25 ,  26 ], 
although others have suggested that it does not 
occur  physiologically [ 27 ]. The amount of 
refl uxed bile in normal subjects is reported to be 
small and clears rapidly from the stomach [ 28 ]. 
This feature helps separate normal from abnor-
mal subjects in the fasting state. 

 Pathologically, DGR has been associated with 
many conditions (Table  16.4 ), including postgas-
trectomy/vagotomy, gastric and duodenal ulcers, 
cholecystitis, and gastritis [ 29 ]. In some of these 
conditions, such as duodenal ulcer, duodenal 
hematoma, and cholecystitis, duodenal irritation 
is probably the underlying mechanism. Other 
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  Fig. 16.4    Emptying of digestible solid particles has a lag 
phase and a linear phase. The  curve  represents modifi ed 
power exponential function (From Siegel et al. [ 21 ])       

   Table 16.3    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 
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causes may irritate the duodenal mucosa by the 
adjacent pancreatic infl ammation. Slavin also 
proposed that the defi ciency of pancreatic secre-
tions can explain DGR since volume, the alkaline 
pH, and the physiological components of the 
pancreatic secretions may be important for main-
taining the outward fl ow of gastric contents [ 30 ].

16.3         The Intestines 

16.3.1     The Small Intestine 

16.3.1.1     Anatomic and Histologic 
Consideration 

 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-
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 i ntestinal mucosa and lamina propria 
contain the largest lymphoid organ in man: the 
gut-associated lymphoid tissue (GALT) [ 31 ]. 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 macro-
phages. 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, fi broblasts, eosinophils, nerve fi bers, gan-
glion cells (Meissner’s plexus), blood vessels, 
and lymphatics. 

 The muscularis is made of inner circular and 
an outer longitudinal muscle fi bers. 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.  

16.3.1.2     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, 

   Table 16.4    Causes of duodenogastric refl ux   

 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 
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the small bowel plays an important role as a fi rst 
line of defense against pathogenic microorgan-
isms 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, facili-
tated diffusion, active transport, and endocytosis. 
Although absorption takes place along the entire 
length of the small intestine, the mucosa in certain 
regions selectively absorbs specifi c molecules. For 
instance, iron is primarily absorbed in the duode-
num and proximal jejunum, whereas the terminal 
ileal mucosa has specifi c receptors for binding and 
absorbing vitamin B-12 and bile salts [ 32 ]. 

 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 medi-
ate  segmentation  and  peristalsis. Segmentation  is 
the most frequent movement in the small bowel 
and is characterized by closely spaced contrac-
tions of the circular muscle layer. These contrac-
tions divide the small intestine into short 
neighboring segments. Segmentation helps mix 
chyme with digestive enzymes.  Peristalsis , on 
the other hand, is the progressive contraction of 
successive sections of circular smooth muscle 
resulting in the propulsion of chyme toward the 
colon. Furthermore, during the fed state, the 
small intestine especially the duodenum exerts 
negative feedback control on gastric emptying 
via neural and hormonal mechanisms (secretin, 
cholecystokinin, and gastric inhibitory peptide). 

 During the fasting phase, the small intestine 
exhibits a different pattern of motility character-

ized by bursts of intense electrical and contractile 
activity separated by periods of lack of activity. 
This pattern is called  migrating myoelectric com-
plex  (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 [ 33 ].  

16.3.1.3     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 gastropa-
resis, nausea and vomiting may be prominent. On 
physical examination, the abdomen is usually dis-
tended and bowel sounds are diminished. 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  16.5 ).

   Most cases of pseudo-obstruction are secondary 
to endocrine and metabolic causes, such as  diabetes 

   Table 16.5    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 
fi brosis 

 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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mellitus and hypothyroidism; neurological disor-
ders, such as Chagas’ disease and Parkinsonism; or 
drug induced (e.g., phenothiazines, narcotics). 
Primary pseudo-obstruction is rare. Few cases are 
due to familial visceral neuropathies and myopa-
thies. However, the majority of cases of primary 
pseudo-obstruction are sporadic.  

16.3.1.4     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, pro-
teins, carbohydrates, vitamins, or others. This may 
result from acquired or congenital defects. The 
syndrome may present with anemia (most com-
monly vitamin B-12, folate, and iron defi ciency); 
diarrhea; steatorrhea (excessive amount of fat in 
the stool); abdominal distention edema; malnutri-
tion and weight loss; muscle cramping due to 
decreased vitamin D, calcium, and potassium lev-
els; 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 osteoporosis, and calcium 
defi ciency leads to weakening and demineraliza-
tion of the bone, causing osteomalacia. 

 Common causes of malabsorption syndrome 
include infl ammatory bowel disease, tropical 
sprue, Whipple’s disease, lactase defi ciency, and 
parasitic diseases; other causes are past intestinal 
surgeries, bacterial overgrowth, gluten enteropa-
thy (nontropical sprue), AIDS, radiation to the 
abdomen, diabetes, lymphoma, or motility disor-
ders. In addition to small bowel disease, malab-
sorption can occur in those who have had portions 
of their stomachs removed surgically. The pan-
creas produces enzymes that help digest food, so 
if a condition exists where enzymes are not being 
produced, it can result in maldigestion or mal-
absorption. This could include chronic alcoholic 
pancreatitis, trauma, cystic fi brosis, tumors, or 
postsurgical states. The diagnosis of malabsorp-
tion syndrome and identifi cation of the underly-
ing cause can require extensive diagnostic 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, potas-
sium, and chloride; serum calcium; serum pro-
tein and albumin; serum vitamin A and carotene; 
 d -xylose test; Schilling test; and others. Stool col-
lections and cultures are useful 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 causing mal-
absorption. Furthermore, diseases such as con-
strictive pericarditis, congestive heart failure, 
intestinal lymphangiectasia, nephrotic syndrome, 
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 
 diseases is not yet fully understood [ 34 ]. 

 The previously reported materials used for the 
detection of protein loss have many limitations, 
such as rapid reabsorption of the radiolabel, unsta-
ble 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 materials such as  111 In chlo-
ride and  111 In transferrin has been reported [ 35 ]. 

  99m Tc–labeled HSA has been used to image 
protein-losing enteropathy since its introduction 
in 1986 [ 36 ]. Serial imaging for up to 24 h is use-
ful in detecting protein loss from the gut, possibly 
because of the intermittent nature of this protein 
loss. Tc- 99m HSA is also useful in viewing the 
entire gastrointestinal tract at one time to permit 
detection of multiple potential sites of protein loss. 
A new scintigraphic method using  99m Tc -labeled 
dextran was fi rst described in 1995 by Bhatnagar 
et al. [ 37 ]. This method demonstrates signifi -
cant intestinal radiotracer accumulation 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 [ 38 ]. These polysaccharides of  molecular 
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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 defi ciency due to pure dietary inad-
equacy of this vitamin is very rare and occurs 
mainly in strict vegetarians. More often 
 gastrointestinal disorders, atrophic gastritis, 
 pernicious anemia, congenital lack or abnormal-
ity of gastric IF, or total or partial gastrectomy 
cause malabsorption and consequent defi ciency 
of this  vitamin. Diseases involving the distal 
ileum such as Crohn’s disease, intestinal stag-
nant loop  syndrome, and rarely congenital 
 selective ileal  malabsorption with proteinuria 
 (Imerslund-Grasbeck syndrome) may also result 
in malabsorption of vitamin B-12 (see Chap.   5    ).    

16.3.2     The Colon 

16.3.2.1     Anatomic and Functional 
Considerations 

 The colon is a tubular structure that extends from 
the ileocecal valve to the anal verge (Fig.  16.1 ). 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 fl at 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 segmental 
contractions take place and result in mixing 
chyme. In the cecum and ascending colon, retro-
grade (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 mate-
rial 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 refl ex 
which is mediated by the pelvic nerves and inte-
grated at the level of the sacral spinal cord.  

16.3.2.2     Pathophysiology of Relevant 
Colon Diseases 

   Infl ammatory Bowel Disease 
 Infl ammatory bowel disease (IBD) refers to two 
disorders: Crohn’s disease (CD) and ulcerative 
colitis (UC). Both conditions are characterized 
by chronic relapsing intestinal infl ammation. UC 
affects the colon only, and the infl ammation is 
limited to the mucosa + submucosa in most cases. 
CD can affect the entire gastrointestinal tract 
from mouth to anus. The infl ammation in CD is 
granulomatous and transmural. Besides infl am-
mation of the gut, IBD is associated with a num-
ber of systemic manifestations including anterior 
uveitis, axial and peripheral arthropathy, primary 
sclerosing cholangitis, erythema nodosum, and 
pyoderma gangrenosum. 

 The etiology of IBD is unknown. However, 
many of the immunologic and molecular mecha-
nisms that mediate infl ammation have been eluci-
dated in recent years. Three groups of factors 
seem to play a role: genetic predisposition, muco-
sal immune dysregulation, and environmental 

   Table 16.6    Pathogenesis 
of infl ammatory bowel 
disease   

 Genetic predisposition  Environmental factors  Immunologic dysregulation 

 Family clustering  Infectious agents  Proinfl ammatory mediators 
 NOD 2  gene variants  Dietary antigens  Anti-infl ammatory mediators 
 Gene loci on Chr. 2,3,12  Intestinal commensals 

  In genetically predisposed individuals, environmental factors can precipitate the disease 
by inducing an abroad immunologic response characterized by an imbalance between 
anti-infl ammatory mediators  
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agents (Table  16.6 ). 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 sup-
ports the notion of genetic predisposition. 
Recently a gene on chromosome 16 has been 
linked to CD and has been designated NOD2 
gene. This gene mediates the innate immune 
response to microbial pathogens. Similarly a 
number of other susceptibility genes have been 
identifi ed in relation to CD and UC.

   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 
benefi cial antigens. In IBD patients, tolerance is 
lost due to a number of immunoregulatory 
abnormalities including an imbalance between 
proinfl ammatory and anti-infl ammatory media-
tors in favor of the former. For instance, the lev-
els 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 E 2  are 
reduced. The role of TNF alpha is of particular 
therapeutic signifi cance. 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 smoking 
and CD and a negative association with UC. 
Other factors that have been implicated as envi-
ronmental precipitants of IBD include the use of 
NSAIDS, antibiotics, infective diarrheal ill-
nesses, and increased intake of refi ned 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 [ 39 – 42 ]. 

 The primary pathophysiologic change of UC 
is infl ammation 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 
nonspecifi c granulomatous infl ammatory 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. For more details, see 
Chap.   4    .  

   Acute Appendicitis 
 The appendix is a diverticulum of an average of 
10 cm in adults arising from the posteromedial 
wall of the cecum with its fi xed to the cecum, 
while the remainder of the appendix is free. 
This fact accounts for its variable positions (ret-
rocecal, subcecal, retroileal, pre-ileal, or pel-
vic) and behind much of the diversity in clinical 
presentations among patients with acute appen-
dicitis [ 43 ]. 

 The pathophysiology of appendicitis begins 
with obstruction of the narrow appendiceal lumen 
by causes, including fecaliths, lymphoid hyper-
plasia (related to viral illnesses such as upper 
respiratory infections, mononucleosis, or gastro-
enteritis), gastrointestinal parasites, foreign bod-
ies, and Crohn’s disease. Continued secretion of 
mucus results in elevated intraluminal pressure, 
leading to tissue ischemia, overgrowth of bacte-
ria, transmural infl ammation, appendiceal infarc-
tion, and possible perforation. Infl ammation may 
subsequently extend into the parietal peritoneum 
and adjacent structures causing 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 
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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 ultrasonogra-
phy range from 71 to 97 % and the modality is 
highly operator dependent and diffi cult 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 [ 43 ].  

   Colorectal Cancer 
 The incidence of colorectal cancer is highest in 
developed countries, such as the United States 
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 
United States. Pathologically most (over 95 %) 
of colorectal cancers are adenocarcinomas. 
Surgery, chemotherapy, radiation 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 sen-
sitive than computed tomography for the detec-
tion of metastatic or recurrent colorectal cancer 
(Fig.  16.5 ) and may improve clinical manage-
ment in more than 25 % of cases [ 44 ]. It is of 
particular importance to differentiate post-ther-
apy fi brosis and infl ammation from viable tumor 
in the presacral region.

      Gastrointestinal Bleeding 
 The localization of the specifi c bleeding site in 
patients presenting with acute GI bleeding 
remains a serious clinical problem. Scintigraphy 

F-18 FDG

  Fig. 16.5    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 )       
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has emerged as the imaging modality of fi rst 
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 ther-
apy 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 [ 45 ]. The three lead-
ing causes of lower GIB are diverticular disease, 
angiodysplasia, and colorectal cancer. Other 
causes include infl ammatory bowel disease, 
ischemic colitis, infectious colitis, and anorectal 
disease. This bleeding usually resolves sponta-
neously in 80 % of cases and rebleeds in 25 %. 
Angiodysplasias account for 20 % of signifi cant 
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 
rectal bleeding contain ectopic gastric mucosa. 
Bleeding, which is usually massive and pain-
less, may result from ileal mucosal ulceration 
due to acid secretion. 

 Patients with lower GIB should be stabilized 
and supported while diagnostic studies are per-
formed. More commonly, a nuclear medicine 
study is performed fi rst to localize the bleeding 
because it is more sensitive for slow or intermit-
tent bleeding, which is a common occurrence. If 
the scan is positive, arteriography can be 
employed to deliver vasopressin or embolic 
agents selectively into the bleeding artery.     

16.4     Salivary Gland 

16.4.1     Anatomic Considerations 

 The major salivary glands include the parotid and 
the submandibular gland. The parotid gland is 
located behind the mandible and consists of a 
superfi cial and a deep part. The main parotid duct 
(Stensen’s duct) runs anteriorly to pierce the buc-
cinator muscle, opening on a papilla on the buc-
cal mucosa opposite the second upper molar 
tooth. The submandibular gland is smaller than 
the parotid and lies in the submaxillary triangle 
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 fl oor of the mouth above 
the mylohyoid muscle, and each gland opens into 
the oral cavity through several small ducts.  

16.4.2     Pathophysiology 

 Salivary glands secrete saliva which is a clear, 
viscous, and watery fl uid that contains two 
major types of protein secretions, a serous secre-
tion 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, includ-
ing  thiocyanate, lysozyme, immunoglobulins, 
lactoferrin, and transferrin. Accordingly saliva 
provides many several functions including anti-
microbial activity, mechanical cleansing action, 
control of pH, removal of food debris from the 
oral cavity, lubrication of the oral cavity, remin-
eralization, and maintaining the integrity of the 
oral mucosa.    Nuclear medicine-relevant condi-
tions affecting salivary glands are numerous. 
These include infl ammatory, neoplastic, and 
mechanical disorders affecting the parenchyma 
and duct system. Xerostomia is defi ned as dry 
mouth resulting from reduced or absent saliva 
fl ow. It is not a  disease but is a symptom of vari-
ous medical conditions. Xerostomia may result 
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from such conditions as mumps, Sjögren’s syn-
drome, sarcoidosis, radiation-induced atrophy, 
and drug sensitivity. 

 Infl ammation of salivary glands usually pres-
ents as diffuse enlargement of the glands, unilat-
eral or bilateral. Bilateral enlargement is caused 
by infl ammation (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 repre-
sent 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 fi lms 
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 defi nes any involvement of the 
deep structures of the neck. 

 The duct system of the parotid and the sub-
mandibular glands can be demonstrated by sia-
lography, and the technique is particularly 
valuable in the diagnosis of diseases which affect 
the duct system such as calculus, stricture, and 
sialectasia.   

16.5     Ascites 

 Ascites is the accumulation of excess fl uid 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 perito-
neum occurs in cases of general edema of both 
the cardiac and renal type and is sometimes abun-
dant; some fl uid 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 be 
involved. In cirrhosis the major vascular obstruc-
tion is post-sinusoidal, and the fl ow of lymph is 
considerably augmented. The lymphatic vessels, 
including the thoracic duct, are dilated but never-
theless 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-
fl ow of fl uid 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 vari-
ous shunt operations. Most are performed as ther-
apy for esophageal bleeding. Which shunt 
operation is most effective in relieving ascites has 
not been established; in fact, ascites is reduced 
after any type of portosystemic shunt as a conse-
quence of decreased portal fl ow and decreased 
intrahepatic congestion. Among the most com-
monly performed shunts, splenorenal and spleno-
caval shunts and their variants have proven 
effective in relieving ascites. Transjugular intra-
hepatic portosystemic shunt (TIPS) has been 
used to reduce portal hypertension in patients 
with bleeding esophageal varices. 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 cm 
H 2 O 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 – 51 ].  
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16.6     Gastrointestinal 
Scintigraphy 

16.6.1     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 tran-
sit. Delayed images at 10 min may be helpful in 
patients with signifi cant stasis of radioactivity in 
the esophagus. A time-activity curve can be gen-
erated; 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 distinct 
peak in each third of the esophagus. A slowing of 
bolus progression can be noted at the mid- 
esophagus because of compression by the tra-
cheal 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, nonspecifi c motor disorders, nutcracker 
esophagus, Zenker’s diverticulum (an outpouch 
above the UES that is acquired), esophageal 
tumors, and esophageal stricture.  

16.6.2     Gastroesophageal 
Refl ux 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 subject 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.  16.6 ). 
The episodes of refl ux 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 refl ux 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 refl ux.  

16.6.3     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.  16.7  and 
 16.8 ), and if necessary, static delayed images 
are taken every 15 min until at least 50 % of 
the stomach activity (content) has gone into the 
bowel. Normally, the stomach should empty 
50 % of the activity measured at time zero, by 
90 min. The lag phase corresponds to maximal 
fi lling of the distal stomach when trituration has 
been completed and the suspended solid particles 
begin to empty. Lag-phase abnormality may be 
the earliest fi nding in diabetic gastroparesis and 
can be corrected by the drugs used to treat this 
condition [ 17 ,  23 ]. 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 
encountered most frequently in gastric outlet 
obstruction, postvagotomy, gastric ulcer, 
 scleroderma, dermatomyositis, hypothyroid-
ism, diabetes mellitus, amyloidosis, and ure-
mia. Abnormally rapid gastric emptying is 
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found in gastric surgery, Zollinger-Ellison syn-
drome,  duodenal ulcer, hyperthyroidism, and 
diabetes.  

16.6.4     Duodenogastric Refl ux Study 

 The way of detecting duodenogastric refl ux is to 
administer a radiopharmaceutical that can go to 
the duodenum without passing through the stom-

ach. This can be achieved by using hepatobiliary 
radiopharmaceuticals in conjunction with stimu-
lation of the gall bladder to empty by a fatty meal. 
This helps to increase the activity in the duode-
num and thus to detect the refl ux. The usual pro-
tocol is to acquire dynamically for 60 min 
following i.v. administration of Tc99m-IDA 
derivative (Fig.  16.9 ). The fatty meal is then 
ingested by the patient and another dynamic 
study is obtained for 30 min.

Dynamic_E
10:47:58.0
80 81 82 83 84 85 86 87

88 89 90 91 92 93 94 95

96 97 98 99 100 101 102 103

104 105 106 107 108 109 110 111

112 113 114 115 116 117 118 119

120 121 122 123 124 125 126 127

128 129 130 131 132 133 134 135

136 137 138 139 140 141 142 143

  Fig. 16.6    ( a    ,  b ) A gastroesophageal refl ux study obtained using  99m Tc-sulfur colloid for a 2-year-old boy demonstrates 
refl ux in three frames ( arrows )       
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16.6.5        Gastrointestinal Bleeding 
Localization Study 

 This radionuclide study can detect a bleeding 
rate as low as 0.1 ml/min. The two common 
indications for a radionuclide bleeding scan 
are:
    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 
fi stula until proven otherwise. 

Delayed gastric emptying

  Fig. 16.7    Abnormal gastric emptying study.  99m Tc-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.  16.6        
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 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 com-

monly used method. The patient’s RBCs 
should be labeled in vitro to get the highest 
labeling effi ciency. 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 fi rst-minute fl ow images taken 
at a rate of 1 s/frame. The extravasation 
 manifests as focal activity that appears during 
the blood pool phase, initially intensifi es, and 
moves anterograde and retrograde in a 
 bowel-like trajectory on subsequent images 
(Fig.  16.10 ). It is extremely important to view 
the study in a cine mode, which can clarify 
diffi cult 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 % [ 52 ].

   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 [ 53 ]. 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 avail-
able 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 vascular system 
(background), resulting in a high target-to-
background ratio. The clearance is delayed in 
patients with diffuse liver disease. The study is 

  : corr. counts
fit:  y  = ax  +  b

% cts
100

75

100

25

0
0 39 79 119 159

minutes

Ant 0min Ant 11min

Ant 42min

Ant 73min

Ant 110min

Ant 142min

Post 0min Post 11min

Post 42min

Post 73min

Post 110min

Post 142min

Post 30min

Post 60min

Post 98min

Post 123min

Ant 30min

Ant 60min

Ant 98min

Ant 123min

  Fig. 16.8    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       
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  Fig. 16.9    Representative 
images of a hepatobiliary 
study of a 32-year-old male 
patient suspected of having 
acute cholecystitis. In 
addition to the nonvisualized 
gallbladder by 60 min shown 
in the images presented, 
signifi cant duodenogastric 
refl ux is seen ( arrow )       

ANT
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20’ 30’ 45’ 50’

10’ 15’

  Fig. 16.10     99m Tc-labeled RBC study for localization of gastrointestinal bleeding showing a focus of extravasated activ-
ity in the right hepatic fl exure, which progressed later during the study ( arrows )       
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2min/f ant abdomen

  Fig. 16.11    Negative Meckel’s diverticulum study       

fast and sensitive with quick results, but inter-
mittent bleeding sites may be missed. Small 
bowel bleeding can be differentiated from 
colonic bleeding by the appearance of blood 
fi lling multiple loops of small bowel.     
 The technique of Tc-99m-labeled RBCs is 
preferred. However, for acute or continuous 
bleeding, a Tc-99 m-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 intermittent, a labeled RBC study is used.  

16.6.6     Meckel’s Diverticulum Study 

 Scintigraphy is performed using Tc-99m- 
pertechnetate, since it is taken up by the gastric 
mucosa contained in Meckel’s diverticulum 
(Figs.  16.11  and  16.12 ). 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 dur-
ing the study and may empty its contents into the 
bowel. Pharmacological intervention improves 
the sensitivity of the study. Cimetidine enhances 
gastric uptake and blocks pertechnetate release 
from the mucosa. Glucagon is given i.v. 10 min 
after pertechnetate to inhibit peristalsis 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 false-positive cases are renal transplant, renal 
pelvis, ureter, bladder diverticulum, iliac vessels 
and uterus, ectopic gastric mucosa in small bowel 
other than Meckel’s diverticulum, infection (as in 
acute appendicitis), and intussusception. Among 
the false-negative cases are absence of ectopic 
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gastric mucosa in the diverticulum and diverticu-
lum hidden by bladder or stomach. The  sensitivity 
of Tc-99m-pertechnetate is more than 85 %, but 
it drops after adolescence because patients 
asymptomatic throughout childhood are less 
likely to have ectopic gastric mucosa.  

16.6.7     Imaging of Infl ammatory 
Bowel Disease 

 The diagnosis of infl ammatory bowel dis-
ease (IBD) needs a complex workup. Besides 
 verifying the disease itself, it is fundamen-
tal to assess disease extent and activity and 
to detect associated complications, to help 
select the most effective treatment and for 
follow-up. Scintigraphy with radiolabelled 
leukocytes (Fig.  16.13 ) is able to provide a 
complete survey of the whole intestinal tract, 
both the small and large bowel, and detects 
septic complications successfully with negli-
gible risk. Radionuclide procedures are useful 
in establishing or ruling out IBD in patients 
with  intestinal complaints, in assessing disease 

5MIN/F
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Dynamic_E_im1

2 3

5 6

8 9

1110 12

  Fig. 16.12    Positive study for Meckel’s diverticulum ( arrows )       

In-111 WBC

Anterior

  Fig. 16.13    In 111 WBC    study in a patient with known 
infl ammatory bowel disease showing signifi cant uptake 
by the colon ( arrow ) indicating active disease       
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severity, and in the  evaluation of extraintestinal 
septic  complications [ 54 ]. Radiolabelled leu-
kocytes studies offer an accepted radionuclide 
method for imaging infl ammation. 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-leu-
kocyte scintigraphy technique is highly accu-
rate within the fi rst few hours postinjection. It 
can reliably assess disease activity, but a nor-
mal scintigraphy does not exclude mild infl am-
mation [ 55 ]. Recently the immunoscintigraphy 
with 99mTc- antigranulocyte antibodies has 
been carried out; however 99mTc-HMPAO is 
the fi rst-choice agent. For more details, please 
refer to Chap.   4    .

16.6.8        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 combination is currently the most sensitive 
technique for localizing small tumors [ 46 ,  47 ]. 
Scintigraphy is needed in some conditions that 
can not be evaluated by morphologic modalities 
particularly functional conditions such as 
xerostomia. 

 Salivary gland scintigraphy is carried out after 
5–15 mCi (185–550 MBq) of Tc99m- 
pertechnetate injected in the patient intrave-
nously. 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 stimulate salivation. The images are obtained 
for the anterior face and neck in the sitting 
 position, using a low-energy, high-resolution col-
limator. Extra images for right and left laterals 
are obtained for 2 min each to localize the activ-
ity. Regions of interest (ROI) are drawn and a 
graph is plotted to assess the function of the sali-
vary 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.  16.14 ). In Sjögren’s syndrome there will be 
decreased accumulation of radiotracer compared 
with the thyroid gland and delayed clearance 
(Fig.  16.15 ). 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 [ 56 – 59 ].

16.6.9         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 appendici-
tis. Localized uptake of tracer in the RLQ sug-
gests appendiceal infl ammation. Tc99m HMPAO 
labeled leukocyte showed a sensitivity of 
90–98 % and specifi city of 92–96 % [ 60 ,  61 ].  

16.6.10     Scintigraphic Non- imaging 
Procedures 

16.6.10.1     Carbon-14 Breath Tests 
 This simple carbon-14 breath test has been uti-
lized increasingly in recent years in gastrointesti-
nal practice. The test is based on detection and 
quantitation of radioactive carbon dioxide origi-
nating in the stomach or small intestines and 
exhaled through the respiratory system after 
being absorbed into the blood stream. The test is 
useful in the diagnosis of several disease pro-
cesses, particularly  Helicobacter pylori  infec-
tions, 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.  16.16 ) and duodenum of many indi-
viduals. The prevalence correlates best with 
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 socioeconomic status. In the United States, the 
overall probability of infection is 20–30 %. 
Among African-Americans the probability is 
about 50 %, and approximately 60 % of immi-
grants 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 [ 62 – 69 ].

    H. pylori  infection is known to be associated 
with several pathological disorders. The organ-
ism causes the most common type of nonerosive 

gastritis, which characteristically involves the 
antrum 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 [ 69 , 
 70 ]. Recently it has also been suggested to be 
involved in the pathogenesis of coronary artery 
disease. 

 The diagnosis of  H. pylori  may be obtained by 
endoscopy specimen, by a blood test  identifying 

  Fig. 16.14    Normal pattern on a salivary radionuclide study. Note the adequate accumulation of the radiotracer with 
good clearance       
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anti- Helicobacter  infection antibody, or by a car-
bon- 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 micro-
scopically, in addition to culturing for  H. pylori . 
However, endoscopy cannot be used just to fi nd 
whether  Helicobacter  infection is present and is 
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  Fig. 16.15    A  99m Tc-pertech-
netate salivary gland study 
showing poor uptake and 
clearance of the radiotracer 
in a patient with Sjögren’s 
syndrome. Visually ( a ) and 
on time activity curves ( b )          

a b

  Fig. 16.16     Helicobacter pylori  as seen on H & E stain ( a ) and Giemsa stain ( b ) (Courtesy of Prof. M. Elmonayeri)       
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not justifi ed as a follow-up technique to evalu-
ate the response to therapy. Antibody testing, on 
the other hand, has the shortcoming 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 fi ght 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.  16.17 ).

   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 [ 71 – 74 ]. The amount of radioactive 
exposure to the patient from the test is less than 
the individual normally receives in a half day 

from nature [ 64 ]. It is also equivalent to the radia-
tion dose that an individual absorbs when fl ying 
in an airplane for 1 h. Since urea is present in 
saliva, patients must brush and rinse their teeth 
before taking the test.  

   Lactase Defi ciency 
 Acquired lactase defi ciency is a common disor-
der of carbohydrate absorption. The defi ciency 
of intestinal lactase leads to decreased hydroly-
sis 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 intesti-
nal contents, with subsequent outpouring of liq-
uid into the intestinal lumen. This will result in 
increased intestinal motility with abdominal 
cramps, distention, and diarrhea when a patient 
ingests milk [ 75 ,  76 ]. 

 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 defi ciency leads to the inabil-
ity to split lactose into glucose and galactose and 
subsequently to CO 2 . When carbon-14-labeled 
lactose-1 is administered to patients with lactase 
defi ciency, there will be decreased exhalation of 
labeled carbon dioxide.  

Carbon-14 urea

HCO3
–

CO2

  Fig. 16.17    The principle of carbon-14 breath tests       
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   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 
useful in the diagnosis of malabsorption second-
ary to bacterial overgrowth [ 76 ,  77 ]. Since car-
bon-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 nor-
mally by bacteria and causes deconjugation 
leading to the formation of carbon dioxide that is 
exhaled. The deconjugation increases with 
increased bacterial colonization in the intestines, 
and consequently the amount of labeled carbon 
dioxide present in the exhaled breath increases 
[ 78 ]. This test is useful in the diagnosis of blind 
or stagnant loop syndrome and of ileal absorp-
tive function.   

16.6.10.2     Schilling Test 
    This procedure uses an oral test dose of radiola-
beled cyanocobalamin (usually  57 Co-B-12) with 
or without added Intrinsic factor (IF).The absorp-
tion is most frequently measured indirectly by 
measuring the urinary excretion of the radiola-
beled vitamin B-12. The vitamin is fl ushed 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,  58 Co-labeled cyanocobalamin with IF 
and  57 Co-cyanocobalamin without IF (often 
referred to as the Dual-Isotope method. Normal 
subjects with no abnomality of Vitamin B-12 
absorption show urinary excretion of free radio-
active vitamin B-12 of 9 % or more, with 
IF-bound to free cobalamin ratio of between 0.8 
and 1.2 (see Chap.   5    ). 
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17.1            Introduction 

 The primary purpose of scintigraphic liver 
 imaging includes tissue-specifi c characteriza-
tion of hepatic lesions, evaluation of functional 
liver mass, and evaluation of hepatobiliary func-
tion. Advances in instrumentation, e.g., the use of 
single- photon emission computed tomography/x- 
ray computed tomography (SPECT/CT), use of 
pharmacological interventions in conjunction 
with cholescintigraphy, and development of 
new radiopharmaceuticals have signifi cantly 
improved the effi cacy of scintigraphic imaging 
with expanded clinical applications. 

 The current status of nuclear medicine evalua-
tion of the primary liver and biliary tract diseases 
and the pathophysiology relevant to scintigraphic 
fi ndings are reviewed in this chapter. The roles of 
positron emission tomography (PET), monoclo-
nal antibody imaging, and somatostatin receptor 
scintigraphy in the evaluation of metastatic dis-
ease are not discussed.  

17.2     Anatomical and Physiological 
Considerations 

 The liver is the largest organ in the body, weigh-
ing between 1,200 and 1,800 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 classifi cation divides the 
liver into eight independent segments numbered 
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1–8, each of which has its own vascular infl ow, 
outfl ow, and biliary drainage. The Couinaud seg-
ments and their corresponding traditional nomen-
clature are shown in Fig.  17.1 .

   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. 

Left posterolateral segment

Left anterolateral segment

Right anteroinferior segment

Right posteroinferior segment

Right posterosuperior segment

Right anterosuperior segment

Left superomedial segment

Left inferomedial segment

Caudate/Spigel’s lobe
Left posterolateral segment

Left anterolateral segment

Right anteroinferior segmentRight posteroinferior segment

Right posterosuperior segment

Medial segment

a

b

  Fig. 17.1    ( a ,  b ) The Couinaud segments of the liver. 
( a ) Anterior surface view; ( b ) visceral surface view.  I,  
 caudate/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 posterosuperior 
segment;  VIII , right anterosuperior segment       
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In addition, the parenchyma of the liver is 
 composed of another type of cells: the reticuloen-
dothelial 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, hemato-
logical, and immunological functions. The hepa-
tocytes synthesize approximately 1 l of bile per 
day and secrete it into the bile canaliculi, which 
are small channels between the hepatocytes. The 
bile canaliculi empty into bile ducts that unite 
and fi nally 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 necessary for fat digestion and 
absorption. Unconjugated bilirubin is converted 
to water-soluble, conjugated bilirubin by hepato-
cytes and is secreted with bile. The gallbladder 
stores bile and ejects it when chyme enters the 
duodenum and stimulates the secretion of chole-
cystokinin. The hepatocytes are capable of regen-
eration. Most regeneration takes place in the left 
lobe in disease states such as alcoholic damage or 
chronic hepatitis.  

17.3     Hepatobiliary 
Radiopharmaceuticals 

 Technetium-99m (Tc-99m)-sulfur colloid (SC) is 
a radiopharmaceutical for liver/spleen imaging. 
This compound is cleared by cells of the reticulo-
endothelial system: 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 coun-
tries. However, due to smaller particle size, its 
splenic uptake is signifi cantly less than that of SC. 

 Tc-99m-disofenin (2,6-diisopropyl iminodi-
acetic acid (DISIDA)) and Tc-99m-mebrofenin 
(2,4,6-trim-ethyl, 5-bromoiminodiacetic acid 
(BrIDA)) are exclusively used for cholescin-
tigraphy by most laboratories in the United 
States. Various other iminodiacetic acid (IDA) 
compounds are available in other countries. 
These compounds, after being injected intra-
venously, are bound to plasma albumin, trans-
ported to the liver, and actively taken up by the 
hepatocytes via carrier-mediated, non-sodium-
dependent, organic anionic pathways similar to 
those responsible for bilirubin uptake [ 1 ]. The 
IDA compounds are not conjugated. They are 
excreted into the bile canaliculi by both active 
and passive transport mechanisms [ 2 ]. Compared 
with Tc99m-disofenin, mebrofenin demonstrates 
higher hepatic excretion and lower urinary excre-
tion, especially in patients with a high bilirubin 
level. 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 [ 3 ,  4 ]. 

 Tc-99m-aglactosyl-neoglycoalbumin (Tc-99m-
NGA) and Tc-99m-galactosyl human serum albu-
min (Tc-99m-GSA) are liver imaging agents that 
bind to the hepatocyte-specifi c asialoglycoprotein 
membrane receptors (ASGCP receptor) [ 5 ,  6 ]. 
These agents have been used primarily to evaluate 
the functional liver mass/reserve in various clinical 
settings.  

17.4     Evaluation of Liver Diseases 

17.4.1     Functional Hepatic 
Mass/Reserve 

 It is important to assess the functional hepatic 
reserve prior to major hepatic resection because 
postoperative liver failure can signifi cantly affect 
the clinical course. Several parameters such as 
the indocyanine green retention/clearance rate, 
prothrombin time, hepaplastin test, and serum 
albumin level are useful for the assessment of 
total hepatic function. The Child-Turcotte-Pugh 
(CTP) score is a grading system that has been 
used to classify liver dysfunction and determine 
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the prognosis of chronic liver disease [ 7 ,  8 ]. 
However, the regional distribution of hepatic 
function cannot be evaluated by any of the meth-
ods mentioned above. 

 Prediction of the regional hepatic reserve was 
attempted by morphologically measuring the 
remnant liver volume by CT scan [ 9 ,  10 ]. 
However, the liver morphology assessed with 
CT scan may not refl ect the functional status 
[ 11 ,  12 ]. 

 Functional hepatic reserve has been assessed 
scintigraphically using various radiopharmaceuti-
cals, including Tc-99m-colloids, Tc-99m- DTPA-
human serum albumin (blood pool imaging agent), 
and a hepatobiliary agent such as Tc-99m-IDA 
and Tc-99m-N-pyridoxyl-5- methyltryptophan 
(PMT). Bennink et al. found a strong positive 
association between hepatic function reserve 
determined with hepatobiliary scintigraphy (HBS) 
and indocyanine clearance, little or no association 
between CT volumetric analysis and indocyanine 
clearance, and a strong positive association 
between the remnant liver function determined 
preoperatively on hepatobiliary scintigraphy and 
the actually measured value postoperatively. These 
authors also reported that liver function determi-
nation using HBS was highly reproducible [ 12 ]. 
Erdogan et al. reported similar results [ 13 ]. 

 Tc-99m-GSA scintigraphy has been used for 
assessing functional hepatic reserve in a variety 
of clinical settings [ 14 – 20 ]. This tracer is taken 
up only by functional hepatocytes, independent 
of hepatic blood fl ow [ 21 ,  22 ]. A strong correla-

tion was found between parameters based on 
Tc-99m-GSA studies and previously known 
parameters of hepatic function [ 11 ,  23 ]. Tc-99m 
GSA does not compete with bilirubin, which is an 
additional advantage in the evaluation of hepatic 
reserve in patients with hyperbilirubinemia [ 24 ]. 
Overall, Tc-99m-GSA imaging performed prior 
to surgery and/or other procedures such as a TIPS 
(transjugular intrahepatic portosystemic shunt) 
and percutaneous transhepatic portal emboliza-
tion appears to be a reliable method of predicting 
functional hepatic reserve after the procedure. 
While this tracer has not been approved for rou-
tine clinical use in the United States, this tech-
nique has become a routine test in Japan [ 25 ].  

17.4.2     Primary Hepatic Neoplasms 
and Tumor-Like Conditions 

17.4.2.1     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-
specifi c. 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 nonspecifi c but may include 
HCC [ 26 ]. 

 Approximately 40–50 % of HCCs concentrate 
hepatobiliary tracers (Fig.  17.2 ), i.e.,  Tc-99m- IDA 

a b c

  Fig. 17.2    ( 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 
 scintigraphy with Tc-99m-DISIDA 15 min after tracer 
administration (posterior view). Marked tracer uptake fi lls 
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. [ 27 ] with permission)       
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or Tc-99m-PMT. The degree of uptake seems to 
correlate with tumor differentiation, as well as 
with survival [ 27 ,  28 ]. Tc-99m-IDA uptake was 
seen in 70 % of well-differentiated tumors, in 
30 % of moderately differentiated tumors, and in 
no poorly differentiated tumors [ 27 ]. In another 
series of 162 patients, the median survival of 82 
patients with increased tumor uptake on delayed 
Tc-99m-PMT imaging was 1,013 days, com-
pared with 398.5 days in 80 patients with no 
tumor uptake [ 28 ].

   Uptake of hepatobiliary tracers on delayed 
imaging can be present in other liver lesions that 
contain hepatocytes, such as focal nodular hyper-
plasia (FNH) [ 29 ]. Kotzerke et al. claimed that 
the distinction between FNH and HCC is possi-
ble with 3-phase imaging (perfusion, 5–10 min, 
and 2–3 h) [ 30 ]. In their series, most FNH exhib-
ited normal or increased uptake at 5–10 min, 
whereas most HCC displayed decreased or no 
uptake during this phase. 

 Gallium-67 and thallium-201 were used in 
the past for evaluation of HCC in various clini-
cal settings. However, the utility of these trac-
ers in HCC appears to have been replaced 
largely by positron-emitting tracers recently. 
These tracers will not be discussed in this 
chapter.  

17.4.2.2     Hepatic Cavernous 
Hemangioma 

 Hemangioma is the most common benign tumor 
of the liver. Most hemangiomas are of the cavern-
ous type, constituted by dilated nonanastomotic 
vascular spaces lined by fl at endothelial cells and 
supported by fi brous tissue. Thrombi in different 
stages of organization are often encountered. 
Long-standing lesions can show extensive hya-
linization or calcifi cation [ 31 ]. 

 The classic fi nding of hepatic cavernous hem-
angiomas (HH) on Tc-99m-RBC imaging was 
described as a perfusion/blood pool mismatch, 
i.e., a lack of increased activity on early fl ow 
images and a gradual increase in activity on 
blood pool images over time [ 32 ]. This initially 
seemed to be an important fi nding especially 
when one study from the 1980s [ 33 ] reported 
four cases of HCC which showed increased 
 activity on delayed images and claimed that 

 distinction between HH and HCC can be made 
on early dynamic imaging because HCCs show 
increased fl ow as well as increased activity on 
delayed images, whereas HHs do not show 
increased activity on fl ow images. However, 
other studies, including a large series from 
Japan, found no cases in which HCC demon-
strated increased activity on either planar or 
SPECT-delayed images [ 34 ,  35 ]. In addition, 
perfusion in small and/or deeply situated lesions 
is diffi cult due to the limited resolution of 
dynamic imaging. Moreover, it quickly became 
obvious that the sensitivity of planar Tc-99m-
RBC imaging is unacceptably low, ranging from 
30 to 53 % [ 35 – 41 ]. The sensitivity of SPECT 
RBC imaging is higher but still heavily depen-
dent on the lesion size. Reports published in the 
1990s showed overall sensitivity of 70–80 % 
using single-head SPECT [ 38 – 40 ,  42 ]. Using 
triple-head cameras [ 36 ,  41 ], 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.  17.3 ). It is remarkable 
that the specifi city and positive-predictive value 
of both planar and SPECT RBC imaging is 
essentially 100 %  [ 35 – 41 ]. For all of these rea-
sons, neither fl ow nor delayed planar imaging 
needs to be a routine part of the Tc-99m RBC 
study for evaluation of HH.

  Fig. 17.3    Tc-99m-RBC SPECT images of the liver 
(triple- head) reveal multiple hemangiomas. The smallest 
one ( arrow ) was 0.7 cm       
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   False-negative results were reported in cases 
of HH with extensive thrombosis and/or fi brosis 
[ 32 ,  33 ]. Several false-positive cases related to 
various malignancies, including HCC as men-
tioned above, angiosarcomas, metastases, and 
hepatic lymphoma, have been reported in the lit-
erature [ 33 ,  43 – 45 ]. However, the occurrence of 
such false-positive results seems extremely rare 
in view of the 100 % specifi city in virtually all 
studies 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 [ 46 ]. A 
SPECT/CT hybrid system is becoming more 
widely available, and fusion imaging will clearly 
lower the false results [ 47 ,  48 ]. If a SPECT/CT 
hybrid system is not available, review of all three 
orthogonal SPECT slices can be helpful when the 
lesion is adjacent to these structures [ 46 ]. 
Alternatively, a software fusion of SPECT 
images and CT or MR images may be performed, 
but this technique is not practical and therefore 
has never gained popularity. If a multi-head 
SPECT system is available, obtaining several 
sequential dynamic SPECT scans at short 
 intervals  following  injection of Tc-99m-RBC 
can help distinguish HH from vascular structures 
as well as from other vascular tumors, since HHs 
exhibit a gradual increase in blood pool activity 

over time, while blood vessels and other tumors 
do not (Fig.  17.4 ) [ 46 ,  49 ]. It is also essential that 
labeled RBC scans be correlated with anatomical 
images obtained separately.

   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 speci-
fi city [ 42 ]. Despite its near-perfect specifi city and 
positive-predictive value, Tc-99m RBC imaging 
does not appear to be fully utilized, which may be 
in part due to improved specifi city of other ana-
tomical imaging modalities [ 50 ,  51 ]. Given that, 
a new prospective head-to-head comparison of 
SPECT/CT with MRI or ultrasound for evalua-
tion of HH may be needed.  

17.4.2.3     Focal Nodular Hyperplasia 
 Focal nodular hyperplasia contains variable 
quantities of normal hepatic cellular elements, 
including Kupffer’s cells, hepatocytes, and bile 
ducts arranged in a characteristic pattern. The 
characteristic triad suggesting FNH has been 
described as arterial blood fl ow (Fig.  17.5 ), nor-
mal colloid uptake, and accumulation of Tc-99m- 
IDA tracer [ 52 ].

   Thirty to seventy percent of FNHs have 
either normal or increased Tc-99m-colloid 
uptake (Fig.  17.5a ) [ 32 ,  53 ,  54 ], refl ecting the 
variable quantity of Kupffer’s cells. Decreased 
 Tc-99m- colloid uptake may be seen in approxi-
mately one-third of cases (Fig.  17.5b ) [ 53 ,  54 ]. 

3 min 18 min 2 hr

  Fig. 17.4    Selected transverse views (3 and 18 min) from 
a dynamic Tc-99m-RBC SPECT of the liver and an image 
from a delayed SPECT ( right ) show a lesion in the tip of 
the left lobe of the liver that becomes progressively more 

intense. The fi ndings are consistent with a hemangioma 
(courtesy of Alan Siegel, MD, Dartmouth Hitchcock 
Medical Center, Lebanon, NH, USA)       
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a

b

  Fig. 17.5    ( 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 fl ow ( arrow, arrow-

head ), colloid uptake is increased in case a and decreased 
in case b on delayed views (reprinted from Kim et al. 
[ 261 ] with permission)       
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Because of the presence of hepatocytes in FNH, 
Tc-99m- IDA scintigraphy has also been evalu-
ated for the diagnosis of FNH. Of 25 FNHs in a 
study, 19 (76 %) showed hyperperfusion during 
the fl ow 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 %) [ 29 ]. The 
detectability of FNH by Tc-99m-IDA scintigra-
phy was 92 %, greater than that of CT (84 %) or 
MRI (84 %).  

17.4.2.4     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 [ 55 ]. However, a pathological 
study demonstrated that all hepatic adenomas 
studied contained Kupffer’s cells [ 56 ]. Yet most 
of these lesions (77 %) did not demonstrate 
Tc-99m-colloid uptake for unknown reasons. 
The authors found no signifi cant histological dif-
ference between those lesions that accumulate 
colloids and those that do not. They also sug-
gested that adenoma should be added to the dif-
ferential diagnosis of a hepatic lesion with 
Tc-99m-colloid uptake because of the presence 
of uptake in 23 % of their cases.    

17.5     Evaluation of Biliary 
Tract Diseases 

 Bile fl owing through the common hepatic duct 
may fl ow either into the gallbladder or through 
the common bile duct (CBD) into the duodenum. 

The quantity of bile fl owing in either direction is 
determined to a major degree by the pressure 
developed by the sphincter of Oddi. In normal 
individuals, bile fl ows into the gallbladder when 
the sphincter of Oddi is contracted. Foods con-
taining lipids and amino acids enter the duode-
num 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 secretion from the hepatocytes. All 
of these enhance the fl ow 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 
the intravenous administration of Tc-99m-IDA 
(Fig.  17.6 ). Visualization of the small bowel var-
ies depending on the sphincter tone and the 
degree of gallbladder fi lling.

   Several drugs, including cholecystokinin 
(CCK), morphine, and phenobarbital, have been 
used to alter biliary kinetics at different levels 
(i.e., hepatocytes, gallbladder, and/or sphinc-
ter of Oddi) in an effort to increase the effi cacy 
of hepatobiliary imaging. Sincalide, a synthetic 
C-terminal octapeptide of CCK, has been used 
in the diagnosis of acute cholecystitis in order to 
empty the gallbladder before cholescintigraphy, 
so that gallbladder fi lling can be enhanced during 
the study if the cystic duct is patent. These agents 
are also used to evaluate gallbladder ejection frac-
tion (GBEF) and/or sphincter of Oddi response in 
patients with suspected chronic, acalculous bili-
ary tract diseases to determine who might benefi t 
from cholecystectomy or sphincterotomy. 

0–5 min 10–15 min 20–25 min 40–45 min Right Lateral

  Fig. 17.6    Normal hepatobiliary scan. Hepatic uptake is prompt. The CBD ( short arrow ), gallbladder ( long arrow ), and 
duodenum ( thick arrow ) are visualized within 15 min following intravenous administration of Tc-99m-IDA       
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17.5.1     Acute Cholecystitis 

 Although it is generally known that acute 
 cholecystitis 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 [ 57 ]. Nevertheless, obstruction is 
present in almost all cases of acute cholecystitis. 
There are other important factors in the patho-
genesis of acute cholecystitis, including chemical 
factors such as prostaglandins [ 58 ] and bacterial 
growth [ 59 ]. Injury to the gallbladder mucosa by 
a mechanical or chemical factor stimulates the 
epithelial cells to secrete fl uid. Active fl uid secre-
tion in the obstructed gallbladder lumen increases 
the intraluminal pressure, which may cause 
impairment of circulation and ischemia of the 
gallbladder mucosa and wall. Distention of the 
gallbladder further enhances formation of prosta-
glandin, establishing a vicious cycle [ 60 ]. Active 
fl uid secretion in the gallbladder wall is markedly 
reduced by morphine. The acceleration of the 
process can be reduced by morphine [ 61 ]. 

 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 chole-
cystitis. Of the 75 % of patients with acute chole-
cystitis who experience remission of symptoms, 
approximately one quarter will experience a 
recurrence of cholecystitis within 1 year, and 
60 % will have at least one recurrent attack within 
6 years [ 62 ]. Therefore, the histological pattern 
of acute cholecystitis is superimposed upon 
chronic infl ammatory changes in at least 90 % of 
cholecystectomy specimens [ 63 ]. 

 Acalculous acute cholecystitis is less common 
(5–10 %). Despite the absence of gallstones, the 
cystic duct is frequently obstructed, though the 
mechanism remains unclear. Precipitating factors 
include severe trauma or burns, the postpartum 
period following prolonged labor, a major opera-
tion, prolonged parenteral hyperalimentation, 
vasculitis, obstructing tumor of the gallbladder, 
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.) [ 62 ]. 
Save for the absence of stones, the pathology of 
acalculous and calculous cholecystitis is essen-
tially identical [ 64 ]. 

 Acute cholecystitis is the most common indi-
cation for cholescintigraphy, which is considered 
the procedure of choice for its diagnosis [ 65 ]. 
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. 

 Meta-analysis of 2,466 patients showed a sen-
sitivity of 97 % and specifi city of 90 % [ 65 ]. 
Conventional imaging protocols frequently 
require delayed imaging for up to 4-h postinjec-
tion [ 66 ] or even up to 24 h in patients with severe 
intercurrent disease [ 67 ] to achieve a suffi ciently 
high level of accuracy. Delayed imaging is logisti-
cally inconvenient. It can be potentially disadvan-
tageous to the patient, and it may not be feasible 
in some clinical settings. Efforts to increase the 
specifi city of the test and/or to shorten the total 
imaging time were made using pharmacological 
interventions, which include morphine augmenta-
tion [ 68 ] and CCK pretreatment [ 69 ]. 

 Despite the superiority of cholescintigraphy 
over ultrasonography for evaluation of acute cho-
lecystitis that has been known since almost 30 
years ago [ 70 ] and confi rmed repeatedly even 
after the turn of this century [ 71 ,  72 ], the latter is 
still often the fi rst diagnostic test being ordered in 
many institutions. A most recent (and seemingly 
largest) meta-analysis report, including 57 stud-
ies and 5,859 patients, published in 2012 con-
fi rmed that cholescintigraphy has the highest 
diagnostic accuracy of all imaging modalities in 
the detection of acute cholecystitis [ 73 ]. The 
authors reported that diagnostic accuracy of US 
has a substantial margin of error. 

17.5.1.1     Morphine Augmentation 
Versus Delayed Imaging 

 Bile is secreted continuously from the liver into 
the biliary system. The proportion of bile fl owing 
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into the gallbladder or the duodenum depends 
on the relative resistance to fl ow 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 fac-
tor in the regulation of the intracholedochal pres-
sure and of the common bile duct-gallbladder 
pressure gradient [ 74 ]. The administration of 
morphine sulfate (morphine) results in contrac-
tion of the sphincter of Oddi. This, in turn, causes 
an increase in the intraductal pressure and forces 
the bile to fl ow into the gallbladder if the cystic 
duct is patent [ 75 ,  76 ]. A widely used protocol 
involves the administration of 0.04 mg/kg mor-
phine 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 fi rst hour because (1) the 
gallbladder is visualized within 1 h in the major-
ity of patients undergoing cholescintigraphy and 
(2) delayed fi lling of the gallbladder or delayed 
excretion into the bowel, suggesting the presence 
of chronic cholecystitis or other biliary tract dis-
ease, could be missed by administering morphine 
early. After morphine administration, imaging is 

continued for an additional 30 min. Typically, the 
gallbladder is visualized within 30 min if the 
 cystic duct is patent (Fig.  17.7 ). If visualization 
does not occur within 30 min, the fi ndings are 
interpreted as consistent with acute cholecystitis. 
Therefore, the entire study can be terminated at 
90 min in contrast to 4 h or more with conven-
tional delayed imaging without morphine 
augmentation.

   Following the introduction in 1984 of 
morphine- augmented cholescintigraphy by 
Choy et al. [ 68 ], as an alternative to delayed 
imaging, a number of reports were published 
on this subject [ 77 – 87 ]. The general conclusion 
in most early reports, in terms of effi cacy, was 
that the two tests were diagnostically equiva-
lent [ 77 – 81 ]. Morphine augmentation was rec-
ommended primarily because of its logistic 
advantage (a short imaging time). However, the 
reported effi cacy of morphine augmentation was 
based primarily on data excluding cases of early 
GB visualization without morphine. In contrast, 
patients with early GB visualization (<1 h) were 
included in those early reports evaluating the 
effi cacy of conventional cholescintigraphy with 

5 min
2170920

20 min 40 min 60 min

Morphine 5 min 10 min 20 min

  Fig. 17.7    The CBD and small bowel are promptly visu-
alized in this study with Tc-99m-IDA, but the gallbladder 
is not visualized up to 60 min. Following morphine 

administration, the gallbladder fi lled promptly, excluding 
cystic duct obstruction       
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which the effi cacy of morphine augmentation 
was compared. A reanalysis of published data 
(after excluding the cases with early gallbladder 
visualization from previous reports) indicated 
that delayed imaging has a signifi cantly lower 
specifi city (53 % average: 33–94 %) for acute 
cholecystitis than morphine augmentation (85 % 
average: 69–100 %) [ 86 ]. The sensitivity is still 
excellent at 98 % (98–100 %). Another meta-
analysis using a different statistical approach 
yielded nearly identical results and confi rmed 
the higher specifi city of the morphine-aug-
mented technique than that of delayed imaging 
(84 % vs. 68 %) [ 87 ]. 

 A number of potential shortcomings associ-
ated with morphine augmentation were reported 
[ 80 ], including false-positive studies occurring in 
patients with chronic cholecystitis or hepatocel-
lular disease or in other severely ill patients [ 77 , 
 86 ,  88 ]. However, this problem is not unique to 
morphine augmentation. It also occurs with 
delayed imaging [ 67 ,  89 ,  90 ] and can be even 
more serious. Whereas some investigators [ 80 ] 
have suggested more delayed imaging in addition 
to the 30 min after morphine administration to 
reduce false-positive examinations, others [ 77 ] 
found no additional benefi t in imaging up to 1 h 
instead of 30 min. Secondly, in patients with 
acute acalculous cholecystitis or with the “dilated 
cystic duct sign,” increased intraluminal pressure 
following morphine administration may poten-
tially result in more false-negative studies than 
delayed imaging [ 78 ]. However, there is no sig-
nifi cant difference in the sensitivity or the nega-
tive predictive value between delayed imaging 
and morphine augmentation [ 86 ,  87 ]. This indi-
cates that the occurrence of false-negative studies 
associated with acute acalculous cholecystitis or 
the dilated cystic duct sign is not frequent enough.  

17.5.1.2     Sincalide Preadministration 
for the Diagnosis of Acute 
Cholecystitis 

 Administration of CCK prior to injection of 
Tc-99mIDA will induce gallbladder emptying 
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 [ 69 ,  91 ]. 
Eikman et al. [ 92 ] attributed the improved effi -
cacy of cholescintigraphy in their series to CCK 
pretreatment. The rationale of this approach is 
that gallbladder emptying before initiating the 
study is generally followed by more reliable gall-
bladder fi lling during the cholescintigraphy. In a 
series reported by Kim et al., approximately 50 % 
of volunteers who had paired studies showed 
greater gallbladder fi lling after sincalide pretreat-
ment [ 93 ]. Although sincalide pretreatment of all 
patients may not be necessary, it is often used in 
conditions such as alcoholism and total paren-
teral nutrition and during a prolonged fasting 
state [ 94 ,  95 ], because functional resistance to 
tracer infl ow 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, not only for the gallblad-
der ejection fraction measurement (which will be 
discussed later) but also for the pretreatment. For 
the latter, it appears that less attention has been 
paid to the administration technique, perhaps 
because imaging is not performed during sin-
calide infusion and gallbladder emptying. A 30- 
to 45-min infusion is logistically inconvenient for 
pretreatment, unlike that for the measurement of 
gallbladder ejection fraction. A 3-min infusion at 
the physiological rate of 3.3 ng/kg/min [ 3 ], or an 
infusion for up to 10 min at the same or slightly 
lower rate approximately 30 min before injection 
of Tc-99m-IDA, is probably adequate for this 
application. 

 Some investigators believe that CCK pread-
ministration decreases specifi city and suggest 
that CCK not be given or, if given, that a mini-
mum of 4 h should pass before a Tc-99m-IDA 
study is begun [ 96 ]. Further studies seem to be 
warranted to resolve this issue.  

17.5.1.3     Sincalide Pretreatment Versus 
Morphine Augmentation 

 Reports by Chen et al. and Kim et al. [ 97 ,  98 ] 
show that morphine administration helps to visu-
alize the gallbladder in 32–42 % of patients with 
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gallbladder nonvisualization at up to 60–90 min 
despite sincalide pretreatment. These results 
 suggest that sincalide pretreatment alone is not 
suffi cient to detect all patent cystic ducts.  

17.5.1.4    Potential Causes of False-
Positive Results 

 Insuffi cient fasting will result in gallbladder 
 contraction induced by circulating endogenous 
CCK, thereby inhibiting bile fl ow into the gall-
bladder. Therefore, the gallbladder may not visu-
alize even in normal subjects (up to 64 %) in the 
nonfasting state [ 99 ]. A minimum of 2–4-h fast-
ing is required before cholescintigraphy is per-
formed for the evaluation of acute cholecystitis. 

 As discussed earlier, false-positive results can 
occur in conditions such as a prolonged fasting 
state, alcoholism, and total parenteral nutrition 
[ 94 ,  95 ]. 

 Activity retained in the duodenum or 
dilated right renal pelvis may cause confusion. 
Conversely, activity in the gallbladder may 
not be clearly separated from that in the duo-
denum. In either situation, a right lateral view 
can be helpful: The gallbladder appears as an 
anteriorly  positioned structure. If the right lat-
eral view does not resolve the situation, a left 
anterior oblique view can clarify the question. 
Alternatively, water ingestion often clears duode-
nal activity [ 100 ,  101 ]. 

 With normal hepatic function and normal 
clearance of Tc-99m-IDA, there is generally 
decreased tracer activity in the liver parenchyma 
at the time of morphine administration or delayed 
imaging, i.e., generally 1 hour after administra-
tion of the tracer. With this in mind, it has been 
reported that since little activity is available for 
gallbladder visualization, there is the potential of 
a false-positive result. Therefore, past authors 
recommended injection of an additional 2–3 mCi 
of radiotracer, a “booster dose,” when minimal 
residual hepatic activity was noted before 
morphine- augmented or delayed imaging [ 69 ]. 
This recommendation was probably legitimate in 
the analog era with hard-copy imaging on fi lm. 
Back then, the image intensity was preset and 
optimized to look at entire structures, including 
the liver during the early phase, biliary system, 

and often intense uptake in the gallbladder and 
intestine. As a consequence, it was quite common 
to see little remaining activity in the liver paren-
chyma during the late phase on these analog 
hard-copy images. However, now with the advent 
of digital imaging on the computer screen, the 
intensity of the organ or region of interest can be 
freely adjusted and optimized. Hence, we believe 
that gallbladder fi lling can readily be identifi ed, 
presuming the cystic duct is patent, without 
administering a booster dose. 

 Radioactivity may be seen in a dilated cystic 
duct proximal to the site of obstruction in patients 
with acute cholecystitis [ 102 ]. This should not be 
mistaken for a small gallbladder. 

 In case the study shows fi ndings compatible 
with CBD obstruction or severe hepatocellular 
dysfunction with no or little bile excretion, non-
visualization of the gallbladder should be inter-
preted with caution as the presence of acute 
cholecystitis cannot be reliably determined. 

 Holbrook et al. [ 103 ] and Chandramouli et al. 
[ 104 ] reported that the gallbladder was not visu-
alized in 18 of 62 patients (30 %) and nine of 12 
patients (75 %), respectively, after sphincterot-
omy. These results indicate a signifi cant altera-
tion of bile fl ow due to sphincterotomy, which 
can affect the specifi city of hepatobiliary scintig-
raphy for the diagnosis of acute cholecystitis. 

 Jacobson et al. reported that a considerable 
proportion of patients who had normal IDA scans 
developed abnormalities such as impaired liver 
uptake, gallbladder nonvisualization, etc., fol-
lowing bone marrow transplantation [ 105 ]. 
Nevertheless, no patient developed clinical or 
laboratory evidence of acute cholecystitis. These 
cholescintigraphic abnormalities may be due to 
the combined effects of hepatotoxic chemoradia-
tion therapy, graft-versus-host disease, and pro-
longed parenteral alimentation.  

17.5.1.5    Variants Associated with CCK 
Preadministration and 
Morphine 

 Signifi cantly delayed tracer excretion into the 
bowel associated with prompt and progressive 
gallbladder fi lling can be a normal variant seen in 
the fasting state [ 106 ]. Morphine administered to 
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the patient prior to the study can have the same 
result. This fi nding 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 fi ll-
ing showed a markedly delayed biliary-to-bowel 
transit after sincalide pretreatment (Fig.  17.8 ) 
compared with only 4 % of patients who did not 
receive sincalide [ 93 ]. 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 [ 93 ,  107 ]. We [ 108 ] 
assessed the frequency of the need for sincalide 
administration in this situation to exclude CBD 
obstruction. Delayed or no excretion into the 
bowel after sincalide administration was seen 
only in patients with delayed clearance of liver 
parenchymal activity but never in patients with 
prompt clearance. It appears that if both 

 gallbladder fi lling and clearance of liver 
 parenchymal activity are prompt, then the study 
can be terminated without giving CCK, despite 
the absence of bowel activity.

   Oates et al. [ 109 ] and Shih et al. [ 110 ] reported 
that morphine administration increases the fre-
quency and the degree of duodenogastric refl ux. 

 Kim et al. [ 111 ] reported variable bile reten-
tion on cholescintigraphy following morphine 
administration for the evaluation of acute chole-
cystitis. No signifi cant effect of 2 mg of intrave-
nous morphine on biliary kinetics was detected 
scintigraphically in a considerable proportion of 
patients. Also, there was considerable variation 
in the duration of the effect of morphine, when 
present. Preliminary data indicate that GB nonvi-
sualization after morphine administration with 
the pattern of continually decreasing CBD activ-
ity is not as reliable for the diagnosis of acute 
cholecystitis as is nonvisualization of the GB 
with a pattern of increasing CBD activity [ 112 ].  

17.5.1.6    Ancillary Findings 
 Increased IDA activity in the liver parenchyma 
around the gallbladder fossa is called a “rim 
sign” (Fig.  17.9 ). The presence of this sign is fre-
quently associated with acute cholecystitis, 

1 min 15 min 90 min

10 minPost CCK
infusion

30 min

  Fig. 17.8    The patient was 
pretreated with sincalide 
before receiving an injection 
of Tc-99m-IDA. The 
gallbladder fi lling is prompt 
but bowel activity is not 
identifi ed until 90-min 
postinjection. Following 
administration of a second 
dose of sincalide, there is 
prompt tracer excretion into 
the bowel, which excludes 
common duct obstruction       
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which is often complicated, i.e., gangrenous 
 gallbladder [ 113 – 118 ]. This pericholecystic 
activity appears to be caused by increased blood 
fl ow to [ 113 ] and/or delayed bile excretion from 
infl amed liver parenchyma adjacent to an 
infl amed gallbladder [ 118 ]. At times, a rim sign 
with marked tracer retention may mimic the gall-
bladder appearance (patient 3 in Fig.  17.9 ), in 
which case the presence of such activity on the 
early images before the appearance of bile duct 
activity can help to exclude the possibility of 
gallbladder fi lling. The rim sign, though sugges-
tive of acute cholecystitis, is not suffi ciently spe-
cifi c to obviate morphine augmentation or 
delayed imaging [ 63 ,  119 ].

   In summary, in addition to its logistic advan-
tage (shortening the imaging time), morphine 
augmentation provides more specifi c diagnosis 
for acute cholecystitis than does delayed imag-
ing. Sincalide pretreatment, when administered 
at the physiological rate, will be helpful in condi-
tions in which functional resistance to tracer fl ow 
into the gallbladder may be present. However, 
morphine augmentation will further improve the 

effi cacy of the test even after sincalide 
 pretreatment. The technique is therefore 
 recommended for routine clinical use when the 
gallbladder is not visualized at 1 h.   

17.5.2     Chronic Acalculous 
Biliary Diseases 

 Approximately 98 % of patients with symptom-
atic 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 [ 120 ]. 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 

Patient 1

Patient 2

Patient 3

  Fig. 17.9    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 (reprinted from Kim 
[ 46 ] with permission)       
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this patient group to determine who might benefi t 
from cholecystectomy, sphincterotomy, or 
smooth muscle relaxants. 

 The technique for administration of sincalide 
is of the utmost importance. The degree of gall-
bladder 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 [ 121 ]. This paradoxi-
cal response is attributable to the different thresh-
old level of the CCK receptors in the body and 
fundus of the GB and cystic duct [ 122 ]. The cys-
tic duct does not contract when the dose of CCK 
is physiological. 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 
[ 123 – 127 ], this dosage protocol has also been 
demonstrated to be unphysiological [ 3 ,  128 ]. 
Aside from frequent 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 [ 3 ]. 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.  17.10  [ 129 ]. 
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 clinically 
useful normal range compared with the same 
dose infused over a longer period, i.e., 10 ng/kg 
infused for 60 min [ 130 ]. Normal and low GBEF 
values were reported to be reproducible in long- 
term studies [ 131 ]. Various dose rates, durations, 
and normal GBEF values were employed by 
other investigators [ 132 – 134 ]. Although the opti-
mal dose and duration of infusion is the subject 

of some controversy, a long infusion seems to 
produce more complete gallbladder 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 hepatobiliary imaging, it is 
important to adhere to a specifi c sincalide infu-
sion technique and to use normal GBEF values 
that have been validated for that particular 
method. Recently, an interdisciplinary panel sug-
gested that the optimal sincalide infusion method 
is 20 ng/kg/60 min with 38 % as the lower limit 
of normal GBEF [ 135 ].

   Various fatty meals have been evaluated as an 
alternative to sincalide [ 136 – 139 ]. However, 
controversy exists over the use of fatty meals ver-
sus 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 insuffi ciency, 
celiac disease, or abnormal bowel transit [ 140 –
 143 ]. The onset of meal-induced GB emptying 
can also vary during different phases of the 
migrating motor complex at the time of ingestion 
[ 144 ]. The choice between fatty meal and sin-
calide can probably be made on the basis of the 
population being studied. Meal stimulation 
would be preferable when GB function in rela-
tion to the rest of the GI tract needs to be evalu-
ated. However, evaluation of GB function 
independent of the digestive process may be bet-
ter achieved with sincalide when different patient 
populations are studied [ 145 ]. 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 content, texture, taste, manner of 
administration, and measurement time sequence, 
all of which need to be standardized [ 146 ]. 
Normal values for each center must be estab-
lished when choosing a meal. 

17.5.2.1    Chronic Acalculous 
Gallbladder and Cystic 
Duct Diseases 

 The pathological fi ndings of chronic acalculous 
cholecystitis are nearly identical to those of 
chronic calculous cholecystitis, except for the 
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absence of stones [ 147 ]. Intermittent acalculous 
cystic duct obstruction and chronic ischemia with 
active infl ammatory changes have both been pos-
tulated as possible pathogenic mechanisms. The 
cystic duct syndrome results from a partial acal-
culous obstruction or narrowing of the cystic duct 
[ 148 ], which may be due to fi brosis, kinking, or 

adhesion [ 69 ]. A sphincter-like mechanism in the 
cystic duct may explain the possibility of cystic 
duct occlusion in the absence of mechanical 
obstruction [ 74 ]. The cystic duct syndrome and 
chronic acalculous cholecystitis often coexist 
[ 123 ,  132 ,  149 ], but they may also occur 
independently. 

1 min 20 min 50 min

1 min 15 min 30 min

1 min 15 min 30 min

  Fig. 17.10    A hepatobiliary scan using Tc-99m-IDA per-
formed in a patient with suspected chronic acalculous 
biliary disease. The scan shows prompt visualization of 
the GB and small bowel ( top row ). Following a 3-min 

infusion of 20 ng/kg sincalide, the GB is poorly con-
tracted, with an EF of approximately 10 % ( middle row ). 
Immediately after this, a 10-min infusion of the same dose 
produced a GBEF of 80 %       
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 In functional disorders, or gallbladder 
 dyskinesia, the gallbladder is histologically 
 normal. The mechanisms have not been fully 
elucidated. Abnormal and/or inhomogeneous 
CCK receptors within the gallbladder, which 
cause a paradoxical or inhomogeneous response 
to cholecystokinetic agents, were suggested as a 
possible mechanism [ 123 ,  150 ]. In this condi-
tion, right upper quadrant pain occurs following 
meals as a result of increased intraluminal gall-
bladder pressure. Other possible mechanisms of 
impaired gallbladder motility include a primary 
smooth muscle disorder and altered release of 
endogenous CCK [ 74 ]. 

 In cholesterosis, the mucosa of the gallbladder 
is studded with minute yellow lipid fl ecks, 
 producing the strawberry appearance [ 151 ]. In 
some patients suspected of having chronic acal-
culous biliary disease, cholesterosis has occa-
sionally been the only histological fi nding, 
without evidence of other diseases [ 124 ,  152 , 
 153 ]. Although cholesterosis is not often of clini-
cal signifi cance [ 151 ], cholecystectomy is indi-
cated when the condition is symptomatic [ 62 ]. 

 There is controversy regarding the value of 
GBEF for the diagnosis of these diseases and its 
correlation with histopathology. While some 
investigators found abnormal pathology in most 
patients with a low EF [ 123 ,  127 ,  132 ], others did 
not [ 133 ,  154 ,  155 ]. However, some investigators 
have found no correlation even between histo-
pathological fi ndings and symptomatic relief fol-
lowing surgery [ 126 ,  153 ,  154 ,  156 ]. Whether or 
not the GBEF is a good predictor of symptomatic 
relief after surgery should be more clinically rel-
evant than the correlation between GBEF and 
histopathology. Although there was a report of a 
poor correlation in this regard [ 154 ], the vast 
majority of other reports have demonstrated a 
good symptomatic response after surgery in most 
patients with a low GBEF [ 123 – 126 ,  132 ,  134 , 
 153 ,  156 – 159 ]. Among these reports, there was a 
randomized trial by Yap et al. [ 119 ], which is 
reassuring. As in adults, children with chronic 
abdominal pain and delayed gallbladder empty-
ing on CCK-stimulated cholescintigraphy were 
also reported likely to benefi t from cholecystec-
tomy [ 160 ]. 

 On the other hand, the effectiveness of a 
 normal GBEF as a predictor of clinical outcome 
is more diffi cult to assess, because only highly 
selected patients (those with higher clinical sus-
picion) with a normal EF were sent for surgery. 
The majority of patients with a normal EF who 
are placed on medical treatment for nonbiliary 
gastrointestinal diseases do well [ 123 ,  127 ,  154 , 
 157 ]. However, at the same time, the majority of 
patients who had surgery despite a normal EF 
also had symptomatic relief [ 123 ,  126 ,  132 ,  134 ]. 
These results are not surprising, as a 70–75 % 
cure rate is associated with cholecystectomy 
even when based on symptoms alone [ 161 ]. We 
have been reporting a GBEF of 40–60 % as indi-
cating an intermediate probability of symptom-
atic relief following cholecystectomy. Similarly, 
Majeski suggested that cholecystectomy may be 
considered for patients with a GBEF between 35 
and 60 % if the patient’s symptoms were classic 
for biliary disease and have been present for 1 
year [ 159 ]. 

 Several earlier reports suggested that pain 
reproduction induced by sincalide infusion is 
another useful positive sign of pathology [ 126 , 
 162 ]. A brief infusion (i.e., 20–40 ng/kg over 
3 min) was employed by these investigators. 
However, Kloiber et al. [ 145 ] and Yap et al. [ 132 ] 
did not detect pain reproduction in patients who 
benefi ted from surgery when a slow infusion 
(over 45–60 min) technique was used. 

 Conditions that may affect gallbladder con-
tractility should be borne in mind when using 
CCK. Atropine signifi cantly reduces the gall-
bladder ejection period and EF [ 163 ]. Gallbladder 
contractility can be decreased after or during 
octreotide therapy [ 164 ,  165 ]. An association 
between gastroesophageal refl ux disease and 
gallbladder function was reported [ 166 ]. These 
authors found abnormal GB function in 58 % of 
patients with gastroesophageal refl ux disease, 
with improved GB function in most of those 
patients after fundoplication. A markedly lower 
GBEF was found in seven of ten patients with 
achalasia compared with controls [ 167 ]. 
The mechanism and clinical signifi cance of this 
fi nding are uncertain. Other reported causes 
of reduced gallbladder ejection fraction are 
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 antiulcer gastric surgery particularly when trun-
cal vagotomy is performed [ 168 ] and opioid 
intake immediately before the study [ 131 ]. 

 It was reported that normal and low GBEF val-
ues are reproducible in long-term studies [ 131 ]. 

 In summary, the overall data favor the use of 
this test for the diagnosis of chronic acalculous 
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 according to the 
posttest probability from a clinical suspicion 
(pretest probability) and the GBEF (test 
probability).  

17.5.2.2    Sphincter of Oddi Dysfunction 
 Sphincter of Oddi dysfunction (SOD) can be 
responsible for approximately 14 % of all post-
cholecystectomy pain [ 169 ,  170 ]. It is much more 
common in female patients. SOD can be classi-
fi ed into two broad categories: stenosis (a fi xed 
structural narrowing) and dyskinesia (functional 
disorder: a primary disorder of tonic/phasic 
motor activity) [ 171 ,  172 ]. 

 Measurement of the sphincter of Oddi pres-
sure using sphincter manometry is considered the 
gold standard for the diagnosis of SOD. In 
patients with sphincter of Oddi dyskinesia, 
manometry may reveal tachyoddia, retrograde 
contractions, or a paradoxical response (sphinc-
ter of Oddi spasm) to sphincter relaxants such as 
CCK [ 173 ]. When the basal sphincter pressure is 
elevated, a distinction between stenosis and dys-
kinesia can be made based upon the response to 
smooth muscle relaxants [ 174 ]. Relaxation after 
smooth muscle relaxant suggests dyskinesia 
rather than stenosis. To date, 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 [ 175 ]. 

 The treatment of choice for patients with 
sphincter of Oddi stenosis is endoscopic sphinc-
terotomy. Surgical sphincteroplasty or balloon 
dilatation of the sphincter of Oddi is less favor-
able in terms of both complication rate and 
 success in long-term relief of symptoms [ 175 ]. In 

patients with sphincter of Oddi dyskinesia, a 
pharmacological treatment with calcium channel 
blocker or long-acting nitrate could be used. 
Endoscopic sphincterotomy is indicated for 
patients with elevated basal pressure who do not 
respond to pharmacological treatment [ 176 ]. 

 Depending on the results of laboratory tests 
and endoscopic retrograde cholangiopancreatog-
raphy (ERCP), SODs were classifi ed as biliary 
type I, II, and III [ 172 ]. Patients with biliary type 
I SOD have typical biliary pain, elevated liver 
enzymes on two or more occasions during epi-
sodes of pain, and an abnormal ERCP demon-
strating a dilated CBD and delayed emptying of 
contrast into the small intestines (>45 min). 
Patients with type II SOD have biliary-type pain 
and one or two of the other abnormalities men-
tioned for type I. Patients with type III SOD have 
only biliary-type pain and none of the other crite-
ria. Manometry is optional in patients with type I, 
necessary in type II patients, and mandatory in 
type III patients [ 172 ]. Generally, the greater the 
number of abnormalities (type I), the more likely 
it is that a structural disorder is present, e.g., ste-
nosis, and vice versa. 

 Although the accurate diagnosis of SOD is 
important, ERCP may not detect many patients 
with functional SOD. Also, a concern was raised 
about the validity of the 45-min delayed drainage 
criterion for sphincter of Oddi dysfunction [ 177 ]. 
Sphincter manometry, while being the gold stan-
dard, is invasive, diffi cult to perform, diffi cult to 
interpret, and associated with potential complica-
tions such as pancreatitis [ 178 ]. 

 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 (T max ), excretion 
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 the 
time of fi rst appearance of the intrahepatic bili-
ary tree, and the bowel, CBD emptying, and 
CBD-to- liver ratio (comparison of CBD activity 
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at 60 min with liver activity at 15 and 60 min) 
have been added to the above semiquantitative 
parameters [ 179 ]. 

 The experience of most authors has been satis-
factory [ 179 – 187 ]. It was reported that choledo-
choscintigraphy is useful for diagnosing SOD as 
well as predicting sphincterotomy outcome in 
biliary type I and II patients, irrespective of clini-
cal classifi cation and manometric fi ndings [ 188 ]. 
Although some investigators did not fi nd choles-
cintigraphy useful [ 189 ,  190 ], others believe that 
the discrepancy in the reported effi cacies is due 
to differences in the technique [ 191 ]. An espe-
cially excellent separation between patients with 

and without SOD was achieved in three reports, 
using a single parameter: the T max  of the entire 
liver and extrahepatic bile ducts, the T½ of the 
right hepatic lobe [ 185 ,  186 ], and a combination 
of the scores from six parameters [ 179 ]. Although 
these authors did not agree on which parameters 
were the best, in essence, all more or less refl ect 
hepatic parenchymal and biliary-to-bowel transit 
of bile. These parameters have also been found 
useful in assessing the benefi t of endoscopic 
sphincterotomy (Figs.  17.11  and  17.12 ) [ 180 , 
 186 ,  189 ,  192 ].

    Whereas most of the investigations with 
 scintigraphic studies on this subject have 
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  Fig. 17.11    ( a ,  b ) SOD: 
stenosis. This 50-year-old 
woman was seen at 3 years’ 
postcholecystectomy with 
chronic recurrent pain. ERCP 
showed no mechanical 
obstruction, but the basal 
sphincter of Oddi pressure 
was elevated (45 mmHg). ( a ) 
Preoperative cholescintigra-
phy shows delayed hepatobi-
liary 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 
signifi cantly different (i.e., 
there was a fi xed papillary 
stenosis). ( b ) 
Postsphincterotomy study in 
the same patient shows 
signifi cant improvement with 
rapid hepatobiliary and 
common duct clearance 
compared with the preopera-
tive study.  S , stomach 
(reprinted from Ziessman 
[ 192 ] with permission)       
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  Fig. 17.12    ( a – c ) SOD: dyskine-
sia. Postcholecystectomy pain 
syndrome. An ERCP showed no 
mechanical obstruction. The 
sphincter of Oddi pressure was 
48 mmHg. A sphincterotomy was 
performed. a Preoperative study. 
Sequential analog images over 
60 min show a prominent 
intrahepatic collection system 
with dilatation in the region of the 
common 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 infusion 
of sincalide, 40 ng/kg/60 min. 
Hepatobiliary 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 
signifi cantly improved since the 
baseline study ( a ) and, interest-
ingly, looks similar to the 
preoperative CCK study ( b ) 
(reprinted from Ziessman [ 192 ] 
with permission)       
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focused primarily on the differentiation between 
the  presence and absence of SOD, Madacsy 
et al. [ 193 ] reported excellent results in discrim-
inating between stenosis and functional dyski-
nesia. Patients in their series inhaled amyl 
nitrite, a potent sphincter relaxant, during the 
washout phase of CBD activity. The rate of 
CBD washout was slow in both the stenosis and 
dyskinesia groups before amyl nitrite  inhalation 
and normal in controls. Amyl nitrite inhalation 
resulted in prompt washout of CBD activity in 
patients with functional dyskinesia, whereas no 
change occurred in controls or in patients with 
organic stenosis (Fig.  17.12 ). Since the augmen-
tation is started in the middle of CBD washout, 
this approach clearly cannot be used in conjunc-
tion with such parameters as T max  of liver paren-
chymal or CBD activity. If such parameters 
were to be used, then the augmented study 
would have to be performed on a separate day. 

 It should be noted that the criteria based on 
delayed transit through the bile ducts are not  reliable 

for the diagnosis of SOD in patients with an intact 
gallbladder [ 194 ]. The gallbladder serves as a pres-
sure reservoir [ 195 ], which can absorb a large 
amount of bile, thereby causing delayed bowel 
visualization. Indeed, delayed biliary-to- bowel 
transit, associated with preferential gallbladder fi ll-
ing, was demonstrated  frequently even in normal 
volunteers after CCK pretreatment (Fig.  17.13 ) 
[ 93 ]. Kalloo et al. [ 196 ] and Ruffolo et al. [ 197 ] 
evaluated GBEF in patients with intact gallbladder 
function. They found that it cannot be used reliably 
to discriminate patients with SOD. Therefore, diag-
nosis of SOD seems diffi cult before cholecystec-
tomy is performed, regardless of the criteria used.

17.5.3         Hyperbilirubinemia 

 Cholescintigraphy is often performed to 
 differentiate surgical jaundice (CBD obstruction 
and biliary atresia) from medical jaundice (intra-
hepatic cholestasis and/or hepatocellular disease) 

5

a b

25

45

75

15

35

60

90

5

25

45

65

15

35

60

90

  Fig. 17.13    ( 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 signifi cantly during amyl nitrate inhalation 
from 60 to 90 min. ( b ) Sphincter of Oddi dyskinesia 

(functional SOD). Biliary tree activity is fi rst visualized 
at 15 min. The CBD and intrahepatic biliary tree appear 
prominently from 25 up to 60 min. The small bowel is 
fi rst visualized at 25 min. Note a marked decline in CBD 
activity during amyl nitrate inhalation from 60 to 90 min 
(reprinted from Madacsy et al. [ 193 ] with permission)       
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in both adults and neonates. Alternatively, CBD 
obstruction or intrahepatic cholestasis is occa-
sionally detected incidentally on cholescintigra-
phy performed in patients who present with 
abdominal pain. Neonatal hyperbilirubinemia will 
be discussed separately in the following section. 

17.5.3.1    Common Bile 
Duct Obstruction 
and Medical Jaundice 

 Cholescintigraphy has been shown to be more 
accurate than ultrasonography [ 198 – 200 ] for the 
diagnosis of CBD obstruction. 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.  17.14 ) [ 70 ,  198 ,  200 ]. 
The presence of an obvious photopenic defect in 
the area of the porta hepatis corresponding to 
dilated bile ducts or slow tracer fi lling of dilated 
bile ducts makes CBD obstruction more likely. 
The presence of intestinal activity without visual-
ization of the CBD makes intrahepatic cholesta-
sis more likely. However, without ancillary 
fi ndings, the distinction between a high-grade 

CBD obstruction and a high-grade intrahepatic 
cholestasis (with relatively preserved hepatocyte 
function) may be diffi cult [ 201 ]. 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 
 transit, and/or a prominent ductal pattern 
 persistent for 2 h [ 198 ]. When CBD obstruction 
is suspected, the patient should not be pretreated 
with sincalide, which may cause prompt gall-
bladder fi lling with delayed biliary-to-bowel 
transit, as discussed earlier [ 92 ]. If this occurs 
after sincalide pretreatment, repeat sincalide 
administration can help to exclude CBD 
 obstruction by contracting the gallbladder and 
demonstrating bowel activity [ 92 ,  106 ]. 
Krishnamurthy et al. [ 202 ] and Itoh et al. [ 203 , 
 204 ] reported bile refl ux from the gallbladder 
into the common hepatic and intrahepatic bile 
ducts instead of excretion into the bowel follow-
ing sincalide administration. This fi nding indi-
cates the  presence of CBD obstruction/stricture 
or sphincter of Oddi spasm. Poor hepatic uptake 
with persistent blood pool activity of IDA in 

10 min 60 min 20 hr

  Fig. 17.14    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       

5 min 60 min 3 hr

  Fig. 17.15    A hepatobiliary scan performed in a jaun-
diced patient demonstrates poor hepatic uptake of 
Tc-99m-IDA with persistent blood pool activity. Bowel 
activity is noted in the image obtained at 3 h. The fi ndings 

are suggestive of a hepatocellular disease rather than a 
CBD obstruction. The patient was found at follow-up to 
have severe hepatitis       
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jaundiced patients generally indicates hepatocel-
lular  disease, regardless of the presence or 
absence of bowel activity (Fig.  17.15 ).

   Quantifi cation of hepatocyte function by 
 measuring the hepatocyte extraction fraction (HEF) 
of IDA agents with deconvolutional  analysis was 
reported to be useful for the  distinction between 
CBD obstruction and  hepatocellular dysfunction 
[ 205 – 207 ]. Despite profound hyperbilirubinemia, 
patients with CBD obstruction typically have only 
slightly reduced HEF values compared with nor-
mal controls, whereas patients with hepatocellular 
dysfunction have markedly reduced HEF values.  

17.5.3.2    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 con-
jugated hyperbilirubinemia can be due to a wide 
variety of abnormalities including extrahepatic 
biliary tree abnormalities (i.e., extrahepatic bili-
ary atresia (EHBA) and choledochal cyst) or 
intrahepatic diseases (i.e., interlobular bile duct 
paucity or neonatal hepatitis syndrome). 

 The cause and pathogenesis of biliary atresia 
remain largely unknown [ 208 – 210 ]. Both chronic 
and acute infl ammatory changes have been shown 
histopathologically. Biliary atresia is typically a 
progressive panductular obliterative process. 
Without correction of bile fl ow obstruction within 
2–3 months of life, irreversible hepatic damage 
and complete obliteration of the extrahepatic bili-
ary tree will result. This process could be progres-
sive even after surgical correction of the 
obstruction [ 211 ,  212 ]. The neonatal hepatitis 
syndrome includes various kinds of diseases such 
as idiopathic neonatal hepatitis, infectious hepati-
tis, and hepatitis from metabolic or genetic causes. 

 The urgency in correctly diagnosing EHBA is 
refl ected in the surgical results following portoen-
terostomy (Kasai procedure). Sustained bile fl ow 
is signifi cantly greater in infants operated on 
before 60 days of age (91 %), compared with those 
operated on after 3 months (17 %) [ 213 ]. The pre-
operative distinction of EHBA from the other dis-
orders 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 specifi city [ 214 – 217 ]. In 
neonates, normal cholescintigraphy should show 
prompt and uniform uptake of tracer in the liver 
with a maximum tracer accumulation within 5 
min [ 218 ,  219 ]. The gallbladder may be visual-
ized 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 fi rst 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. In contrast, 
patients older than 3 months usually show evi-
dence of decreased hepatic function with reduced 
hepatic extraction fraction and no biliary excre-
tion [ 219 ]. 

 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 syn-
drome 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 radioactivity 
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 syndrome 
[ 220 ]. Cholescintigraphy is most useful in 
excluding the diagnosis of biliary atresia with a 
sensitivity and negative predictive value of virtu-
ally 100 % when intestinal and/or extrahepatic 
biliary activity is seen. Urine activity in the dia-
per 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 specifi city ranges from 
43 to 90 % [ 215 – 217 ,  220 – 224 ]. In a series by 
Spivac et al. [ 215 ], the specifi city of absent bowel 
activity on the fi rst DISIDA study was only 43 % 
in all infants, but 92 % in those with birth weight 
greater than 2,200 g. All infants with either 
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 neonatal hepatitis ( n  = 6) or inspissated bile syn-
drome ( n  = 3) had demonstrable gastrointestinal 
excretion either on the fi rst or second DISIDA 
study. Therefore, the study should be repeated if 
the diagnosis is unclear. 

 Patients are typically premedicated with phe-
nobarbital, 5 mg/kg daily in two divided doses 
given for 5 days. Ursodeoxycholic acid, an addi-
tional choleretic agent, may also be given at a 
dose of 20 mg/kg daily in two divided doses in 
order to optimize bile fl ow 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 conju-
gation and excretion. Thaler et al. [ 225 ] and 
Majd et al. [ 220 ] used preadministration of 
phenobarbital for several days before an I-131 
rose Bengal study and a Tc-99m IDA study, 
respectively, and found signifi cantly improved 
specifi city. Ben- Haim et al. [ 216 ] suggested that 
phenobarbital induction may not be needed when 
 Tc-99m- mebrofenin, which has higher hepatic 
extraction and excretion than Tc-99m-DISIDA 
and HIDA, is used. This group found that, of 
26 patients with bowel visualization, the time to 
visualize the bowel did not differ between patient 
groups with and without phenobarbital induc-
tion. Further prospective studies will be neces-
sary before any strong conclusion can be drawn. 
However, false positives may occur even after 
phenobarbital pretreatment, especially when 
liver function is impaired [ 190 ]. Therefore, the 
study is diagnostic (excludes biliary atresia) only 
if radioactivity is seen in the bowel. Otherwise, 
the study is inconclusive. Administration of phe-
nobarbital for several days can cause a delay in 
performing the test, which may be unacceptable 
in some clinical situations. 

 In an attempt to further improve the discrimi-
nation between biliary atresia and other causes of 
non-excretion, a hepatic extraction fraction (a 
measure of hepatocyte function) obtained from a 
deconvolutional analysis has been evaluated. 
While earlier investigations seemed to be encour-
aging [ 218 ,  226 ], other reports have found the 

use of hepatic extraction fraction not very useful 
[ 227 ,  228 ].   

17.5.4     Postoperative Evaluation 

17.5.4.1    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 complications [ 229 ]. 
Bile duct complications include bile leaks, com-
mon bile/hepatic duct injuries or strictures, 
retained biliary calculi, and obstruction. Most 
investigators agree that bile leaks are best 
detected by cholescintigraphy rather than by 
other anatomical imaging modalities [ 230 – 233 ]. 
When acquiring scintigraphic images, it is often 
helpful to enhance image intensity for accurate 
assessment of the extent of extravasation 
(Fig.  17.16 ). The extent of leak is often better 
identifi ed on delayed images (Fig.  17.16b ) [ 234 ]. 
Endoscopic retrograde cholangiopancreatogra-
phy and/or percutaneous transhepatic cholangi-
ography can be a supplement as needed for more 
defi nitive diagnosis and treatment [ 235 ,  236 ]. 
When ultrasonography or CT shows a fl uid col-
lection, cholescintigraphy can be helpful not only 
in confi rming but also in excluding biloma [ 46 ].

   Clinically insignifi cant leaks usually heal 
spontaneously. However, if a major leak is pres-
ent, reoperation, percutaneous transhepatic bili-
ary drainage, or endoscopic sphincterotomy with 
placement of a stent or nasobiliary drainage cath-
eter is required. The effectiveness of such inter-
ventional procedures may be assessed with 
cholescintigraphy if clinically indicated 
(Fig.  17.17 ) [ 63 ,  237 ].

   Investigators have found cholescintigraphy 
useful for assessing the patency of a biliary- 
enteric bypass or an afferent loop [ 238 – 242 ]. 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 
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the patient in an upright position [ 243 ]. We have 
observed a similar fi nding in a patient postopera-
tively. These cases illustrate the importance of 
imaging in the upright position when biliary or 
afferent loop stasis is seen in postoperative 
patients.  

17.5.4.2    Effect of Sphincter Dilation 
Procedures on Sphincter 
Function 

 Although endoscopic papillary balloon dilation 
(EPBD) for the treatment of bile duct stones 
may be a safe and effective procedure and less 
hazardous to the sphincter of Oddi than endo-
scopic sphincterotomy for the preservation of 
papillary function, little is known about the 
function of the sphincter muscle after the proce-
dure. Isayama et al. demonstrated that the 
hepatic hilum- duodenum transit time on quanti-
tative cholescintigraphy in patients after EPBD 
was not different from that in control patients, 
whereas that in endoscopic sphincterotomy 

patients was markedly shorter than both the 
 control and EPBD groups. The authors con-
cluded that the function of the sphincter of Oddi 
may be preserved after endoscopic papillary 
balloon dilation [ 244 ]. 

 Further studies seem warranted.  

17.5.4.3    Effectiveness of 
Gastrointestinal 
Reconstruction Surgery 

 The effectiveness of anti-enterogastric refl ux 
procedures (e.g., Roux-en-Y diversion, Henley 
jejunal interposition, Braun enteroenteros-
tomy) in diverting bile away from the stomach, 
or the effects of various reconstruction meth-
ods following gastrectomy on esophageal bile 
refl ux, have been assessed with cholescintig-
raphy [ 245 – 248 ]. Cholescintigraphy has also 
been used to compare the degree of bile sta-
sis in the proximal jejunal loop after different 
types of gastrointestinal reconstruction surgical 
 procedures [ 249 ,  250 ].   

40 min (normal intensity)

3 hours Anterior RAO

50 min (intensity increased)

  Fig. 17.16    The image 
obtained at 40 min after 
injection of Tc-99m-IDA 
reveals intense tracer 
accumulation, 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 
[ 46 ] with permission)       
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17.5.5     Miscellaneous 

 Patients with sclerosing cholangitis were evalu-
ated with planar and SPECT imaging using 
Tc-99m-IDA [ 251 ]. 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 fi brosis, ERCP often 
shows changes consistent with sclerosing 
 cholangitis, with beading and stricturing of the 
intrahepatic ducts [ 252 ]. While various scinti-
graphic fi ndings in these patients have been 

described, the most common fi nding by several 
groups of investigators appears to be retention of 
tracer in the intrahepatic ducts [ 252 – 255 ]. It was 
suggested that cholescintigraphy is valuable for 
monitoring the therapeutic responses of cystic 
fi brosis patients with liver disease to ursodeoxy-
cholic acid therapy [ 253 ] and in the early detec-
tion of liver involvement [ 255 ]. 

 Cholescintigraphy was found to be a useful 
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 [ 256 ,  257 ]. 
The response to specifi c antimicrobial or 
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  Fig. 17.17    ( a ,  b ) Post liver 
transplantation Tc-99m-IDA 
scan. ( a ) After removal of the 
t-tube, a bile leak is fi rst 
noted at 15 min ( arrowhead ). 
The anterior images show 
localization 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 posterolateral 
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 
drainage 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 [ 46 ] with permission)       
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 surgical intervention can be monitored with 
 cholescintigraphy [ 257 ]. 

 Cholescintigraphy is a useful noninvasive test 
which complements an anatomical fi nding on 
ultrasonography in the diagnosis of choledochal 
cyst [ 223 ,  258 ,  259 ].   

17.6     Summary 

 Cholescintigraphy plays a pivotal role in the eval-
uation of various biliary tract diseases, particu-
larly when coupled with pharmacological 
intervention. The physician monitoring the study 
should be familiar with the most optimal tech-
nique for the pharmacological intervention and 
with conditions and medications that affect gall-
bladder contraction. It is also important to be 
aware of the various physiological and pharma-
cological effects on imaging fi ndings, i.e., not 
only those fi ndings that are normal but also the 
undesirable variants [ 260 ]. Failure to recognize 
such effects can lead to incorrect interpretations. 

 Radionuclide imaging of the liver using the vari-
ous tracers provides unique functional information, 
i.e., the functional reserve, presence or absence of 
hepatocytes/Kupffer’s cells, and RBC pooling. This 
has been augmented further by the improved reso-
lution with multi-head SPECT systems. Advances 
in instrumentation such as PET and development of 
new radiopharmaceuticals, including PET tracers 
specifi cally for the evaluation of the liver, will 
likely expand clinical applications further.     
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18.1           Introduction 

    In this chapter, we present a brief review of the 
anatomy, physiology, and pathophysiology of the 
brain. This will lay the background 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 
specifi c patterns of radiotracer distribution in dis-
eases related to the brain will be related to the 
pathophysiology of the disease process.  

18.2    Anatomy and Physiology   

18.2.1     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 classifi ed as glia or neurons. About 10,000 
different types of neurons totaling approximately 
100 billion neurons comprise the human brain. 
The cerebral cortex consists of two hemispheres 
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 functional areas 
called the frontal lobe (anterior to the central sul-
cus) and the parietal lobe (posterior to this sulcus). 
The occipital lobe lies below the parieto-occipital 
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sulcus, and the temporal lobe is situated below the 
lateral sulcus (Figs.  18.1  and  18.2 ).

    Knowledge of cross-sectional anatomy of the 
brain (Figs.  18.3 ,  18.4 , and  18.5 ) 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.  18.3 ,  18.4 , and  18.5 ).

18.2.2          Physiology 

18.2.2.1     Perfusion 
 Blood fl ow utilization by neurons is primarily 
related to synaptic activity at the neuron cell 

body; thus, gray matter requires about four times 
as much blood fl ow as white matter. In the nor-
mal brain, the overall determinant of regional 
cerebral blood fl ow (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).  
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Precentral
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sulcus Postcentral
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  Fig. 18.1    Diagram of the 
lateral surface of the brain 
illustrating its main anatomic 
features       

Isthmus

Parieto-
Occipital

sulcus

Precentral lobe Cingulate gyrus

Superior frontal
gyrus

Cingulate sulcus

Corpus callosum

Fornix

Parahippocampal gyrus
Inferior temporal

gyrus

Lingual gyrus

  Fig. 18.2    Diagram of the 
brain illustrating the main 
internal structures       

 

 

J.M. Mountz and R. Ahmed



597

18.2.2.2     Metabolism 
 In the brain, glucose metabolism provides approxi-
mately 95 % of adenosine triphosphate (ATP) 
required for brain function. Under normal physio-
logical conditions, glucose metabolism is tightly 
connected to neuronal activity.  18 F-FDG is an ana-
log of glucose and is taken up by living cells via the 
normal glucose pathway.  18 F-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 phosphorylation. The ratio-
nale behind its use as a tracer for cancer diagnosis 

depends on an increased glycolytic activity in 
neoplastic cells. The cell alterations related to neo-
plastic transformation are associated with func-
tional impairments that are discernible before 
structural alterations occur. Therefore, changes in 
neuronal activity induced by disease are refl ected 
in an alteration of glucose metabolism. 

     18 F-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 lesions.    

  Fig. 18.3    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 ) frontal 
lobe, ( 26 ) temporal lobe, ( 27 ) superior sagittal sinus, ( 28 ) 
gyrus rectus, ( 29 ) insular cortex, ( 30 ) anterior commissure, 

( 31 ) posterior horn lateral ventricle, ( 32 ) occipital lobe, 
( 33 ) Sylvian fi ssure, ( 34 ) external capsule, ( 35 ) calcarine 
sulcus, ( 36 ) cingulate gyrus, ( 37 ) anterior limb of the inter-
nal 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 ) precentral 
sulcus, ( 54 ) central sulcus, ( 55 ) postcentral sulcus. PreCG, 
precentral gyrus; PostCG, postcentral gyrus       
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18.3     Pathophysiology 

18.3.1     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 fl ow usually results in transient ischemic 
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 “hemody-
namic” stroke; alternatively, cerebrovascular 

compromise results from intraparenchymal 
(10 %) and/or subarachnoid (3 %) hemorrhage 
with acute effects because of blood and/or ele-
vated intracranial pressure and delayed effects 
because of ischemic defi cits from cerebral vaso-
spasm (CVS) [ 2 ]. 

 Through early studies with     15 O-water PET [ 3 , 
 4 ], hypoperfusion to the brain was classifi ed into 
three stages: irreversible cerebral infarction 
occurring with cerebral blood fl ow (CBF) 
<7–12 mL/100 g/min (ischemic core), abnor-
mally functioning but viable tissue with the 
potential for recovery or progression to infarc-
tion with CBF <20 mL/100 g/min but above the 

  Fig. 18.4    Coronal FLAIR MR images. ( 1 ) Superior fron-
tal gyrus, ( 2 ) orbit, ( 3 ) interhemispheric fi ssure, ( 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 fi s-
sure, ( 22 ) insular cortex, ( 23 ) amygdala, ( 24 ) corpus cal-

losum, ( 25 ) hippocampus, ( 26 ) basilar artery, ( 27 ) Sylvian 
fi ssure, ( 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 
fi ssure, ( 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       
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infarction threshold (penumbra), and mildly 
hypoperfused but otherwise normally function-
ing and not at-risk tissue with CBF >20–22 (oli-
gemia; normal CBF is 50–55 mL/100 g/min) [ 5 ]. 
The infarction rCBF threshold allowed the pre-
diction 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 occlu-
sion could remain viable, with relatively pre-
served cerebral metabolic rate of oxygen 
(CMRO 2 ), through compensatory 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 ].  

18.3.2     Dementia 

 Approximately 3–4 % of the adult population in 
the United States demonstrates signifi cant 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, 

  Fig. 18.5    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 fi ssure.  OL  occipital lobe,  P  pons, 
 Th  thalamus       
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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. Infl ammatory etiologies include multiple 
sclerosis and vasculitis. Infectious etiologies 
include syphilis, human immunodefi ciency 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 signifi cantly with age, with approxi-
mately 13 % of the population having dementia 
in the 77–84-year-old range, and almost 50 % in 
the population 95 years and older. With the 
increasing age of the population of the United 
States, dementia is expected to be a signifi cant 
health-care problem. It has been documented 
[ 13 ] that approximately 80 % of all dementias are 
attributable to Alzheimer’s disease or Lewy body 
dementia. Vascular dementia comprises approxi-
mately 18% of the dementias, with the other 
dementias comprising approximately 5.5 %. 

18.3.2.1     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 fi rst 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, disorien-
tation, hallucinations, and ultimately death by 
the age of 55. The autopsy showed classic 
 neuropathological changes as senile plaques and 
neurofi brillary tangles. He also described a gran-

ulovascular degeneration and amyloid 
angiopathy. 

The diagnosis of Alzheimer’s disease has tra-
ditionally 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 confi rmed by a neuropsy-
chological examination. Alzheimer’s dementia 
requires cognitive defi cits 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 
disease 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 (fi fth 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 impairment 
in at least one other cognitive domain interfering 
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with functional independence. For those with 
Mild Neurocognitive Disorder, AD diagnosis can 
only be made if the subject additionally tests pos-
itive for a mutation in an autosomal dominant AD 
gene or certain biomarkers. However, for the fi rst 
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 underlying symptoms of 
dementia, whereas previous diagnosis relied pri-
marily on neuropsychological evaluation, clinical 
assessment, and evaluation of family history or 
reports. Albert et al. [ 21 ] described three distinct 
phases for AD: presymptomatic, mildly symp-
tomatic but predementia, and dementia caused by 
AD. Furthermore, in conjunction with clinical 
evaluation, three biomarkers—cerebrospinal 
fl uid (CSF), magnetic resonance imaging (MRI) 
volume, and PET—were identifi ed to be useful 
for diagnosis. The presymptomatic stage marks a 
preclinical form of AD when biomarker changes 
indicate the presence 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 benefi t 
from vaccination approaches or other preventive 
strategies. The mildly symptomatic phase is 
marked by noticeable cognitive changes that do 
not necessarily interfere with daily life. The last 
stage is distinguished by defi nite memory, cogni-
tive, and behavioral defi cits that disrupt daily 
tasks.   

18.3.3     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 signifi cant physi-
cal, psychological, economic, and social toll on 
children and their caregivers. An epileptic seizure 
is defi ned 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 classifi cation 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 
activity is resumed as if nothing had happened. 
A myoclonic seizure is a brief contraction of a 
muscle, muscle group, or several muscle groups 
due to a cortical discharge. It can be single or 
repetitive, varying in severity from an almost 
imperceptible twitch to a severe jerking. Clonic 
seizures are typically seen in young children and 
consist of clonic jerking, which is often asym-
metric and irregular. Tonic seizures take the form 
of a tonic muscle contraction with altered con-
sciousness, without a clonic phase. Tonic–clonic 
(grand mal) seizures are the classic form of epi-
leptic seizure, with altered consciousness fol-
lowed by tonic extension and then clonic 
convulsive movements of all four extremities. 
Atonic seizures may manifest as the classic drop 
attack, in which all postural 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 specifi c, 
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 fi rst seizure is contro-
versial, as the recurrence risk of a subsequent sei-
zure is approximately 50 %. Antiepileptic drug 
therapy after the fi rst seizure appears not to alter 
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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 back-
ground of two previous events is higher, and for 
these reasons, most neurologists advocate institu-
tion of antiepileptic drug therapy after the second 
seizure. Clearly, treatment should be individual-
ized, as the recurrence risk is affected by such 
patient- specifi c variables as etiology (structural 
brain abnormalities carry a higher risk), electro-
encephalography (EEG) fi ndings (spike and 
wave discharges on the fi rst EEG carry a higher 
risk), and age (younger patients are at higher risk 
of recurrence, likely because of the confounding 
effect of etiology). Other issues such as seizure 
type, timing, and frequency (impact of seizures 
on quality of life); the cognitive, behavioral, and 
psychosocial side effects of antiepileptic drug 
therapy; and patient compliance with therapy 
must also be considered.  

18.3.4     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 fi eld 
defi cit, loss of language, unilateral weakness, 
sensory neglect, or diffi culty walking. There are 
no symptoms or signs specifi c to any brain tumor 
because the anatomic location of the tumor in the 
brain dictates the presentation. A tissue diagnosis 
through a biopsy or surgical resection is neces-
sary to confi rm the pathology, except in patients 
with metastatic tumors with a known primary 
tumor. The differential diagnosis of mass lesions 
in the brain includes abscess, multiple sclerosis 
lesions, infl ammatory disease, and other infec-
tions, 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 specifi c 
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 outweighs primary tumors by 4:1. 
Lung and breast carcinoma make up the major-
ity of metastatic tumors, largely because of the 
fact of their increased prevalence in the popula-
tion compared with other tumors. Melanoma is 
a less prevalent malignancy but has a high pro-
pensity 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 ner-
vous system lymphoma (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 infi ltrate 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 sei-
zures 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. 
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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 
confi rm 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, 
vascularity) for grading. Although this is regarded 
as largely suffi cient in untreated gliomas, it 
becomes unreliable in treated tumors because 
BBB damage 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 signifi cantly to clinical decision mak-
ing. Contrast enhancement also cannot provide 
proper grading in brain tumors with a constitutive 
lack of BBB, such as meningiomas and lympho-
mas. In general, functional measures related to 
tumor proliferation are expected to deliver more 
reliable information on prognosis than morpho-
logic 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  99m Tc-pertechnetate 
and  68 Ga-diethylene triamine pentaacetic acid 
and currently also fl uorothymidine (FLT) and vir-
tually all labeled macromolecules (although low- 

capacity slow-specifi c transfer by receptors has 
been observed for some). However, the excellent 
contrast may not indicate much more than the 
presence of BBB damage, which can readily be 
seen and even quantifi ed 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 fl uorodeoxyglucose (FDG) 
and labeled amino acids, because they are being 
transferred by large-capacity specifi c transporters 
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 diffi cult 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 effi cacy is a major goal to modify 
ineffi cient 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 effi cient clinical trials of 
new therapeutics.  

18.3.5     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 multiple 
system atrophy, progressive supranuclear palsy, 
corticobasal degeneration, drug-induced parkin-
sonism, vascular parkinsonism, and psychogenic 
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parkinsonism. Essential tremor typically occurs 
during voluntary movement rather than at rest; 
however, some patients with essential tremor can 
demonstrate resting tremor, rigidity, or other iso-
lated parkinsonian features, mimicking other eti-
ologies. 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 ].  

18.3.6     Hydrocephalus 

18.3.6.1    Anatomy and Physiology 
of Hydrocephalus 

 CSF is a clear fl uid similar to blood plasma. The 
intracranial and spinal cord structures fl oat 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 ventri-
cles 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 fl uid, leading to dilatation of 
the ventricular system. Hydrocephalus normally 
occurs as a result of obstruction to the fl ow and 
absorption of CSF, although there are rare cases 
of choroid plexus papillomas causing hydroceph-
alus by the overproduction of CSF. 

 Hydrocephalus is traditionally classifi ed 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 
infl ammatory, infectious, traumatic, and neoplas-
tic disorders, can cause hydrocephalus [ 27 ].  

18.3.6.2     Pathology Causing 
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 fl ow of CSF is impaired 
somewhere in the intracranial subarachnoid 
space, resulting in a reversal of CSF fl ow 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.  

18.3.6.3     Cerebrospinal Fluid Leakage 
 Leaking of CSF may be etiologically classifi ed 
into:
    1.    Traumatic: occurring in about 30 % of basilar 

skull fractures. Two percent of all head inju-
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ries develop a CSF fi stula. 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 ].   

   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 ].        

18.4     Scintigraphic Evaluation 
of CNS Diseases 

18.4.1     Radiopharmaceuticals 

 There are three main classes of radiopharmaceu-
ticals now available for functional brain imaging 
in nuclear medicine (1) regional cerebral blood 
fl ow, (2) regional cerebral metabolism, and (3) 
central nervous system receptor binding and 
other molecularly targeted agents. After intrave-
nous injection, the regional uptake and distribu-
tion of radiotracers are measured by single-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 comprehensive 
descriptions of radiopharmaceuticals for brain 
imaging have been provided in numerous prior 
reports [ 33 – 35 ]. 

 SPECT radiopharmaceuticals used for mea-
suring regional cerebral blood fl ow (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 fl ow. 
After this fi rst phase of transport, the tracers are 
essentially irreversibly trapped in the tissue 
compartment. The two major blood fl ow agents 
used in brain SPECT imaging are technetium-
99m hexamethylpropylene amine oxime (99mTc-
HMPAO) and Tc-99 m 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 
quantitatively provide measurements of blood 
fl ow 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 radiopharmaceuti-
cals is those that measure brain metabolism. 
These radiopharmaceuticals are transported to 
the brain tissues by regional cerebral blood 
fl ow, but subsequent regional cerebral distribu-
tion refl ects the utilization rate of the tracer in a 
cerebral metabolic pathway. Currently, there are 
no SPECT tracers that specifi cally measure nor-
mal cerebral metabolism. However, in brain 
tumor imaging, where the blood–brain barrier 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 fl uorine-18 2-fl uoro-
2-deoxy- d -glucose ( 18 F-FDG), [ 42 ]. [18F]-fl uoro-
3′-deoxy-3′- l - fl uorothymidine  (18F-FLT) is a 
new tracer used to indicate tumor proliferation 
to more specifi cally 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 
( 11 C-MET) and 3,4-dihydroxy- 6- 18 F-fl uoro- l -
phenylalanine ( 18 F-FDOPA). 

 The third class of radiotracers important in 
brain imaging is central nervous system receptor 
binding agents, which measure neuronal receptor 
density and binding affi nity [ 26 ]. In SPECT, a 
tracer which has been well characterized is 123I-β-
CIT. This benzamide compound has been used to 
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image the dopaminergic (D 2 ) transporter system 
in the corpus striatum [ 43 ]. In the United States, 
 123 I-iofl upane ( 123 I-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 
assessment 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 , 
 46 ]. After IV injection, these tracers initially fol-
low fi rst-order kinetics compartmental distribu-
tion since their delivery depends on cerebral 
blood fl ow. Over time, there is clearance of non-
specifi c uptake, and the delayed scan refl ects spe-
cifi c receptor binding. 

18.4.1.1     99mTc- 
Hexamethylpropyleneamine 
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 fi rst 
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 bar-
rier. The third compartment is the hydrophilic form 
of the tracer that is retained in the brain. Transport 
from the fi rst compartment to the second compart-
ment represents effl ux of lipophilic tracer from the 
blood compartment to the brain compartment. 
Back-exchange from the third compartment to the 
second compartment represents back-diffusion of 
the lipophilic form of the tracer and is essentially 
equal to zero since the tracer is irreversibly trapped 
(by intracellular reaction with glutathione) in the 
brain. Figure  18.6  shows a normal brain SPECT 
scan 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 distinc-
tion of small brain structures.

18.4.1.2        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 rapidly traverses 
the endothelium and capillary membranes into the 
brain cells [ 49 ]. However, in the third compart-
ment 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 nonspecifi c 
scalp and facial tissue background activity com-
pared with 99mTc-HMPAO. Figure  18.7  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.  18.8 ).

18.4.1.3         133 Xe for Quantitative 
Regional Cerebral Blood Flow 

 A recent advancement in brain SPECT imaging 
has been the development of special software 
primarily used on the Picker Prism triple-head 
camera 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 quantifi ca-
tion of regional cerebral perfusion (rCBF) in 
milliliters per 100 g of tissue per minute [ 50 ]. 
This is  possible since the clearance of  133 Xe is 
linearly proportional to the rCBF, and unlike 
tracers such as 99mTc-HMPAO or 99mTc-ECD, 
 133 Xe does not underestimate rCBF due to the 
limitations on extraction fractions at high cere-
bral blood fl ow rates. In our experience, we 
have found that the 133Xe clearance technique is 
more sensitive to changes in blood fl ow during 
Diamox augmentation of rCBF in the evalua-
tion of hemodynamically signifi cant vascular 
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stenosis and in cases of cortical blood fl ow 
changes in brain activation studies. One of the 
major limitations of 133Xe SPECT is the rela-
tively low energy of the emission photon result-
ing in a signifi cant 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 clear-
ance on a pixel-by-pixel basis, the count rate is 
low, requiring use of a 64 × 64 matrix, resulting 
in reduction in spatial resolution throughout 
the scan. 

 Dynamic  133 Xe SPECT is excellent in 
 assessing large territorial vascular abnormali-
ties due to its ease of quantitation and its ability 

to detect large major vessel territorial reduc-
tions in regional cerebral perfusion. Its utility is 
exemplifi ed in a study designed to measure 
cerebrovascular perfusion reserve with rest/
stress SPECT brain scans in patients with cere-
brovascular disease (CVD) and suffering from 
TIA undergoing evaluation for extracranial/
intracranial (EC/IC) arterial anastomosis or 
superfi cial temporal artery (STA)/middle cere-
bral artery (STA/MCA) bypass to assess and to 
specifi cally 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  18.9  illustrates the imaging results of a 

Normal 99mTc-HMPAO Brain Scan

  Fig. 18.6    Transverse tomographic images from a normal 
42-year-old female subject after injection of 20 mCi  99m Tc-
HMPAO. The transverse images are arranged parallel to 
and sequentially above the canthomeatal line, with the cer-
ebellum 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. There is seen to be high uptake of tracer in the cere-
bellum ( 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 structures 
compared to white matter. This is expected since the white 
matter physiologically has approximately 25 % lower 
blood fl ow than gray matter. The ventricles in this patient 
are extremely small, and the central reduction in tracer 
uptake is almost completely due to lower uptake in the 
white matter. These differences in uptake bestow the func-
tional scan with anatomic defi nition       
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62-year-old female with TIA. The angiogram 
showed the presence of a 99 % left ICA steno-
sis. The  133 Xe SPECT study confi rms the pres-
ence of hemodynamic vascular reserve 
constraint due to a high-grade stenosis of the 
left internal carotid artery.

   In a study on nine CVD patients, 99mTc-
HMPAO SPECT was found to be a more spe-
cifi c indicator of hemodynamic constraint since 
it was asymmetric only in cases of severe isch-
emia [ 52 ]. 133Xe SPECT detected asymmetries, 
even in the mild ischemic group, and therefore is 
a more sensitive detector of vascular disease. 
Because  133 Xe SPECT measures absolute rCBF 
(ml/100 g/min), it has one major advantage (i.e., 
to measure absolute perfusion) and thus 
can establish parameters of signifi cant ischemia 
independent from semiquantitative asymmetry 
values.  

18.4.1.4     15O-water for Quantitative 
Regional Cerebral Perfusion 
Measured by PET 

 Dynamic 15O-water PET scans with arterial sam-
pling provide the ability for the quantitative assess-
ment 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 quantifi cation is expressed in standard units of 
ml/100 g/min [ 53 ]. 

 The PET scan shown in Fig.  18.10a  was 
acquired on a Siemens/CTI ECAT HR + scanner 
in 3D imaging mode (63 parallel planes); axial 
fi eld-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  

Normal 99mTc-ECD Brain Scan

  Fig. 18.7    Transverse tomographic images from a normal 
41-year-old female subject after injection of 20 mCi 
 99m Tc-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  99m Tc-ECD is similar to 
 99m Tc-HMPAO, it is not identical, as described in the text       
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photon events. PET data was reconstructed 
using fi ltered back-projection (Fourier rebinning 
and 2D back- projection with Hann fi lter: kernel 
FWHM = 3 mm). Data was corrected for pho-
ton attenuation, scatter, and radioactive decay. 
A windowed transmission scan (10–15 min) 
was obtained for attenuation correction using 
 rotating  68 Ge/ 68 Ga rods, and a model-based cor-
rection was applied to account for the 3D scat-
ter fraction. The fi nal reconstructed PET image 
resolution was about 6 mm (transverse and 
axial planes). PET–MRI fusion images shown 
in Fig.  18.10b  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 registration (AIR) software 
[ 54 ].

18.4.1.5        Thallium-201(201Tl) 
  201 Tl in the form of thallous chloride is a cyclo-
tron produced radiopharmaceutical shown to 
have affi nity 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 diffi cult 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,  201 Tl is supplied in isotonic 
solution at pH 4.5–7.0 and contains NaCl for iso-

99mTc-HMPAO SPECT

99mTc-ECD SPECT

B.E. 42 Y/O F Normal

  Fig. 18.8    Images of a  99m Tc-HMPAO brain SPECT scan 
( top ) compared with a  99m Tc-ECD brain SPECT scan ( bot-
tom ) from a 42-year-old normal female. The  99m Tc-
HMPAO SPECT scan was oriented parallel to and 
sequentially above the canthomeatal line ( rows 1 and 2 ). 
The  99m Tc-ECD brain SPECT scan from the same patient 
was count normalized and spatially co-registered with the 

 99m Tc-HMPAO SPECT scan and corresponding sections 
are displayed in  rows 3  and  4  to facilitate comparison. 
Each scan section is 8 mm thick. The  99m Tc-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  99m Tc-ECD brain SPECT scan       
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  Fig. 18.9    Case of severe ischemia in a 62-year-old 
female with 99 % stenosis of the left ICA ( left ). The rest-
ing-state  99m Tc-HMPAO SPECT scan ( middle ) was nor-
mal. The post-Diamox  99m Tc-HMPAO SPECT scan 
( middle ) showed mild perfusion reduction in the left ICA 
territory ( middle ). This can be seen on the circumferential 
graphs (regions 3 and 4 shown on the  red graph ). The 

 133 Xe SPECT at rest showed mild vascular compromise 
( right ). The post-Diamox  133 Xe SPECT showed severe 
vascular constraint in the left ICA territory ( right ). This 
can be seen as a more clear reduction compared with the 
 99m Tc-HMPAO SPECT scan (regions 3 and 4 shown on the 
circumferential  red graph )       

tonicity and 0.9 % benzyl alcohol as a bacteri-
cidal agent [ 57 ]. The uptake of thallium in normal 
tissues has been hypothesized to act as a potas-
sium analog. Both elements belong to group IIIA 
of the periodic table. The distribution and reten-
tion of  201 Tl in the normal brain and tumors is an 
active process related to blood fl ow, loss of integ-
rity of the blood–brain barrier, tumor cell viabil-
ity, tumor type, tumor cell membrane function, 
and the Na + –K +  ATPase pump activity. 

 Normal brain tissues show minimal to no 
uptake of  201 Tl. 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.  18.11 ). The evaluation of viable 

tumor can be performed with great accuracy 
using brain SPECT or brain PET imaging. Brain 
SPECT imaging employs the tracer  201 Tl to detect 
new, residual, or recurrent viable tumor due to 
the fact that there is transport of  201 Tl across the 
breakdown in the blood–brain barrier and uptake 
of  201 Tl into regions of hypermetabolism.  201 Tl is 
postulated to represent “potassium analog” with 
affi nity 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.

18.4.1.6        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 

 

J.M. Mountz and R. Ahmed



611

perfusion imaging. The normal brain tissue 
shows minimal uptake of 99mTc-sestamibi. The 
normal physiological distribution in the head and 
neck region is similar to that of thallium and 
includes the scalp, nasopharyngeal area, salivary 
gland, and pituitary gland. There is notable sig-
nifi cant choroid plexus uptake, much greater 
when compared to  201 Tl. The choroid plexus 

uptake may be due in part from the pertechnetate 
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 presence of 
activity in the 4th ventricle which is visible on 
careful scrutiny of MIBI brain SPECT images 
(Fig.  18.12 ). It is postulated that after crossing 
the cell membrane MIBI is taken by the 

b

a
  Fig. 18.10    ( 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 fl ow (rCBF) quantifi ed 
in units of ml/100 g/min 
( color bar ). ( b ).  Right . PET 
scan shown in Fig.  18.10a  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 fl ow 
localized to the gray matter 
regions of brain       
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  Fig. 18.11    SPECT scan of  201 Tl in the normal brain. 
Uptake of  201 Tl in the normal brain is very low. It is impor-
tant to note that there is signifi cant 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 signifi cant 
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)       

 mitochondria in relation to negative electric 
potential. Normal myocardial uptake of MIBI 
depends on blood fl ow and the uptake of the 
mitochondria in metabolically 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 ].

18.4.1.7       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.  18.13 .  18 F-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 
 neoplasms as well as other diseases of the brain 

which were previously imaged using SPECT 
radiopharmaceuticals [ 65 ,  66 ]. In addition, due to 
the relatively long half-life of 18F (109 min), it 
can be transported regionally (within approxi-
mately 2–4-h travel time from a cyclotron pro-
duction facility) enabling a centrally located 
production facility to supply several camera sites.  

18.4.1.8     L -[Methyl- 11 C] methionine 
(11C-MET) 

 A PET amino acid isotope,  l -[methyl- 11 C] 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 ]. 

 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 signifi cant 
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advantage over CT, conventional MRI, and  18 F- 
FDG  PET [ 72 ,  73 ]. In high-grade gliomas,  11 C-
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 identifi ed 7 of 9 recurrences and 10 of 
12 radiation injuries [ 77 ]. A combined  18 F-FDG 
and  11 C-MET study for stereotactic biopsy of 32 
unresectable glioma patients demonstrated that 
 11 C-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 
 11 C-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  11 C-MET and that the addition of  11 C-
MET PET changed patient management [ 80 ].  

18.4.1.9    O-(2-[ 18 F] fl uoroethyl)- L -
tyrosine (18F-FET)  

 O-(2-[ 18 F] fl uoroethyl)- 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  18 F-FET    
uptake in a case of radiation necrosis [ 81 ], but fur-
ther systematic studies are necessary to confi rm 
this fi nding. In contrast to  18 F-FDG,  18 F-FET 
uptake was absent from macrophages, a common 
infl ammatory mediator [ 82 ]. In another study, the 
ratio of  18 F-FET uptake in radiation necrosis to 
that in the normal cortex was much lower than the 
corresponding ratios for  18 F-FDG and  18 F-choline 
suggestive of its potential for differentiating radi-
ation necrosis from tumor recurrence [ 83 ]. 

 In the last decade, studies on combined 18F-
FET and MRI have shown improved identifi ca-
tion of tumor tissue as compared to either modality 
alone [ 84 ,  85 ]. The specifi city of distinguishing 
gliomas from normal tissue could be increased 

  Fig. 18.12    Normal  99m Tc-MIBI brain SPECT scan. The 
fi gure 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 identifi -
cation. As seen in the normal  201 Tl 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 signifi cant 
 99m Tc-MIBI through the choroid plexus ( row two, image 
two, arrows ). This secretion by the choroid plexus often 
signifi cantly 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       

99mTc-sestamibi Normal SPECT Scan 
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from 68 % with the use of MRI alone to 97 % with 
the use of MRI in conjunction with  18 F-FET PET 
and MRI spectroscopy [ 86 ].  

18.4.1.10     3,4-Dihydroxy-6- 18 F-fl uoro- l    -
phenylalanine ( 18 F-FDOPA) 

 3,4-dihydroxy-6- 18 F-fluoro- l -phenylalanine 
( 18 F-FDOPA) is an amino acid tracer initially used 
for the evaluation of movement disorders [ 87 – 89 ] 
but recently being studied in the imaging of brain 
tumors.  18 F-DOPA crosses the BBB in the normal 
brain via the neutral amino acid transporter [ 90 , 
 91 ]. Although increased sensitivity and specifi city 
of  18 F-DOPA over  18 F-FDG was shown, no corre-
lation 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  18 F-DOPA 
in four cases of radiation 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 
[ 92 ]. When compared to  11 C-MET PET, no sig-
nifi cant difference in uptake was shown in either 
low- or high-grade tumors [ 93 ]. Larger series of 
radiation necrosis cases will be needed for confi r-
mation of these fi ndings, however.  

18.4.1.11      18 F-Fluoromisonidazole 
( 18F-FMISO) 

  18 F-Fluoromisonidazole is a nitroimidazole deriva-
tive PET agent used to image hypoxia [ 94 ], a physi-
ological marker for tumor progression and 
resistance to radiotherapy [ 95 ]. Its preferential 
uptake in high-grade rather than low-grade gliomas 
[ 96 ], a signifi cant relationship with the upregulation 
of angiogenic markers such as VEGF-R1 [ 97 ], and 

  Fig. 18.13    Normal 18F-FDG PET. A 36-year-old normal 
female volunteer underwent fully dynamic 18F-FDG PET 
with arterial sampling at rest. For purposes of comparison 
of a normal scan to tumor, 18F-FDG brain PET can be non-

specifi c since low-grade tumors produce areas of reduced 
metabolism relative to normal gray matter. High-grade 
brain tumors may produce areas of uptake equal to or only 
slightly greater than gray matter       
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correlation to progression and survival after radio-
therapy [ 98 ] suggest its potential role in monitoring 
response to therapy targeting hypoxic tissue.  

18.4.1.12     Cell Proliferation Imaging 
with 18F-FLT PET 

 3′-deoxy-3′-18F-fl uorothymidine (18F-FLT) has 
been used to indicate tumor proliferation in both 
preclinical and clinical studies [ 99 ,  100 ]. Transport 
of  18 F-FLT is mediated by both passive diffusion 
and Na + -dependent carriers. The tracer is subse-
quently phosphorylated by thymidine kinase 1 
(TK 1 ) into  18 F-FLT monophosphate where TK 1  is 
a principal enzyme in the salvage pathway of 
DNA synthesis. Whereas the TK 1  activity is virtu-
ally absent in quiescent cells, its activity reaches 

the maximum in the late G 1  and S phases of the 
cell cycle in proliferating cells [ 101 ]. The phos-
phorylation of the tracer by TK 1  therefore makes 
 18 F-FLT a good marker for tumor proliferation. 

 Imaging of brain tumor proliferative activity 
has been performed using semiquantitative mea-
sures of standard uptake values.  18 F-FLT imaging 
can be correlated with stereotactic biopsies repre-
senting the Ki-67 proliferation index. Recurrent 
or residual viable tumor demonstrates increased 
quantitative  18 F-FLT utilization and can provide a 
useful index to separate residual or recurrent 
 viable tumor from radiation or chemotherapy 
necrosis.  18 F-FLT is more specifi c for detection of 
viable tumor proliferation since the background 
activity in the normal brain is low (Fig.  18.14 ), 

Contrast-MRI

Baseline

Day 8

SUVmax: 8.32

SUVmax: 3.04

MPRAGE-MRI FLT-PET
PET/MRPAGE
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a b c d

  Fig. 18.14    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 performed 
40 min after injection of 185 MBq F-18  3′-deoxy-3′-  18 F - 
fl uorothymidine     (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 
SUV max  = 8.32. ( d ) PET MR fusion images. The patient 

was treated with 6 weeks of temozolomide and a total of 
60-Gy radiotherapy (STUPP protocol) [ 2 ,  3 ]. A post- 
therapy T1 weighted MR ( e ), post therapy MP-RAGE ( f ) 
and post therapy  18 F-FLT-PET ( g ) was acquired 8 days 
after the initiation of temozolomide and radiotherapy 
combination to assess early response [ 4 – 7 ]. While MRI 
( h ) shows no substantial change, FLT uptake was signifi -
cantly decreased after fi rst week of therapy ( g ) now with 
SUVmax = 3.04 (From Oborski et al. [ 162 ]).       
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unlike  18 F-FDG which has a high normal brain 
background.

    Figure   18.15   demonstrates  1-year follow-up 
 gadolinium-enhanced MRI of patient in image 
Fig.   18.14 .

18.4.2         Scintigraphic Imaging 
Techniques 

18.4.2.1    Image Acquisition 
   SPECT Image Acquisition 
 In single-photon emission computed tomogra-
phy (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 maxi-
mum (FWHM) extrinsic resolution] [ 102 ]. The 
resolution has improved, primarily, due to the 
increased count detection capability of these 
cameras. In addition, these cameras allow faster 

throughput of patients since the scan time can 
be decreased. Scanning can be performed in 
temporal segments, with summation of the pro-
jection 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 fi rst 15-min imaging seg-
ment can be used for reconstruction of the com-
plete 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 investigation are rela-
tively large, and a scan with only moderate 
counts or mild motion is still adequate for clini-
cal diagnosis. 

a b

  Fig. 18.15    1-year follow-up  gadolinium-enhanced MRI 
of patient in image Fig. 18.14 . 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 
location of primary tumor, ( a )  gadolinium-enhanced 
T1-weighted MR image  and ( b )  T1-weighted spin echo 
sequence image  ( arrows ) (From Oborski et al. [ 162 ])       
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 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 simplifi ed and more 
routine which reduces pre-acquisition and post- 
processing errors by the technologist. In addi-
tion, 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 stan-
dardized 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 suffi cient. The PET 
scanner should be of the latest generation, full 
ring, and multislice to cover the entire brain. 
The 3D acquisition mode should be used to 
accommodate lower dosimetery and to improve 
the count statistics of the data. Measured atten-
uation correction should be employed. The 
image should be reconstructed with the stan-
dard clinical  reconstruction including all neces-
sary corrections (such as for randoms, scatter, 
and attenuation). Quality control with calibra-
tion phantoms should be performed in order to 
assure qualitative accuracy (e.g., using the 
Hoffman brain phantom) and quantitative accu-
racy (e.g., using a uniform cylinder phantom) 
should be run periodically to assess scanner 
stability [ 104 ].  

   Dual PET–MRI Acquisition 
 A Siemens Biograph mMR PET–MRI whole- 
body human scanner integrates a 3-T Verio MRI 
and PET scanner. The mMR can acquire simulta-
neous MR and PET images with the quality of 
separate PET and MRI scanners (Fig.  18.16 ). 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). 

18.4.2.2        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 identifi cation of the anterior (AC) and poste-
rior (PC) commissures of the brain to defi ne the 
AC–PC line. After the AC–PC line is identifi ed, 
an origin (O) is defi ned 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 defi ned from the 
scan itself. Thus, in this coordinate system, three 
Cartesian axes are defi ned, with the edges of the 
brain identifi ed 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 
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 
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  Fig. 18.16    A 42-year-old male with a GBM with baseline 
scan ( top row ). Treatment was started with Temodar + veli-
parib (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       

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.  18.17 . A 2-tissue-compartment model 
was used to analyze the data and spoiled gradi-
ent echo (SPGR) MRI volume data (1-mm-thick 
MR sections) were transferred to the PET facility 
over the electronic network from the MRI cen-
ter 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.  18 F-FDG 
PET scan image slice thickness = 2.0 mm with 

reconstructed in-plane image resolution = 4-mm 
FWHM. The  18 F-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  18 F-FDG PET image data analysis, this 
translates to methods to test hypotheses about 
regionally specifi c effects (e.g., the probability of 
fi nding a region of increased regional cerebral 
perfusion or metabolism by chance). It was origi-
nally 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 
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voxels contained within the scans are compared 
in the same space on a voxel-by-voxel basis using 
linear constraints to test hypotheses for specifi c 
focal effects using a univariate statistical test. 
The resulting statistical parameters are then 
assembled onto an image (i.e., the statistical 
parametric map). Statistical differences are inter-
preted as regionally specifi c effects, attributable 
to some alteration in brain function from one 
scan to the other. The signifi cance of these differ-
ences 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 
signifi cant 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 fi eld 
theory to make statistical inference about regional 
effects. Software for SPM analysis is available as 
Freeware from the Welcome Department of 
Imaging Neuroscience [ 108 ]. Although the SPM 

package includes most of the programs required 
for image processing and analysis, visualization 
of images and some processing or image editing 
and reformatting may require more dedicated 
biomedical image processing software. 

 Statistical parametric mapping was performed 
to compare the regional distribution of  99m Tc-
HMPAO brain SPECT scans with  99m Tc-ECD 
brain SPECT scans in normal patients [ 109 ]. 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  99m Tc-
HMPAO brain SPECT scans and 55 patients 
undergoing  99m Tc-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. 
Specifi cally, large areas of the parietal, occipital, 
and superior temporal cortices demonstrated 
lower uptake in the  99m Tc-HMPAO brain SPECT 
scan group as compared to the  99m Tc-ECD brain 

  Fig. 18.17     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 
normal female volunteer who underwent fully dynamic 
 18 F-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 sec-

tions) that were transferred to the PET facility over the 
electronic network and registered with the PET data. 
The  18 F-FDG PET scan image slice thickness = 2.0 mm 
with reconstructed 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  18 F-FDG brain PET scans 
or regional cerebral blood fl ow brain SPECT scans       
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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 
 99m Tc-HMPAO group as  compared to the  99m Tc-
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.    

18.4.3     Clinical Applications 

18.4.3.1    Cerebrovascular Disease 
 Nuclear medicine techniques have been used for 
the past 55–60 years to investigate cerebrovas-
cular diseases and stroke mainly through tomo-
graphic applications, such as positron emission 
tomography (PET) and single-photon emission 
computed tomography (SPECT) [ 110 ]. 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 identifi cation of a 
poststroke blood fl ow 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 clin-
ical usefulness since a rest  perfusion scan may 
not provide signifi cant additional clinical infor-
mation 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 identifi cation of patients 
at risk for stroke [ 111 ]. After carotid endarterec-
tomy, these patients underwent repeat SPECT 
which confi rmed improvement in vascular reac-
tivity. Therefore, Diamox SPECT scans may pro-
vide objective evidence for the selection of 
patients with a high-grade asymptomatic carotid 

stenosis who will benefi t from carotid endarter-
ectomy [ 111 ]. 

 The standard vasoreactive stress protocol is to 
fi rst perform a resting-state  99m Tc-HMPAO brain 
SPECT scan to assess the blood fl ow to the vascu-
lar territories of the brain. In many cases in 
patients with TIA, the blood fl ow 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  99m Tc-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  99m Tc-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 CO 2  in the brain which causes dilatation of the 
vasculature. There is an increase in the blood fl ow 
to the normal brain of about 30 %, and areas of 
hemodynamic constraint can be identifi ed 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 fl ow. 

 Figure  18.18  illustrates the clinical utility of 
vasoreactive challenge rCBF SPECT in a 58-year-
old man who presented with transient ischemic 
attack characterized by transient neurological 
defi cits in motor function of the right upper and 
right lower extremities. On angiography, there 
was 100 % narrowing of the left internal carotid 
artery. The MRI scan was normal. The resting-
state  99m Tc-HMPAO (pre-Diamox) brain SPECT 
scan showed only mild decrease in perfusion. 
The post-Diamox vasoreactive stress scan showed 
a large region of decreased regional cerebral per-
fusion in the left frontal, temporal, and parietal 
lobes representing severe rCBF compromise in 
the distribution of the left internal carotid artery. 
This patient subsequently underwent left ICA 
balloon angioplasty. A follow-up rest and vasore-
active challenge rCBF SPECT indicated that all 
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regions of the brain increased in blood fl ow as a 
result of Diamox fl ow augmentation and the left 
internal carotid artery vascular territory was no 
longer constrained. It is important to diagnose 
areas of hemodynamic vascular constraint since 
patients with this degree of vascular compromise 
have signifi cant risk for sudden infarction in 
addition to a chronic risk for selective neuronal 
loss and vascular dementia. Figure  18.19  shows 
 99m Tc-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  18.20  shows rest and post diamox stress 
 99m Tc-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 demonstrated on Subtraction images.

Case: D.B. LICA Occlusion

Tc-99m HMPAO SPECT

Pre-Angioplasty

Post-Angioplasty

Tc-99m HMPAO SPECT

Pre-Diamox

Pre-Diamox Post-Diamox

Post-Diamox

R R

R RL

L L

L

  Fig. 18.18    Angiogram showing complete left ICA 
occlusion in a patient with transient ischemic symptoms 
( top ,  left ). The resting scan ( top ,  middle ) shows slight 
reduction of blood fl ow to the left ICA distribution. The 
post-Diamox scan ( top ,  right ) shows signifi cant relative 
reduction 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 ( bot-
tom ,  left ) now shows a patent left internal carotid artery. 
The resting   99m Tc-HMPAO brain SPECT scan ( bottom , 
 middle ) shows a more symmetric perfusion of tracer dis-
tribution at rest. More importantly, after Diamox, there is 
no relative reduction in the left hemisphere as compared 
to the right hemisphere ( bottom ,  right )       
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        Assessment for Carotid Artery Sacrifi ce: 
Balloon Occlusion Test (BOT) 
 In some instances, it may be necessary to sacri-
fi ce 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 [ 112 ,  113 ]. 

 Measurement of cerebral blood fl ow (CBF) has 
revealed that substantial cerebral hypoperfusion 

  Fig. 18.19    ( a )  99m Tc-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   99m Tc-
HMPAO IV in a dimly lit and quiet room, a brain SPECT 
scan was performed 15 min post radiotracer injection to 
assess for blood fl ow 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 fi ndings of dense 
reduction of tracer uptake in the mid right MCA territory, 
consistent with the prior known infarction. ( b )  99m Tc-
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 
fi xation 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 signifi cant 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       

Rest SPECT

a

b

c
Diamox Stress SPECT

MIMVista 3D Subtraction

  Fig. 18.20    A 60-year-old female with transient left-sided weakness and facial droop. ( a – c ) Rest, stress, and 3D subtrac-
tion SPECT demonstrate relative decreased cerebral perfusion in right ICA territory between rest and stress states       
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  Fig. 18.21    ( a ) Pre-balloon occlusion baseline study: 
patient is a 55-year-old female with a skull base menin-
gioma. The patient was injected with radiopharmaceutical 
(44.5 mCi of  99m Tc-HMPAO IV) in a dimly lit and quiet 
room during the resting state. After waiting approxi-
mately 10 min for radiotracer incorporation into the brain, 
a brain SPECT scan was performed. SPECT images dem-
onstrate symmetric tracer uptake in both the left and right 
internal carotid artery territories. This baseline study 
shows good fi lling of all vascular territories. Findings 
were consistent with normal baseline resting-state study, 
with no major vascular territorial signifi cant reductions of 
blood fl ow. Post balloon occlusion images ( b ). In angio-
graphy suite, balloon test occlusion ( BOT ) of the left 
internal carotid artery was performed. During the 13 min 
of balloon infl ation, 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 defl ated. After 
patient stabilization, a brain SPECT scan was performed. 
There is a region of dense hypoperfusion in the left inter-
nal ICA territory. The scan shows essentially no signifi -
cant blood fl ow 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 perfu-
sion in the region of left ICA. These fi ndings are consis-
tent with dense reduction of blood fl ow to a relatively 
large part of the left internal carotid artery indicating lack 
of collateral supply to the region         
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may occur when a patient does not show any neu-
rological symptoms during BOT and may thus 
predict the potential risk after carotid occlusion 
[ 114 ,  115 ]. Among several methods of CBF stud-
ies, SPECT  99m Tc-HMPAO or  99m Tc-ECD has 
been increasingly applied in conjunction with 
BOT, because both tracers— 99m Tc-HMPAO and 
 99m Tc-ECD—rapidly distribute in the brain and the 
image is constant long after injection. SPECT 
images acquired after the completion of BOT 
might still refl ect 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 [ 114 ,  116 ]. Although the cause of these 
ischemic events seems to be either embolic or 
hemodynamic, how hemodynamic change may 
occur after permanent carotid occlusion has not 
been suffi ciently clarifi ed. Figure  18.21   illustrates 
the value of the balloon occlusion testing (BOT), 
in a 55-year-old female with a skull base 
meningioma.

18.4.3.2        Dementia 
   Alzheimer’s Disease 
 The 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  18 F-FDG brain 
PET and  99m Tc-HMPAO or  99m Tc-ECD brain 
SPECT. There is a reduction of brain glucose 
metabolism identifi ed on PET due to reduced neu-
ronal metabolism and synaptic activity. A reduc-
tion in brain perfusion on regional cerebral 
perfusion SPECT is identifi ed as a decrease in 
blood fl ow and reduction in neuronal and synaptic 
activity (proportional to the blood fl ow) in areas of 
reduced metabolism caused by amyloid deposi-
tion, a fi nding characteristic of Alzheimer’s dis-
ease. The characteristic fi ndings on  18 F-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 fl ow to the posterior cingulate gyrus, (3) 
relatively early onset (less than 65 years) with 
more marked abnormalities on reduction of 

c
Subtraction

Fig. 18.21 (continued)
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 18 F-FDG uptake and blood fl ow, (4) less common 
primary 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. 

   SPECT Imaging of Alzheimer’s Disease 
 Alzheimer’s disease (the most common progres-
sive degenerative dementia) is characterized by 
low global blood fl ow 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  18.22  
shows a 67-year-old woman with a progressive 
cognitive decline. Her  99m Tc-HMPAO brain 
SPECT scan shows signifi cant 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 
normalization of blood fl ow 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 therapeutic 
protocols have now been established for these 
two causes of memory impairment [ 117 ]. Recent 
therapeutic advances are emerging from clinical 
trials of cholinomimetic drugs indicating that 

Tc-99m HMPAO SPECT

R.H.
67 Y/O F

R L

Alzherimers’s Disease

  Fig. 18.22    Transverse sections ( top ) and sagittal sections 
( bottom ) from a  99m Tc-HMPAO brain SPECT scan of a 
67-year-old female with Alzheimer’s disease. The scans 
scan shows global decrease in blood fl ow 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 
fl ow 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 fl ow pattern defects 
seen in Alzheimer’s disease are seen in this patient       
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these drugs may improve the abnormal behav-
ioral symptoms of Alzheimer’s disease [ 118 ]. 
The inhibition of acetylcholinesterase (AChE) by 
acetylcholinesterase inhibitors reduces the enzy-
matic breakdown of  endogenously released ace-
tylcholine (ACh) resulting in greater synaptic 
concentrations of ACh at the postsynaptic ACh 
receptors. Inhibitors (such as donepezil) have 
been reported to signifi cantly improve many 
manifestations of behavioral disturbance includ-
ing agitation, apathy, hallucinations, and aberrant 
motor behavior. Cholinesterase inhibitors can be 
effective in slowing the memory loss in 
Alzheimer’s disease. Figure  18.23  shows a  99m Tc-
HMPAO brain SPECT scan of a 66-year- old 
patient with early Alzheimer’s disease before and 

after 1 year of therapy with the acetylcholinester-
ase inhibitor donepezil.

      PET Imaging of Alzheimer’s Disease 
    18 F-FDG Imaging 
 Accurate and early diagnosis of Alzheimer’s dis-
ease (AD) is vital to ensure patients receive the 
proper treatment, research is targeted correctly, 
and prevention and cures are found. However, it 
can be diffi cult 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-
ioral assessment, and patient history.  18 F-FDG 

  Fig. 18.23     99m Tc-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 
 99m Tc-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 fl ow 
to the frontal lobes and slightly increased blood fl ow to 
the posterior temporoparietal regions       

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
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PET imaging has been reported to have a sensi-
tivity of 93 % and a specifi city of 63 % [ 119 ]. 
Figures  18.24  and  18.25  show examples of  18 F-
FDG PET scanning in the diagnosis of AD. In the 
analysis of  18 F-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 [ 120 ].

    Figure  18.25  shows  18 F-FDG PET images of 
a 53-year-old male with symptoms of cognitive 
impairment and memory loss for 2 years. The 
patient satisfi ed 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  18.25  
(left) shows standard PET images in transverse 
section illustrating reduction of  18 F-FDG uptake 
in the posterior temporoparietal regions. The 
patient’s MRI scan showed nonspecifi c atrophy 
for age. Figure  18.25  (right) illustrates the value 
of analysis of  18 F-FDG PET statistical paramet-
ric mapping using 3D SSP. The 3D SSP statisti-
cal map shows difference between the patient 
and normal age-matched controls. The 3D SSP 
map shows signifi cant reduction of metabolism 
in the temporoparietal regions bilaterally which 
on this image shows  Z  scores of signifi cant 
reduction of  18 F-FDG uptake between four and 
six in the posterior temporoparietal    regions.  

    18 F-Florbetapir (AMYViD or  18 F-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 ( 11 C-PIB) 
and several F18-labeled agents (fl orbetapir, fl or-
betaben, fl utemetamol). 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 radio-
pharmaceutical agent to assist clinicians in 
detecting causes of cognitive impairment other 
than Alzheimer’s disease.  18 F-fl orbetapir injec-
tion (Amyvid, Eli Lilly) is indicated for positron 
emission tomographic (PET) imaging of the brain 
in cognitively impaired adults undergoing evalu-

ation for Alzheimer’s disease and other causes 
of cognitive decline [ 121 ]. Florbetapir binds to 
amyloid aggregates in the brain, and the fl orbeta-
pir PET image is used to estimate the density of 
β-amyloid neuritic plaque. As a component of a 
comprehensive diagnostic evaluation, the fi nding 
of a “negative” fl orbetapir scan should intensify 
efforts to fi nd a non-Alzheimer’s disease cause 
of cognitive decline. Florbetapir brain imaging 
is a new type of nuclear medicine imaging, and 
the interpretation of the image requires special 
training. The unique features of the  imaging 
 information also require careful consideration 
when the scan results are integrated into a diag-
nostic evaluation. 

 Although the pathophysiological conse-
quences of accumulation of β-amyloid in the 
brain are uncertain, neuropathological identifi ca-
tion of amyloid plaques, typically at autopsy, has 
long been recognized as essential to confi rming 
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 fl orbetapir scan 
as a new test for the disease [ 122 ]. Figure  18.26  
demonstrates  18 F-fl orbetapir (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 identifi ed 
as having signifi cantly abnormal amounts of 
uptake relative to the cerebellar hemispheres to 
suggest the presence of abnormal amount of the 
amyloid plaque in the cortex.

      Figure  18.27  illustrates AMYViD brain scan 
of a 55-year-old male with clinical suspicion of 
early onset of Alzheimer’s disease. There is sig-
nifi cantly increased tracer uptake in the gray mat-
ter, predominantly in the frontal lobes, but also to 
a signifi cant degree in almost all of the other gray 
matter areas. There is also complete loss of dis-
tinction between white and gray matter in the 
frontal, temporal, and parietal lobes. This loss of 
distinction between white and gray matter is con-
sistent with amyloid plaques deposition in the 
cortex, suggestive of Alzheimer’s disease.
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a b c d
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  Fig. 18.24    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  18 F-FDG PET scan. Her Folstein 
mini- mental score was 9/30 and satisfi es the ADRDA crite-
ria for probable Alzheimer’s disease. ( a ) MRI scan reveals 
chronic small vessel ischemic changes and mild diffuse 
atrophy without a specifi c pattern which would be diagnos-
tic for Alzheimer’s disease. ( b ).  18 F-FDG brain PET scan 
section obtained from the Siemens HR + shows  18 F-FDG 
reduction involving the posterior temporal and parietal 
lobes bilaterally, the right more severely affected as com-
pared to the left. ( c )  18 F-FDG brain PET scan fused with the 
T1-weighted MRI scan. In the areas of decreased  18 F-FDG 
uptake, there is no cerebral atrophy out of proportion with 
other areas of the brain to indicate that the reduction of  18 F-

FDG uptake is an atrophy effect, and therefore decreased 
 18 F-FDG uptake can be attributed to reduced neuronal met-
abolic activity as a result of neuronal impairment attribut-
able 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 signifi cant 
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 tempo-
ral lobe with  z  scores ranging between 2 and 5. The overall 
constellation of fi ndings is typical for Alzheimer’s disease, 
slightly asymmetric, with greater impairment of the right 
hemisphere       

  Fig. 18.25     Left .  18 F-FDG brain 
PET scan in transverse section 
illustrating signifi cant reduction 
in regional glucose metabolism 
in the posterior temporoparietal 
lobes bilaterally. The patient is a 
52-year-old male with symptoms 
of cognitive impairment and 
memory loss for 2 years. The 
patient satisfi ed the ADRDA 
criteria for probable Alzheimer’s 
disease with a Folstein 
mini-mental status measuring 16 
out of 30. In addition to 
signifi cant reduction of  18 F-FDG 
uptake involving the temporopa-
rietal lobes bilaterally, there is 
also signifi cant reduction in the 
posterior cingulate gyrus region. 
There is relative sparing in the 
sensorimotor cortical area and 
basal ganglia region.  Right . The 
3D SSP map of statistically 
signifi cant difference between 
the patient and age-matched 
normal controls shows 
signifi cantly reduced glucose 
metabolism in the posterior 
temporoparietal lobes bilaterally, 
right slightly greater than left 
(lateral views), and posterior 
cingulate (medial views)       
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  Fig. 18.26    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 scan-
ner. 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 identifi ed as having statistically 
signifi cantly abnormal amounts of uptake relative to the 

cerebellar hemispheres to suggest the presence of abnor-
mal 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 inferior 
frontal lobes, and the anterior cingulate gyrus do not show 
a statistically signifi cant abnormal increase in tracer 
uptake to suggest the presence of abnormal amyloid 
plaque deposition       
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      Summary of Centers for Medicare &amp; 
Medicaid Services Decision Memorandum 
for PET Imaging in Suspected Dementia, 
September 2013 

 The Centers for Medicare & Medicaid Services 
(CMS) issued a decision memorandum for 
 positron emission tomography (PET) amyloid-
beta (Aβ) imaging in September 2013. It states 
that:
    A.    The Centers for Medicare & Medicaid Services 

(CMS) has determined that the evidence is 
insuffi cient to conclude that the use of positron 
emission tomography (PET) amyloid- beta 
(Aβ) imaging is reasonable and necessary for 
the diagnosis or treatment of illness or injury 
or to improve the functioning of a malformed 
body member for Medicare benefi ciaries with 
dementia or neurodegenerative disease, and 
thus PET Aβ imaging is not covered under 
Social Security Act (“the Act”).   

   B.    However, there is suffi cient evidence that the 
use of PET Aβ imaging is promising in two 

scenarios: [1] to exclude Alzheimer’s disease 
(AD) in narrowly defi ned and clinically diffi -
cult differential diagnoses, such as AD versus 
frontotemporal dementia (FTD); and [2] to 
enrich clinical trials seeking better treatments 
or prevention strategies for AD, by allowing for 
selection of patients on the basis of biological 
as well as clinical and epidemiological factors.     

 Therefore, we will cover one PET Aβ scan 
per patient through coverage with evidence 
development (CED) in clinical studies that meet 
the criteria in each of the paragraphs below. 

 Clinical study objectives must be to develop 
better treatments or prevention strategies for AD, 
or as a strategy to identify subpopulations at 
risk for developing AD, or resolve clinically dif-
fi cult differential diagnoses (e.g., frontotemporal 
dementia (FTD) versus AD) where the use of 
PET Aβ imaging appears to improve health out-
comes. These may include short-term outcomes 
related to changes in management as well as 
 longer-term dementia outcomes. 

  Fig. 18.27    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 signifi cantly 
increased tracer uptake in the gray matter, predominantly 
in the frontal lobes, but also to a signifi cant 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       
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 Clinical studies must be approved by CMS, 
involve subjects from appropriate populations, 
and be comparative and longitudinal. Where 
appropriate, studies should be prospective, ran-
domized, and use postmortem diagnosis as the 
endpoint. Radiopharmaceuticals used in the PET 
Aβ scans must be FDA approved. Approved stud-
ies must address one or more aspects of the fol-
lowing questions. For Medicare benefi ciaries 
with cognitive impairment suspicious for AD or 
who may be at risk for developing AD:
    1.    Do the results of PET Aβ imaging lead to 

improved health outcomes? Meaningful health 
outcomes of interest include avoidance of 
futile treatment or tests; improving, or slowing 
the decline of, quality of life; and survival.   

   2.    Are there specifi c subpopulations, patient 
characteristics or differential diagnoses that 
are predictive of improved health outcomes in 
patients whose management is guided by the 
PET Aβ imaging?   

   3.    Does using PET Aβ imaging in guiding patient 
management, to enrich clinical trials seeking 
better treatments or prevention strategies for 
AD, by selecting patients on the basis of bio-
logical as well as clinical and epidemiological 
factors, lead to improved health outcomes?     
 Any clinical study undertaken pursuant to this 

national coverage determination (NCD) must 
adhere to the timeframe designated in the 
approved clinical study protocol. Any approved 
clinical study must also adhere to the following 
standards of scientifi c integrity and relevance to 
the Medicare population.
    (a)    The principal purpose of the research study 

is to test whether a particular intervention 
potentially improves the participants’ health 
outcomes.   

   (b)    The research study is well supported by 
available scientifi c and medical information, 
or it is intended to clarify or establish the 
health outcomes of interventions already in 
common clinical use.   

   (c)    The research study does not unjustifi ably 
duplicate existing studies.   

   (d)    The research study design is appropriate to 
answer the research question being asked in 
the study.   

   (e)    The research study is sponsored by an orga-
nization or individual capable of executing 
the proposed study successfully.   

   (f)    The research study is in compliance with all 
applicable Federal regulations concerning 
the protection of human subjects.   

   (g)    All aspects of the research study are con-
ducted according to appropriate standards of 
scientifi c integrity.   

   (h)    The research study has a written protocol 
that clearly addresses, or incorporates by 
reference, the standards listed here as 
Medicare requirements.   

   (i)    The clinical research study is not designed to 
exclusively test toxicity or disease pathophys-
iology in healthy individuals. Trials of all 
medical technologies measuring therapeutic 
outcomes as one of the objectives meet this 
standard only if the disease or condition being 
studied is life threatening and the patient has 
no other viable treatment options.   

   (j)    The clinical research study is registered on 
the ClinicalTrials.gov website by the princi-
pal sponsor/investigator prior to the enroll-
ment of the fi rst study subject.   

   (k)    The research study protocol specifi es the 
method and timing of public release of all 
pre-specifi ed outcomes to be measured 
including release of outcomes if outcomes 
are negative or the study is terminated early. 
The results must be made public within 24 
months of the end of data collection. If a 
report is planned to be published in a peer- 
reviewed journal, then that initial release 
may be an abstract that meets the require-
ments of the International Committee of 
Medical Journal Editors. However, a full 
report of the outcomes must be made public 
no later than three years after the end of data 
collection.   

   (l)    The research study protocol must explicitly 
discuss subpopulations affected by the treat-
ment under investigation, particularly tradi-
tionally underrepresented groups in clinical 
studies, how the inclusion and exclusion cri-
teria effect enrollment of these populations, 
and a plan for the retention and reporting of 
said populations on the trial. If the inclusion 
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and exclusion criteria are expected to have a 
negative effect on the recruitment or reten-
tion of underrepresented populations, the 
protocol must discuss why these criteria are 
necessary.   

   (m)    The research study protocol explicitly dis-
cusses how the results are or are not expected 
to be generalizable to the Medicare popula-
tion to infer whether Medicare patients may 
benefi t from the intervention. Separate dis-
cussions in the protocol may be necessary 
for populations eligible for Medicare due to 
age, disability, or Medicaid eligibility.          

   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 benefi t 
from a revascularization procedure before any 
further dementia or frank infarction occurs. 
A common form of vascular dementia is pro-
duced 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 compared to the posterior regions of the brain. 
Finally, the subcortical structures or internal cap-
sule region may demonstrate asymmetry in 
blood fl ow due to the presence of small embolic 
events in these locations. Figure  18.28  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 
 section from the  99m Tc-HMPAO brain SPECT 
scan and the CT–SPECT fusion image. The CT 
scan shows atrophy with areas of tissue loss 
characteristic of small embolic infarctions. The 
 99m Tc-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 char-
acteristic of embolic disease. There is no specifi c 
reduction of rCBF to the posterior regions of the 
brain as would be characteristic of Alzheimer’s 
disease.

VASCULAR DEMENTIA

99mTc-HMPAO
rCBF SPECT

CT-SPECT FusionCT
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  Fig. 18.28    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  99m Tc-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  99m Tc-

HMPAO brain SPECT scan through the same level shows 
the regular uptake in the cortical structures with diminu-
tions 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 pos-
terior portion of the brain as noted in the case of 
Alzheimer’s disease       
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      Imaging of Other Causes of Dementia 
 Pick’s disease is a rapidly progressing frontal 
lobe-type dementia. A  99m Tc-HMPAO brain 
SPECT scan of a patient with early Pick’s disease 
is shown in Fig.  18.29 . 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 signifi cant 
frontal lobe atrophy. The  99m Tc-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 charac-
terized by gradual impairment of language func-
tion 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 continue 
with their activities of daily living. “Word-fi nding” 
or “naming” diffi culty (dysnomia) is the most 

common and earliest clinical presentation of PPA. 
Figure  18.30  shows an MRI and  99m Tc-HMPAO 
SPECT scan of a 65-year- old woman with a mild 
degree of dysnomia. The subject presented with a 
7-year history of “tripping” over words. Initially, 
she had trouble with multisyllable words but pro-
gressed to have diffi culty even with single-syllable 
words. She complained of problems with her 
decreasing fl uency. 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 inability to get the right tune. 
She scored 30/30 on the mini-mental status exami-
nation (MMSE). Her right frontotemporal region 
shows atrophy on MRI and reduced rCBF on 
SPECT. There is a larger area of right frontotem-
poral hypoperfusion on rCBF SPECT in relation 
to the degree of atrophy identifi ed on MRI.

18.4.3.3        Epilepsy: Epileptogenic Focus 
Localization Imaging 

 Regional cerebral perfusion evaluation in patients 
with epilepsy has proven to be of signifi cant clin-
ical value for identifi cation of the epileptogenic 

Pick’s Disease

MRI
99mTc-HMPAO
rCBF SPECT

MRI-SPECT Fusion

R L R L R L

  Fig. 18.29     99m Tc-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 demen-
tia. The CT scan ( left ) shows mild atrophy in the Sylvian 
regions but no frontal lobe atrophy. The  99m Tc-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 hypoperfusion seen on the 
 99m Tc-HMPAO brain SPECT scan       
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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 fi rst 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 fl ow in 
the area of seizure discharge. Therefore, the most 
valuable use of  99m Tc-HMPAO evaluation of the 
epilepsy patient is to localize the epileptogenic 
focus during the ictal state. 

   Ictal  99m Tc-HMPAO or  99m Tc-ECD SPECT 
 In order to perform these studies,  99m Tc-HMPAO 
must be readily available at the patient’s bedside 
allowing for rapid injection by a trained technolo-
gist or other personnel immediately available at 
the time of seizure onset. The ictal injection 
should be performed in a rapid bolus fashion such 
that the entire tracer is injected before the seizure 
abates. The patient is then stabilized and trans-
ferred 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  99m Tc-HMPAO is 
irreversibly trapped in the epileptogenic hyper-
emic region at the time of seizure and during the 
period between injection and scan there is essen-
tially no redistribution. The subsequent scan 
(albeit several hours after the injection) still shows 
hyperemia in the region of the epileptogenic 
focus. Several articles [ 123 – 126 ] characterize the 
brain propagation patterns of the epileptogenic 
electrocortical discharge and resultant rCBF 
hyperemia to allow for more accurate localization 
of the epileptogenic focus in cases where two or 
more cortical areas are seen to be hyperemic on 
the brain SPECT scan. A very common pattern of 
propagation of activity observed in frontal lobe 
seizures is ipsilateral basal ganglia activation and 
contralateral cerebellar activation. 

 Figure  18.31  illustrates the value of ictal 
SPECT in a 9-year-old right-handed boy who had 
a 7-year history of intractable seizures. The fi g-
ure shows a  99m Tc-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).

PRIMARY PROGRESSIVE APHASIA
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  Fig. 18.30    MRI scan ( left ),  99m Tc-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 diffi culty 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 defi cit extending beyond the mild degree of 
anatomic atrophy       
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   The ictal SPECT scan shows a focal area of 
intense uptake in the right frontal lobe. The 
patient’s developmental history and neurological 
fi ndings on examination were normal. Computed 
tomographic (CT) and magnetic resonance 
imaging (MRI) studies carried out at our and 
other institutions were normal. Multiple EEG 
investigations were inconclusive. On referral to 
our institution, the patient averaged 20–30 sei-
zures a day characterized by an aura of tingling 
in the mouth, followed by simultaneous exten-
sion of the legs and fl exion of the right upper 
extremities with nonpurposeful movements of 
both legs lasting 20 s. Previous EEGs revealed 
infrequent slowing over the right hemisphere. 
Multiple video EEG monitoring studies per-
formed at our and other institutions showed ste-
reotypical seizures with no ictal scalp localization. 
Interictal activity revealed occasional sharp dis-
charges involving the right frontal central parietal 
regions. 

 The  99m Tc-HMPAO ictal brain SPECT scan 
showed a focal area of hyperperfusion in the 
right premotor area. The right to left asymmetry 
in blood fl ow for this region was 1.32, and the 
intensity of uptake in the right frontal lobe mea-
sured 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 con-
fi rmed the epileptogenic focus location. Based 
on the fusion image, the anatomic location was 
determined, the epileptogenic focus was surgi-
cally 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 
 18 F-FDG PET. On the other hand, if ictal SPECT 
is not available, identifi cation of the epilepto-
genic focus during the interictal state using  99m Tc-
HMPAO is less sensitive compared to interictal 
 18 F-FDG PET. In cases of suspected temporal 
lobe epilepsy, the preferred diagnostic method is 
to perform interictal  18 F-FDG PET in addition to 
ictal and interictal SPECT. 

 Figure  18.32  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 sub-
traction shows signifi cant right temporal rCBF 
on ictal SPECT.

       18 F-FDG Brain PET Assessment 
in the Interictal State 
 Figure  18.33  illustrates concordance between 
abnormalities on MRI and  18 F-FDG PET in a 

Epilepsy
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  Fig. 18.31    Frontal lobe epilepsy in a 9-year-old right-
handed boy. The MRI scan ( left ) is normal. The  99m Tc-
HMPAO brain SPECT scan ( middle ) refl ects 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 identifi es the location of the 
focus on the MRI scan       
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  Fig. 18.32    ( 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 fi ndings 

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 signifi cant right temporal rCBF on 
ictal SPECT. ( e ) Shows pre- and postsurgery MR images           

a

b
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Fig. 18.32 (continued)

c
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16-year-old boy with temporal lobe epilepsy and 
hippocampal sclerosis of the right mesial temporal 
lobe on MRI. The MRI shows abnormal high 
 signal intensity in the right hippocampal region. 
The  18 F-FDG PET shows a corresponding area of 
focal reduction of  18 F-FDG uptake in the right 

hippocampal region. After right temporal lobec-
tomy, the patient was rendered seizure-free.

   Figure  18.34  demonstrates the signifi cant 
advantage of ictal SPECT as compared to interic-
tal  18 F-FDG PET. The patient, a 42-year-old 
female with seizure activity felt to arise from the 

MRI F-18 FDG PET MRI-FDG PET Fusion
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  Fig. 18.33    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       

e
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Fig. 18.32 (continued)
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frontal lobe regions, underwent a  18 F-FDG brain 
PET scan which was nonlocalizing. An interictal 
 99m Tc-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 signifi cant hyperemia in the right 
frontal lobe. The fi gure shows correlative images 
of the signifi cant hyperemia on ictal SPECT as 
compared with nonspecifi c reduction on  18 F-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 
scalp electroencephalography patterns [ 127 ]. 
Seizures in most patients consist of “pseudoab-
sences” often mistaken for inattention and can 
be confused with “absence” attacks resulting in 
 misdiagnosis 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 
clinical, neuropsychological, and neuroimaging 
investigation is therefore usually performed in 
an attempt to localize the epileptogenic focus in 

this subgroup of patients. Due to the diffi culty in 
the identifi cation of these seizure foci, we illus-
trate the value of comparing ictal SPECT with 
normal controls using statistical parametric 
mapping (SPM). Figure  18.35  shows a high-res-
olution MRI and ictal  99m Tc-HMPAO brain 
SPECT scan of a 39-year-old man 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 showed a focal region of 
hyperperfusion in the right anterior cingulate 
region. Count data were obtained by drawing 
regions of interest (ROI) around the right and left 
cingulate gyrus and showed that the right to left 
blood fl ow ratio was 1.3 and the right cingulate 
gyrus blood fl ow relative to cerebellar counts is 
1.54 which is >4 SD above our normal control pop-
ulation (cingulate gyrus/cerebellum = 1.05 ± 0.12). 
Figure  18.36  shows the transverse, coronal, and 
sagittal projections of the fusion image between 
statistically signifi cant increases in blood fl ow val-
ues and the Talairach standard anatomic brain atlas 
using the MEDx SPM software package (Sensor 
Systems, Sterling, Virginia).

   The highest value of statistical signifi cant 
pixel values is shown in red. The region demon-
strating maximum statistical signifi cance was 
located in the right anterior cingulate gyrus; 

  Fig. 18.34    Coronal images from MRI ( left ), ictal  99m Tc-
HMPAO SPECT ( middle ), and interictal  18 F-FDG PET 
scan ( right ) of a 42-year-old female with intractable sei-
zures.  Left . The MRI scan is normal.  Middle . The ictal 
 99m Tc-HMPAO brain SPECT scan showed a focal area of 
signifi cant hyperemia in the right mesial frontal lobe 
( arrow ).  Right . There was minimal reduction of  18 F-FDG 

uptake in this location, but this was not specifi c for iden-
tifi cation of the epileptogenic focus. This scan illustrates 
the relative nonspecifi city of mild areas of reduction on 
 18 F-FDG brain PET scan in cases of frontal lobe epilepsy, 
and in these cases, an ictal  99m Tc-HMPAO brain SPECT 
scan can provide greater accuracy in diagnosis       
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SPM coordinates ( x ,  y ,  z ) [millimeters] = (−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 signifi cant alterations in 
regional cerebral blood fl ow related to seizure 
activity and localize these regions in Montreal 

Neurological Atlas space. Recent studies support 
SPM analysis of ictal SPECT scans [ 128 ]. Blinded 
analysis demonstrated correct lateralization in 
18 of 21 mesial temporal lobe epilepsy cases with 
no false lateralization compared with subtraction 
analysis that showed correct lateralization in 16 
and false lateralization in one patient. 

 Figures  18.37  and  18.38  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) [ 129 ]. MRI scan (Fig.  18.37   left ) 
shows an arterial venous malformation in the 
right parietal lobe.  18 F-FDG PET scan (Fig.  18.37  
 right ) also shows reduction around the AVM 

MRI 99mTc-HMPAO
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  Fig. 18.35    High-resolution 
MRI ( left ) and ictal  99m Tc-
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 )       
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  Fig. 18.36    Transverse ( left ), coronal ( middle ), and sagittal 
( right ) projection of the fusion image between statistically 
signifi cant increases in blood fl ow values (identifi ed using 
statistical parametric mapping) and Talairach standard 
anatomic brain atlas from MEDx SPM. The highest value 

of statistically signifi cant pixel values is shown in  red . 
The region demonstrating maximum statistical signifi -
cance was located in the right anterior cingulate gyrus; 
SPM coordinates ( x ,  y ,  z ) [millimeters] = (−6, +42, +24) in 
the transverse, coronal, and sagittal sections, respectively       
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area. An interictal  99m Tc-ECD SPECT scan (Fig. 
 18.38   top ) shows reduced perfusion in the region 
of the arterial venous malformation, in addition 
to a large area around the lesion. Ictal  99m Tc-ECD 
SPECT (Fig.  18.38   bottom left ) showed hyper- 
perfusion in a region anterior and inferior to the 
AVM, confi rming 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.  18.38   right ).   

 Figure  18.39  shows Ictal  99m Tc-ECD as com-
pared to interictal  99m Tc-ECD SPECT in a 
39-year-old right-handed male who has a 25-year 
history of refractory complex partial epilepsy of 

  Fig. 18.37     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 arte-
rial venous malformation in the right parietal lobe.  Right . 

The interictal brain  18 F-FDG PET scan shows an area of 
reduced metabolic activity in the right parietal lobe con-
sistent with the location of the arterial venous 
malformation       

  Fig. 18.38    Same patient as shown in Fig.  18.37 .  Left , 
images from an interictal  99m Tc-ECD brain SPECT ( top ) 
as compared to an ictal  99m Tc-ECD brain SPECT scan 
( bottom ). One can see signifi cant hyperemia anterior and 
inferior to the region of the arterial venous malformation 
on the ictal  99m Tc-ECD brain SPECT scan as compared to 
the interictal  99m Tc-ECD brain SPECT scan.  Right . 
SISCOM analysis where the ictal and interictal SPECT 
are compared and statistically signifi cant differences 

between the two are mapped onto the patient’s MRI scan. 
One can see signifi cantly 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 signifi cance       
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  Fig. 18.39     Left . An interictal  99m Tc-ECD brain SPECT 
scan ( top ) as compared with an ictal  99m Tc-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 signifi cant differences between the ictal 
and interictal scan involving the left temporal lobe. The 
test for statistical signifi cance has  z  values between three 
and four ( coded color bar  on the image)       

possible multifocal origin versus an indetermi-
nate focal origin.

18.4.3.4          Psychiatry and Learning 
Disabilities 

 The diagnostic application of rCBF SPECT 
brain scanning in psychiatry are limited (on an 
individual patient basis), since most prior studies 
which showed statistical signifi cance were per-
formed on large patient groups. For example, in 
one study comparing regional cerebral blood 
fl ow in patients with major depressive disorder 
to that of healthy subjects, there was found to be 
a relationship between rCBF and negative 
depressive symptoms [ 130 ]. The study found 
decreased frontal lobe rCBF (hypofrontality) in 
a group of patients, with lower blood fl ow to the 
dorsolateral prefrontal cortex bilaterally, the 
right orbitofrontal cortex, and the cingulate 
gyrus. This study suggests that decreased perfu-
sion is associated specifi cally with negative 
symptom severity. These results support the 
hypothesis that, in major depressive disorder, 
negative symptoms and symptoms of depression 

are distinct phenomena and underscore the 
importance of negative symptom evaluation in 
neuroimaging studies of major depressive disor-
der and other disorders. Figure  18.40  shows a 
 99m Tc-HMPAO brain SPECT scan from a 
42-year-old female presenting with a 6-year his-
tory of depression characterized with signifi cant 
negative symptomatology. However, on an indi-
vidual basis, patients with depression may have 
normal frontal lobe rCBF.

   We have performed a study to evaluate changes 
in rCBF in children with autistic disorder [ 131 ]. In 
this study, the autistic children underwent  99m Tc-
HMPAO brain SPECT scans which showed signifi -
cant decreases in rCBF to the temporal lobes and 
frontal lobes. The corresponding CT and MRI 
scans failed to show any abnormality. This con-
fi rmed the sensitivity of rCBF brain SPECT to 
assist in the diagnosis of this severe brain disorder. 
Figure  18.41  shows images from a 12-year-old boy 
with autistic disorder who had a performance IQ of 
70 and an Autistic Behavior Checklist score of 80 
[ 132 ]. The subject was severely autistic, with severe 
language defi cits. The reduction of perfusion to the 
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temporal lobes is in accord with the neuropsycho-
logical location of the abnormalities identifi ed in 
this disorder.

18.4.3.5      Brain Tumors 
   Brain Tumor Evaluation with  201 Tl 
 Identifi cation of viable tumor after brain tumor 
therapy is a signifi cant clinical problem since dis-
tinction between necrosis and residual or recurrent 
viable tumor cannot be accurately evaluated by 
either computed tomography or magnetic reso-
nance imaging [ 133 ,  134 ]. Functional imaging can 
distinguish cerebral necrosis from viable brain 
tumor and determine viability grade [ 135 ,  136 ]. 

Figure  18.42  illustrates an example of the clinical 
utility of  201 Tl SPECT in a 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 fi gure and underwent two courses of che-
motherapy and radiation therapy. The  201 Tl 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 
symptoms. 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 
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  Fig. 18.40    A 42-year-old female presented with a 
6-year history of depression. The patient had a normal 
MRI scan (left). The  99m Tc-HMPAO brain SPECT scan 
shows signifi cant 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 corresponding anatomic atrophy to account 

for the low reduction in frontal lobe perfusion. In addi-
tion, there was no evidence for cerebral vascular disease. 
This image illustrates that patients with severe depres-
sion can show reduction in frontal blood fl ow due to a 
relative reduction in synaptic activity with resultant loss 
of frontal lobe function and the concomitant associated 
mood of depression       
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  Fig. 18.41    Images from a 
12-year-old boy with autistic 
disorder demonstrating low 
temporal lobe activity. The 
MRI scan ( left ) is normal. 
The co-registered  99m Tc-
HMPAO brain SPECT scan 
( middle ) shows bilateral 
posterior temporal ( left ,  lower  
than  right ) and bilateral 
occipital diminution of tracer 
uptake with no corresponding 
anatomic abnormality, as 
demonstrated by the MRI–
SPECT fusion image ( right )       
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viable tumor growth, and often, these cannot be 
differentiated by an anatomic scan such as MRI. 
The MRI scan, in this case, shows radiation necro-
sis and cystic lesions, but viability cannot be 
determined.

   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  201 Tl. After 
intravenous administration, the fi rst 5 min of  201 Tl 
uptake depends on rCBF, rCBV, and BBB break-
down. Subsequently, the uptake depends on active 
transport by the tumor cell [ 137 ], tumor grade 
[ 138 ], and activity of the Na + –K +  ATPase pump. 
 201 Tl is therefore an extremely sensitive, but some-
times nonspecifi c indicator of residual recurrent 
viable tumor since there is nonspecifi c uptake in 
regions of blood–brain barrier breakdown not due 
to tumor. Figure  18.43  shows an example of this 
nonspecifi c 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  201 Tl scan shows slight 

nonspecifi c 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  18 F-FDG PET scan was 
performed which was entirely negative in the 
location of the enhancing lesion on CT and the 
uptake on  201 Tl, ruling out tumor. This case also 
shows that  18 F-FDG has greater specifi city in 
detection of recurrent or residual viable tumor but 
may have decreased sensitivity since  18 F-FDG is 
also taken up by the normal brain. Therefore, 
early and delayed  201 Tl SPECT imaging with 
semiquantifi cation may aid in the differentiation 
of specifi c thallium versus nonspecifi c BBB 
breakdown uptake when BBB breakdown is pres-
ent in lesions which are low grade, infl ammatory, 
or stroke.

       99m Tc-sestamibi (Tc-99m 
Hexakis-2- methoxy-2-isobutyl isonitrile) 
and Brain Tumors 
 Comparison of differences in uptake of  201 Tl and 
 99m Tc-MIBI is illustrated in a 47-year-old female 
with glioblastoma multiforme who previously 

MRI TI-201 SPCET MRI/SPCET Fusion
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  Fig. 18.42     201 Tl 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 fi gure and underwent two courses of chemotherapy 
and radiation therapy. The MRI scan ( left ) shows radia-
tion necrosis and cystic lesions, but residual tumor viabil-
ity cannot be assessed. The  201 Tl 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 sur-
gery, it was important to correlate the functional and ana-
tomic 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  201 Tl brain SPECT scan shows a focal region 
of intense uptake, however, the exact location cannot be 
determined with certainty. Because this patient was a can-
didate for gamma knife surgery, it was important to cor-
relate the functional and anatomic image to obtain specifi c 
coordinates of the region of high grade viable tumor. 
Using the fi duciary reference 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 radia-
tion directed only to the area of viable tumor, and the 
patient remains free of additional symptoms one year 
after gamma knife surgery       
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underwent radiation therapy and chemotherapy 
(Fig.  18.44 ). 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  201 Tl brain SPECT scan section 
through the same level shows intense uptake indi-
cating tumor recurrence. The  99m Tc-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 defi nition.

      Effect of Chemotherapy on Metabolism 
 It has been observed that there is greater uptake of 
 99m Tc-MIBI in malignant gliomas compared to 
 201 Tl in patients who did not receive chemotherapy 

TI-201

CT
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R LR LR L

  Fig. 18.43       Non-Specifi c 
uptake with  201 Tl. The patient 
is a 65-year-old man who was 
originally referred to our 
institution to evaluate for 
infarction versus tumor. The 
 201 Tl scan shows slight 
nonspecifi c 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  18 F-FDG PET scan was 
performed which was entirely 
negative in the location of the 
enhancing lesion on CT and 
the uptake on  201 Tl, ruling out 
tumor       

MRI TI-201 99mTc-sestamibi

Brain Tumor
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  Fig. 18.44    This    fi gure 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  201 Tl brain SPECT scan section through the 
same level ( middle ) shows intense uptake indicating tumor 

recurrence ( arrow ). A  99m Tc-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 defi nition. 
Also note  99m Tc-MIBI in the midportion of the left hemi-
sphere, which is unrelated to tumor uptake but due to cho-
roid plexus secretion of  99m Tc-MIBI       
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or have been remotely treated [ 139 ]. Conversely, 
those patients who had recent  chemotherapy have 
low  99m Tc-MIBI uptake in the tumor. Tissue frac-
tionation studies have demonstrated the release of 
 99m Tc-MIBI from the mitochondria and a decline 
in  99m Tc-MIBI uptake in the presence of Ca +2  
[ 140 ]. It is conceivable that irreversible tissue 
injury leads to the sequestration of extracellular 
Ca +2  into the cell and the mitochondria leading to 
cell death. Injury to brain tumor cells from radia-
tion or chemotherapy will theoretically increase 
the Ca +2  level and alter the mitochondrial mem-
brane potential leading to a decline in  99m Tc-MIBI 
uptake. Early response to treatment can therefore 
theoretically be determined by comparing  99m Tc-
MIBI uptake before and after a course of radiation 

or chemotherapy. Decline in the  99m Tc-MIBI or 
 201 Tl uptake ratio may indicate lethal injury 
or decreased viability of neoplastic cells and 
effective response to treatment. 

 Several studies [ 139 ] 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 effi cacy.    The differential effect of 
tumor therapy on  201 Tl and  99m Tc-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 
 201 Tl SPECT as compared with  99m Tc-MIBI 
SPECT (Fig.  18.45 ). Each of the tracers show 

99mTc-sestamibi SPECT

TI-201 SPECT
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High Grade Brain Tumor

  Fig. 18.45     201 Tl and  99m Tc-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  99m Tc-MIBI uptake in the tumor, compared 
with  201 Tl. This case compares the diagnostic capability of 
 201 Tl SPECT ( top row ) as compared with  99m Tc-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       
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increased uptake in recurrent viable tumor. It 
has been postulated that  201 Tl is taken up by the 
sodium–potassium ATPase activity and refl ects 
global cellular energetics. On the other hand, the 
uptake of  99m Tc-MIBI is related to mitochondrial 
energetics, and high uptake of  99m Tc-MIBI pos-
sibly indicates a poor prognosis since the tumor 
continues to have a high glycolytic rate, glucose 
utilization, and good repair mechanisms. The 
reduction of  99m Tc-sestamibi  immediately after 
chemotherapy indicates that there is DNA dam-
age (both to the nucleus and the mitochondrial 
DNA) with impairment of the TCA cycle and 
involved glycolytic enzymes. This compromises 
the production of ATP and cripples the cellular 
reparative mechanisms such that the tumor is 
less able to recover from chemotherapy damage 
and, therefore, the patient has a better prognosis. 
It is suggested that the use of MIBI before and 
after chemotherapy treatment may be used as an 
indicator for the effi cacy of a specifi c type of 
chemotherapy, possibly after one dose. This 
would permit several trials to be performed to 
determine the most effi cacious 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 
 18 F-FDG Imaging of Brain Tumors 
  18 F-FDG PET has allowed monitoring of thera-
peutic response in brain tumors with a greater 
specifi city than CT or MRI.  18 F-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  18 F-FDG-6-phosphate formed when  18 F-
FDG enters the cell prevents its further metabo-
lism. As a result, the distribution of  18 F-FDG is a 
good refl ection of the distribution of glucose 
uptake and utilization by cells in the body. 

 Figure  18.46  shows a PET scan with abnormal 
uptake of  18 F-FDG in a patient with recurrent 
brain tumor involving the anterior frontal lobe 
after 8 years of remission. The MRI shows con-
trast enhancement.  18 F-FDG is a less sensitive but 
more specifi c tracer for the detection of recurrent 
or residual viable tumor as compared to  201 Tl 
which is a more sensitive but less specifi c tracer 
due to nonspecifi c BBB breakdown accumula-
tion. The lack of sensitivity of  18 F-FDG is due to 
the fact that it is taken up by the normal brain. 
The lack of specifi city of  201 Tl is due to the fact 
that it accumulates at the site of blood–brain bar-
rier breakdown prior to its uptake through the 
Na + –K +  ATPase pump.

  Fig. 18.46     Left . Non-contrast MRI scan with abnor-
mality involving the right frontal lobe.  Middle . Contrast 
MRI scan shows enhancement in the right frontal lobe. 
 Right . Focal area of increased  18 F-FDG uptake involving 

the right frontal lobe consistent with high-grade trans-
formation and recurrence of tumor in the right frontal 
lobe 8 years after initial diagnosis, therapy, and com-
plete remission       
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   Since most cancer cells, including gliomas, 
demonstrate a high rate of glycolysis [ 141 ],  18 F-
FDG helps in differentiation between tumor and 
normal brain tissue. It should be noted, however, 
that the correlation between  18 F-FDG uptake and 
glucose metabolism in tumors may differ from 
that in the normal tissue [ 142 ]. In untreated tumor, 
the degree of  18 F-FDG uptake has been correlated 
with tumor grade: high-grade tumors demon-
strate increased tracer uptake, and high uptake 
in a previously categorized low-grade tumor 
confi rms anaplastic transformation of the tumor 
[ 143 ,  144 ]. Quantitatively, ratios of  18 F- 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) [ 145 ]. Based on a preliminary 
fi nding, delayed imaging at 3–8 h after injec-
tion can further distinguish tumor and  normal 
gray matter due to the faster tracer excretion in 
the normal brain than in tumor [ 146 ]. However, 
after therapy, the degree of tracer uptake does 
not necessarily correlate with tumor grade in that 
high- grade tumors may have uptake similar to or 
slightly above that of white matter [ 147 ]. 

  18 F-FDG PET also plays a role in differentiat-
ing between recurrent or residual tumor and 
radiation necrosis (Figs.  18.47  and  18.48 ). 
However, due to the  18 F-FDG uptake in the nor-
mal brain, the sensitivity of detecting recurrent 
or residual tumor is low [ 148 ,  149 ]. The specifi c-
ity is also low in the initial few weeks post ther-
apy due to radiation necrosis. A study showed a 
sensitivity of 81–86 % and a specifi city of 
40–94 % for distinguishing between radiation 
necrosis and tumor [ 150 ]. It is thus recom-
mended that  18 F-FDG PET should not be 
 performed less than 6 weeks after the comple-
tion of radiation treatment.

    Recently, new issues have emerged regarding 
the evaluation of disease response, and also with 
the identifi cation of patterns such as pseudopro-
gression, frequently indistinguishable from real 
disease progression [ 151 ], and pseudoresponse. 
The Macdonald criteria [ 152 ], widely used clini-
cally as a guideline for evaluating therapeutic 

response in high-grade gliomas, uses contrast- 
enhanced CT and MRI and defi nes progression 
as greater than a 25 % increase in size of enhanc-
ing tumor. The enhancement of brain tumors, 
however, primarily refl ects a disturbed blood–
brain barrier. 

 By defi nition, 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.  18.49 ). 
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 fre-
quently after combined chemo-irradiation with 
temozolomide, the current standard of care for 
glioblastomas [ 153 ,  154 ].

   In an effort to identify patients likely to exhibit 
pseudoprogression, some studies have attempted 
to correlate  O  6 -alkylguanine DNA alkyltransferase 
(MGMT) promoter methylation status with pseu-
doprogression [ 154 ]. Studies have demonstrated 
that MGMT methylation status is an important 
biomarker for assessing primary brain tumors, as 
MGMT status has been shown to correlate with 
both therapy response and overall survival in 
GBM when therapy includes alkylating agents 
[ 155 ,  156 ]. However, similar studies of MGMT 
promoter methylation in anaplastic oligodendro-
gliomas were unable to fi nd a correlation between 
MGMT methylation status and either response 
rate, time to progression, or overall survival, 
suggesting that MGMT promoter methylation pat-
terns may be dependent on cell type [ 157 ]. 

 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 
fl ow [ 158 ]. 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 [ 159 ,  160 ] (e.g., bevacizumab, cediranib), 
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  Fig. 18.47    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 temporal 

lobe. This pathologic contrast enhancement is suggestive 
of an infi ltrative mass.  18 F-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 fi ndings are 
consistent with tumor recurrence. There is also noted to be 
the expected decreased tracer uptake surrounding these 
areas consistent with vasogenic edema       
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  Fig. 18.48     18 F-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 ) 
demonstrate a large cavity in the left posterotemporopa-
rietal junction with an irregular rim of enhancement. 
T2-weighted images ( b ) demonstrate hyperintensity in 
the posterotemporal and parietal lobes. These fi ndings 

are suspicious for tumor recurrence around the periphery 
of previous location of mass in left posterior temporopa-
rietal region. ( c )  18 F-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 suggest the presence of residual or 
recurrent high-grade viable tumor       
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have shown a rapid decrease in contrast enhance-
ment with high response rate and 6 months 
progression- free survival (PFS-6), but with rather 
modest effects on overall survival [ 159 – 161 ]. 

 These two opposing phenomena emphasize 
that enhancement by itself is not a measure of 
tumor activity, but only refl ects a disturbed BBB. 
A recent case report by our group emphasizes the 
value of  18 F-FDG PET when pseudoprogression is 
strongly suspected by the referring physician 
[ 162 ]. Currently,  18 F-FDG PET is not a  clinically 
standard method for evaluating therapeutic 
response in high-grade gliomas, as it is only used 
for initial staging and to confi rm suspected recur-
rence observed on Gd-MRI. However, a central 
advantage of  18 F-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 enhancement. This is 
an important distinction in comparing  18 F-FDG 
PET and Gd-MRI results as changes in contrast 
enhancement are generally a conglomeration of 
many effects, such as local vascularity, changes in 
both normal and tumor cell density, necrosis, 
apoptosis, and blood–brain barrier (BBB) break-

down. All these morphologic changes are presum-
ably preceded by changes in tumor metabolism, 
suggesting that, in many cases,  18 F-FDG PET may 
allow for comparatively 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 ,  163 ]. The simultaneous PET–MRI 
scan, which offers better MRI-based motion cor-
rection of PET data, is also being studied in more 
centers [ 164 ,  165 ].  

   Nucleic Acid Analog: [F-18]-Fluoro-3′-
deoxy-3′- L -fl uorothymidine ( 18 F-FLT) 
Imaging of Brain Tumors 
 Recent fi ndings suggest that  18 F-FLT is a promis-
ing biomarker for differentiating between radia-
tion necrosis and tumor recurrence [ 166 ,  167 ] 
(Figs.  18.14  and  18.15 ). A study by Hatakeyama 
et al. [ 166 ] showed its superiority over  11 C-MET 
in tumor grading. Chen et al. demonstrated FLT- 
PET as a promising imaging biomarker that 
seems to be predictive of overall survival in 

a cb

  Fig. 18.49     18 F-FDG    PET diagnosis of pseudoprogres-
sion. Patient with a history of glioblastoma, status post 
resection, and after treatment with total dose of 60Gy 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  18 F-FDG PET scan was 
done to assess for tumor progression. On PET ( b ), no 

abnormal areas of increased  18 F-FDG uptake in the region 
of MRI contrast enhancement were identifi ed ( 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. [ 162 ])       
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 bevacizumab and irinotecan treatment of recur-
rent gliomas in which both early and later  18 F-
FLT PET responses were more signifi cant 
predictors of overall survival compared with the 
MRI responses [ 168 ]. In addition, a recent pro-
spective study by Schwarzenberg et al. [ 169 ] 
showed that  18 F-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 ves-
sels to support tumor growth [ 170 ,  171 ]) and that 
 18 Fv-FLT-PET seems to be more predictive than 
MRI for early treatment response.   

18.4.3.6    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 clin-
ical role for imaging the degenerating dopami-
nergic system in Parkinson’s disease (PD) has 
been to confi rm diagnosis and thus serves as an 
important role in the clinical management of 
Parkinson’s disease. Recently, there is increasing 
interest in identifying premotor PD patients, par-
ticularly because potential disease-modifying 
therapies are developed and the clinical impera-
tive becomes early and accurate diagnosis. 
Typically, patients present with very subtle motor 
symptom like unilateral tremor or impairment of 
fi ne motor ability, and the role of the dopamine 
transporter scan is to assess for altered striatal 
dopamine terminal integrity. 

 The nigrostriatal dopaminergic pathway can be 
analyzed at the striatal level, where the nigrostria-
tal neurons end and connect to the postsynaptic 
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 neurotransmit-
ters such as dopamine from the cytosol into 
 vesicles). On excitation, the dopamine from these 

vesicles is released into the synapse 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 integrity of the nigrostriatal dopami-
nergic system can improve the accuracy of diag-
nosing movement disorders. DaT concentrations 
are lower in presynaptic parkinsonian syndromes, 
which include Parkinson’s disease, multiple sys-
tem 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 dopa-
mine concentrations. Conversely, DaT concen-
trations will generally be normal in parkinsonism 
without presynaptic dopaminergic loss, which 
includes essential tremor, drug-induced parkin-
sonism, and psychogenic parkinsonism. And in 
contrast to dementia with Lewy bodies, DaT con-
centrations are usually normal in Alzheimer’s 
disease [ 172 – 174 ]. 

 Although the initial clinical indications for 
dopamine transporter imaging have focused on 
the differential diagnosis between essential 
tremor and a parkinsonian syndrome or identifi -
cation of dementia with Lewy bodies (LBs) in 
cognitively impaired patients, recent thinking has 
suggested additional roles for dopamine trans-
porter imaging in the clinic. Because novel thera-
pies for improved management of PD patients 
come online, especially those purported to slow 
down disease progression, the onus on the clini-
cal and nuclear medicine community is to refi ne 
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 disorders are characterized as move-
ment 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 virtue of membership in an 
at-risk cohort based on combinations of nonmo-
tor symptoms and/or genetic factors, although 

18 Nuclear Medicine Imaging of CNS: Basis and Clinical Applications



654

these diagnostic algorithms remain to be 
validated. 

 There is now an extensive literature detailing 
the clinical utility, sensitivity, and specifi city for 
distinguishing patients with movement disorders 
and presynaptic dopaminergic defi cits, 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.,  18 F-dihydroxyphenylalanine for  l -dihy-
droxyphenylalanine  decarboxylase activity; 
 11 C-dihydrotetrabenazine for vesicular mono-
amine transporter 2), but their use is limited pri-
marily to scientifi c research. For SPECT, most 
tracers are cocaine analogs and target DaT [ 175 , 
 176 ]. One such tracer is  123 I-iometopane ( 123 I-β- 
CIT ), available largely for research. Similar in 
chemical structure,  123 I-iofl upane ( 123 I-FP-CIT) is 
a SPECT tracer, licensed by the European 
Medicines Agency and available in Europe since 
2000. In the United States,  123 I-FP-CIT was 
approved by the Food and Drug Administration 
(FDA) on January 2011 and is now commercially 
available [ 177 ]; it has now been established as a 
standard part of diagnostic assessment in move-
ment disorders [ 178 ]. 

  123 I-iofl upane, also abbreviated as  123 I-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.  18.50 ). DaT SPECT 
study with  123 I-FP-CIT evaluates the integrity of 
nigrostriatal dopaminergic synapses by visualiz-
ing the presynaptic DaTs. This agent has shown 
effi cacy 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, 
epilepsy or tumor, or any other neurological 
symptoms is obtained. Specifi c questions should 
be asked about use of cocaine, amphetamines, 
methylphenidate, ephedrine and phentermine, 
bupropion, fentanyl, and some anesthetics (ket-
amine, phencyclidine, and isofl urane) as these 
decrease  123 I-FP-CIT binding to DaT. Anti-
parkinsonian drugs (e.g.,  l -dihydroxyphenylala-
nine, dopamine agonists, monoamine oxidase B 
inhibitors,  N -methyl- d -aspartate receptor block-
ers, amantadine, and catechol- O -methyltransfer-
ase inhibitors in standard dosages) do not 
interfere with  123 I-FP-CIT binding to DaT to any 
signifi cant degree. 

 To reduce exposure of the thyroid to free  123 I, 
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 
 123 I-FP-CIT is 111–185 MBq (3–5 mCi),  typically 
185 MBq (5 mCi). It is administered as a slow 
intravenous injection (over approximately 20 s), 
followed by a saline fl ush. SPECT imaging is per-
formed at 3–6 h after radiotracer injection [ 179 ]. 

 Visual interpretation of the  123 I-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 refl ects one of the parkinsonian syn-
dromes (Fig.  18.51 ). Figures  18.52  and  18.53  
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 
reader for calling subtle anatomic asymmetry as 
pathologic uptake. The recent Society of Nuclear 
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Medicine practice guidelines for  123 I-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 [ 174 ,  180 ]. 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-carbometh-
oxy- 3 beta-(4-iodophenyl) tropane  123 I-β-CIT is also 
used for imaging dopamine and serotonin transport-
ers by SPECT [ 43 ,  181 ]. This cocaine derivative 
binds with high affi nity to dopamine uptake sites in 
the striatum and can be used to visualize dopaminer-
gic nerve terminals in vivo in the human brain with 
SPECT. It has been validated that the calculation of 
a simple ratio of specifi c/nonspecifi c binding dur-
ing a period of binding equilibrium in the striatum 

Presynaptic neuronal axonTyrosine Tyrosine

Dopa

Dopamine

VMAT-2

Storage vesicals

Re-storage

Degradation

MAO

Dopamine
transporter

Postsynaptic neuron

Dopamine receptor

Signal transduction

  Fig. 18.50    Schematic of 
striatal dopaminergic synapse 
( star  indicates where 
 123 I-FP-CIT binds) (From 
Djang et al. [ 44 ])       

  Fig. 18.51    Normal 
 183 I-FP-CIT scan. 50-year-old 
male with tremors presented 
for the evaluation of 
dopamine transporter status. 
In transaxial images, normal 
striatal binding is character-
ized by two symmetric 
crescent- or comma- shaped 
regions of activity. Distinction 
from surrounding brain tissue 
background is excellent       
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  Fig. 18.52    Abnormal  123 I-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 constellation of fi ndings is consistent with 
Parkinson’s disease       

  Fig. 18.53    Abnormal  123 I-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 fi ndings is con-
sistent with Parkinson’s disease       

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  18.54  shows SPECT imaging with 
 123 I-β-CIT. There is decreased tracer uptake in 
posterior inferior aspect of the globus palli-
dus. Use of this tracer in conjunction with ana-
tomic–functional fusion imaging can be used 
for precision 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  123 I-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  123 I-β-CIT 
single-photon emission computed tomography 
(SPECT) fi ndings in a patient with DOPA-
responsive dystonia [ 182 ],  123 I-β-CIT SPECT 
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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.   

18.4.3.7    Radionuclide Cisternography 
 When hydrocephalus is suspected, the goal of 
imaging evaluation in general is to identify any 
abnormality of the ventricular or the subarach-
noid space morphology and, if other unexplained 
ventriculomegaly is present, to demonstrate the 
site and nature of any impediment to the fl ow 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 fl owing 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  99m Tc-HMPAO SPECT or  18 F-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 [ 183 ,  184 ]. 

 Cisternography has proven to be the most spe-
cifi c in differentiating patients with normal- 
pressure hydrocephalus (NPH) from those with 
other forms of degenerative brain disorder who 
would clearly not benefi t from surgical treatment 
by ventricular shunting [ 185 ]. 

  In radionuclide cisternography the radiotracer 
(mostly  111 In-DTPA) is injected into the CSF 

L R

Parkinson’s Disease

2 b-carbomethoxy-3 b-(4-iodophenyl) tropane
(I-123 b-CIT)

Normal Control

R L 

  Fig. 18.54    SPECT images with  123 I-β-CIT. Images were 
obtained 4 h after the intravenous injection of fi ve 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 dis-
ease ( right ). The normal control shows almost complete 
clearance 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 specifi city of 
binding is due to the specifi c prevalence of dopamine 

uptake sights in these brain structures. The image on 
the left shows signifi cant 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 % reduc-
tion 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       
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 system, via the lumbar subarachnoid space. Planar 
images are obtained immediately and at 4 h, 24 h 
and 48h post radiotracer injection. Figure  18.55   
demonstrates a normal Cisternogram in a 53-year-
old male with a history of severe headaches, 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 
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.  18.56 ), indicating ventricular refl ux. There 
is delayed clearance of the tracer as evidenced by 

  Fig. 18.55    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   
 111 In-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 hours ( b ), expected activity is noted within 
the CSF spaces in the spine and within the basal cisterns. 

At 24 hours ( 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 
hours ( d ), there continues to be normal dynamics of CSF, 
with increased activity over the vertex and convexities. 
There is comparatively diminished uptake in the spinal 
column, which is expected with increased excretion and 
normal CSF fl ow       

a

b

c

d
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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 identifi ed when there is 
more signifi cant CSF leak. It is also important 
that imaging in appropriate projections is also 
performed; for e.g. posterior projection for 
 otorrhea, whereas lateral and anterior projec-
tions for rhinorrhea. SPECT and quantitation 
are also used to detect leaks and diagnose the 
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  Fig. 18.56    Normal-pressure hydrocephalus (NPH) a 
70-year-old female with headaches presents for evaluation 
of hydrocephalus. After injection of 1.0 mCi  111 In-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 radiophar-
maceutical accumulation in the ventricular system, as well 
as in the lumbar and basilar cistern portions of the sub-

arachnoid space, with no tracer seen to ascend over the 
convexities. Repeat imaging was performed at approxi-
mately 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 ven-
tricles with no ascend over the convexities is consistent 
with normal-pressure hydrocephalus       
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spontaneous intracranial hypotension due to 
cerebrospinal fl uid (CSF) leaks and other causes 
of leak including postoperative. Alternatively, 
radioactive counts may be obtained from an 
absorbent material placed in the orifi ce in ques-
tion to determine whether CSF is indeed leak-

ing. Counting blood samples has also more 
recently been used along with pledget counting 
[ 30 – 32 ,  186 ]. 

 Radionuclide CSF studies are also used in the 
evaluation of patency of ventricuperitoneal (VP) 
shunts. Figure  18.57  shows patient with history 
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3 4

1
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2 3 4
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LT POST RTRT ANT LT

  Fig. 18.57    VP shunt study: 35-year-old male patient with 
history of hydrocephalus and VP shunt presents for evalua-
tion of VP shunt patency. Following administration of 
1.0 mCi  111 In-DTPA intrathecally, scintigraphic images 
were obtained of the head, chest, and abdomen in the ante-

rior 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       
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of hydrocephalus, and VP shunt presents for 
evaluation of VP shunt patency. Radiotracer 
activity is seen only within the ventricular sys-
tem, and none is seen within the VP shunt tubing. 
There was radiotracer activity in the peritoneal 
cavity, to suggest a patent shunt.

18.4.3.8       Brain Death 
 Brain death is “the irreversible loss of function 
of the brain, including the brainstem” [ 187 ]. 
Prerequisites to diagnosing brain death based on 
physical examination include a suffi cient mecha-
nism of injury, lack of confounding factors such 
as drug  intoxication or poisoning, and exclusion 
of complicating medical conditions that may 
interfere with clinical  assessment, including 
hypothermia or severe electrolyte, acid–base, and 
endocrine disturbances. 

 Although the cardinal fi ndings in brain 
death are determined on physical examination, 
 confi rmatory examinations, including imaging 
tests, may be called on in special situations to 
supplement the physical examination when spe-
cifi c components cannot be reliably performed 
or evaluated [ 187 ]. Confi rmatory tests for brain 
death include tests of electrical activity (electroen-
cephalography [EEG] and somatosensory evoked 
potentials) as well as radiologic  examinations 
of blood fl ow (commonly contrast angiography, 
transcranial Doppler ultrasound, and radionuclide 
methods). 

 In addition to EEG and somatosensory evoked 
potentials, the American Academy of Neurology 
enumerates three confi rmatory methods of 
 evaluating blood fl ow: conventional contrast 
angiography, transcranial Doppler ultrasonogra-
phy, and  99m Tc-exametazime (HMPAO) radionu-
clide scintigraphy [ 187 ]. 

 Radionuclide studies have been used as con-
fi rmatory tests in the determination of brain death 
for almost four decades [ 188 ]. Initially, radionu-
clide imaging was performed to evaluate cerebral 
blood fl ow using radiopharmaceuticals with 
rapid renal clearance ( 99m Tc-diethylene triamine 
pentaacetic acid or  99m Tc-glucoheptonate). 

Cerebral perfusion imaging is performed after 
radiopharmaceutical is injected intravenously, 
and the fl ow of activity within the internal cere-
bral artery circulation is assessed on dynamic 
planar scintigraphy at a rapid temporal resolution 
of 1 image per 1–2 s. Visualization of any activ-
ity within the anterior and middle cerebral artery 
territories indicates the presence of intracranial 
 perfusion (Fig.  18.58 ), while the absence thereof, 
in the presence of an adequate common carotid 
bolus, indicates absent blood fl ow (Fig.  18.59 ). 
Static blood pool imaging of the skull, immedi-
ately after dynamic imaging, is typically per-
formed 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 radiopharmaceuti-
cals do not cross the blood–brain barrier and con-
sequently do not appear within the brain 
parenchyma. In the context of a brain death 
study, nonvisualization of the venous sinuses fur-
ther confi rms absent intracranial blood fl ow 
[ 189 ].

    Use of nondiffusible radiopharmaceuti-
cals for brain death studies has been largely 
supplanted by use of lipophilic compounds, 
specifi cally HMPAO [ 190 ,  191 ]. This radio-
pharmaceutical passively crosses the blood–
brain barrier and becomes stably trapped within 
the brain parenchyma in proportion to regional 
perfusion [ 192 ]. Although the determina-
tion of brain death with lipophilic compounds 
has primarily been validated with HMPAO, it 
appears reasonable to extend the concept to a 
second commercially available  99m Tc-labeled 
lipophilic radiopharmaceutical,  99m Tc-bicisate 
(Neurolite) [ 193 ]. Cerebral uptake is quan-
titatively similar with these two compounds 
[ 194 ]. Multiple planar views of the brain are 
obtained to assess perfusion. Lack of localiza-
tion of lipophilic compounds within the brain 
indicates absent blood fl ow. If any activity is 
visualized within the parenchyma of the brain 
or brainstem, there is incontrovertible evidence 
of blood fl ow.       
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Anterior

a
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  Fig. 18.58       Cerebral perfusion imaging of a 16-month-
old boy after near-drowning incident. After injection 
6 mCi of  99m Tc-HMPAO IV, dynamic blood fl ow 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 pro-
jections. The fl ow images showed fl ow in bilateral carotid 
arteries followed by perfusion of the brain. ( b ) The static 
images demonstrate radiotracer activity in the brain. 
These fi ndings are not suggestive of brain death       
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Anterior R LAT

  Fig. 18.59    Brain dead: a 2-year-old female with the clin-
ical suspicion of brain death. After injection of 18.9 mCi 
of  99m Tc-HMPAO IV, dynamic blood fl ow 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 fl ow/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 identifi ed to the supratentorial or infratentorial 
brain structures. The absence of blood fl ow is consistent 
with the clinical diagnosis of brain death       
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19.1            Introduction 

 Lymphoscintigraphy has recently acquired an 
expanding role in clinical medicine. Most evalu-
ations of lymphedema have assessed the lower 
extremities, but the upper extremities have also 
been studied, especially in patients with breast 
cancer who develop lymphedema following axil-
lary dissection. Over the past three decades, in 
addition to its increasing utilization in the evalu-
ation of lymphedema, it has been used to deter-
mine metastatic drainage sites in breast cancer, 
melanoma, and other cancer patients. In breast 
cancer patients, lymphoscintigraphy was origi-
nally used to detect tumor metastases to the axil-
lary and internal mammary lymph node chains. 
Later, it was applied to the localization of lymph 
nodes for radiation therapy planning and for 
determining the completeness of surgical adenec-
tomies. Currently, it is used mainly to determine 
the location of sentinel lymph node(s).  

19.2     Anatomy and Physiology 
of the Lymphatic System 

 The physiology of the lymphatic system is not 
completely understood but appears to be highly 
dependent on increased regional pressure for 
fl uid transport. It is a complex microtubular sys-
tem consisting of lymphatic vessels and lymph 
nodes that transport the ultrafi ltrate of extracel-
lular fl uid back to the intravascular space. 
Normally, some fl uid is forced out of the vascular 
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space at the arterial end of the capillary bed but is 
reabsorbed at the venous end. Capillary egress, 
however, exceeds venous reabsorption by approx-
imately 3 L/day (approximately 10 % of capillary 
contents), leaving behind fl uid in the interstitial 
tissue [ 1 ]. This fl uid can contain protein and often 
fat, especially after meals. The peripheral lym-
phatic capillary collection site has a single layer 
of overlapping endothelial cells with a poorly 
developed basement membrane [ 2 ]. When the 
volume of fl uid in the interstitial space increases, 
the intercellular gaps between the endothelial 
cells widen to allow the surplus of fl uid to enter 
[ 2 ]. Lymphatic vessels coalesce into increasingly 
larger vessels that eventually contain smooth 
muscle and one-way valves to promote forward 
fl ow back toward the vascular space via the tho-
racic duct or the right lymphatic duct. Fluid trav-
els through the lymphatic system at an average 
rate of 120 ml/h or 2–3 L/day, encountering 
numerous lymph nodes which serve as fi lters to 
remove foreign elements such as tumor cells and 
bacteria. Lymph enters the nodes through the 
afferent lymphatic vessel, fi ltering through the 
sinusoids of the node and subsequently leaving 
through the efferent lymphatic vessel. The lym-
phatic system plays an important role in the 
dynamic control of fl uid volume, protein concen-
tration, and, consequently, the pressure in the 
interstitial space. 

 All organs and tissues of the body are supplied 
with a lymphatic drainage system except the 
brain, bone marrow, and endomysium of muscle 
[ 2 ]. All human beings have similar lymphatic 
system anatomy; however, there can be consider-
able variation in the exact route of drainage from 
different locations of the body. The lymphatic 
vessels 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 [ 3 ,  4 ]. Lymph nodes contain reticuloen-
dothelial cells, primarily tissue phagocytes, that 
remove abnormal substances. 

 Lymphatic vessels have the capability of 
regeneration and can establish their own anasto-
moses within a short period (weeks) after organ 
transplantation [ 5 ,  6 ]. Additionally, new lymph 
tracts can develop and may subsequently 

 reconnect to the main system. This occurs when 
small lymphatics are surgically transected or there 
is an attempt to circumvent fl ow obstruction.  

19.3     Pathophysiology 

19.3.1     Lymphedema 

 Lymphedema is the excess accumulation of 
protein- rich fl uid in the interstitial space. It is a 
consequence of abnormal balance between the 
lymph production rate and the capacity of the sys-
tem to transport lymph through lymphatic chan-
nels. Increased lymph production can result from 
(a) local infl ammation leading to increased capil-
lary permeability, (b) venous thromboembolism 
causing increased venous pressure, or (c) hypo-
proteinemia leading to decreased capillary oncotic 
pressure. In these cases, lymphedema appears in 
the presence of normal lymph channels. On the 
other hand, impaired lymphatic transport capacity 
occurs despite normal production rate of intersti-
tial fl uid when the lymphatic vessels are disrupted 
or malformed. Primary (genetic or congenital) 
hypoplasia or aplasia of lymph vessels is not very 
common, yet not very rare (Table  19.1 ). Secondary 
lymphedema is the most common form and is a 
consequence of lymphatic trauma or infection as 
in fractures, burns, large superfi cial wounds, or 
lymph node direct invasion or compression by 
tumors. However, iatrogenic causes are a major 
contributor nowadays due to lymphatic disruption 
as in lymph node dissection, radiotherapy, or sur-
gical procedures. 

 Pathophysiologically, persistent interstitial 
fl uid in lymphedema is a major factor in cutane-
ous thickening, fi brosis, and adipose tissue depo-
sition. A vicious cycle of edema and infection 
markedly increases the size and structure of the 
affected limb which markedly affects the patient’s 
self-esteem and quality of life [ 7 ] (Table     19.1 ).

19.3.2        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 
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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 simulta-
neously. Since lymph nodes are common sites of 
metastasis, knowledge of their involvement is 
crucial for patient management and prognosis. 
When small numbers of tumor cells (microme-
tastases) are found in lymph nodes, the architec-
ture and physiological characteristics of the 
lymph node are not altered. Even with larger 
tumor loads, lymph nodes may remain normal in 
size, making them diffi cult to detect with ana-
tomical imaging studies. Determination of focal 
defects within lymph nodes secondary to tumor 
infi ltration is usually unreliable with all current 
imaging modalities [ 8 ].   

19.4     Nuclear Medicine 
Applications 

19.4.1     Basic Principles of Nuclear 
Medicine Imaging 

 The tracer is injected into a specifi c 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 specifi c radiopharmaceutical used, 
the particle size, and the location of the injection. 
Particulate agents such as colloids are not trans-
ported 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 effi ciently but are 
not retained within a lymph node because they do 
not localize to any of the tissue components but 
are simply passing through. 

 The optimal size of colloids for lymphoscin-
tigraphy is approximately 50–70 nm [ 9 ]. Particles 
smaller than few nanometers usually leak into 
the blood circulation. On the other hand, parti-
cles larger than 100 nm usually get trapped into 
the interstitial compartment for a relatively long 
time [ 10 ]. 

 Multiple radioisotopes have been used to per-
form lymphoscintigraphy. The common clini-
cally used Tc-99m-labeled isotopes include 
antimony trisulfi de colloid, sulfur colloid, albu-
min colloid, and human serum albumin (HAS). 
Sulfur colloid has a relatively large particle size 
(30–1,000 nm) and therefore has minimal 
 absorption and slow transport from the injection 
site. To reduce the particle size, fi ltered sulfur 
colloid has been used with approximate particle 
size of less than 100 nm. Antimony trisulfi de col-
loid has similar properties to fi ltered sulfur col-
loid. Albumin micro-colloid has a small particle 
size (<80 nm) and shows rapid clearance from 
the injection site. It has easy labeling properties 
and is more suitable for quantitative studies [ 10 ]. 

 Because of the very rich supply of lymphatics 
in the skin, injections into this location will show 
very effi cient uptake and movement of tracer. 
Multiple injection techniques have been used 
clinically including subcutaneous, intradermal, 
and subfascial (intramuscular) injections. Some 
authors believe that subcutaneous injections are 
more reliable because intradermal injections 
result in tracer uptake by blood vessels [ 11 ].  

19.4.2     Detection and Follow-Up 
of Lymphedema 

 Lymphoscintigraphy can demonstrate (a) clear-
ance of radiolabeled colloid from an interstitial 
injection and (b) fl ow to regional lymph node(s), 
along with some lymph node anatomical fea-
tures. Several acquisition protocols can be used. 
Most investigators have found this test to be 
 sensitive but not specifi c for determining the 

    Table 19.1    Causes of lymphedema   

 Class  Causes 

 Primary  Congenital lymphedema 
 Praecox (before age 35) 
 Tarda (after age 35) 

 Secondary  Infl ammation 
 Malignancy 
 Radiation therapy 
 Filariasis 
 Surgical dissection 
 Trauma 
 Recurrent dermatitis 
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 etiology of a patient’s edema. The procedure 
 usually consists of repeated acquisitions over the 
upper or lower limbs, depending on the site of 
the edema, to demonstrate the movement of the 
depot through the lymphatics to the axillary or 
inguinal lymph nodes, respectively. Early 
 (15–30 min) images are compared against 
delayed 2–6 h images for travel of the radiotracer 
through lymphatics and appearance of lymph 
nodes. Exercise improves visualization of lym-
phatics and is encouraged in between imaging. 
The interpretation depends on visual assessment 
of the injection sites, lymphatic tracts, and lymph 
nodes. 

 A    45-min dynamic acquisition over the axilla/
groin and repeated spot views over the injection 
site over several points of time both can be uti-
lized to derive a semiquantitative parameter. 
These include time-activity curves for timing of 
tracer appearance in lymph nodes, tracer washout 
from injection site, and tracer appearance and 
washout in lymph nodes. These parameters are 
highly dependent on the type of the radiopharma-
ceutical, injection technique, and exercise. 
Therefore, care is advised when using such mea-
sures [ 7 ]. 

19.4.2.1     Normal Scintigraphic Pattern 
 In the lower limbs, normally, there is rapid and 
fairly symmetrical transport of the radiotracer 
from foot injections through one or two lym-
phatic vessels in the calf and one lymphatic ves-
sel in the thigh. Multiple pelvic lymph nodes 
should be clearly visualized within 1 h. Time- 
activity curves generated with a region of interest 
over the inguinal lymph nodes in lower-extremity 
studies and over axillary nodes in upper- extremity 
studies normally show a steady rise of activity, 
especially if a particulate agent is used. 
Considerable activity usually remains at the 
injection site throughout the study, with approxi-
mately only 40 % having migrated by 90 min.  

19.4.2.2     Scintigraphic Patterns 
of Lymphedema 

 Scan fi ndings 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 developed 

to circumvent the fl ow disturbance [ 10 ]. 
Figure  19.1  shows the pathological mechanisms 
that lead to lymphedema and the corresponding 
scan patterns and Figure  19.2  represents a lymph-
edema study. Nawaz et al. described three 
 abnormal patterns for lower-extremity lymph-
edema: a pattern of stasis, an obstructed pattern, 
and an enhanced pattern [ 12 ]. Lymphatic obstruc-
tion will initially cause proximal vessel dilatation 
and delayed fl ow, followed by dermal back diffu-
sion with dispersion of activity into the soft tis-
sues where the tracer originated, along with the 
development of collateral lymphatic channels. 
Rapid fl ow from the injection site is the hallmark 
of the enhanced pattern, with fast visualization of 
draining lymph nodes [ 11 ].

19.4.3         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 diffi cult, 
since the desired space-occupying defects caused 
by tumor infi ltration require a signifi cant portion 
of the node to be involved. When lymphatic tis-
sue is largely replaced by tumor, lymph nodes 
may not be visualized because the tracer is 
blocked from entering. Tumor-involved nodes 
can even show more tracer uptake than normal 
nodes [ 13 ]. This may be explained by reactive 
changes in the lymph node, with increased num-
bers of RES cells being present, possibly in reac-
tion to the presence of tumor antigens. 

 Lymphoscintigraphy with radiolabeled 
 antitumor 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 injec-
tion of these agents has the advantage of produc-
ing a higher concentration of tracer at the tumor 
site in the lymph node than when the antibody is 
injected intravenously. However, the presence 
of a defi nitive number of metastatic cells is 
required for detection, depending on the agent 
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and the imaging technique used. More recently 
PET-FDG is being used to detect more effec-
tively lymph node metastasis of many tumors. It 
has been shown to be particularly useful in 
detecting lymph node metastasis of lung cancer 
changing the mode of therapy in a signifi cant 
number of cases [ 14 ].  

19.4.4     Sentinel Node Detection 

19.4.4.1     Concept 
 The concept of sentinel lymph node (SLN) was 
fi rst introduced by Cabanas in penile carcinoma 

in 1977 [ 15 ]. The lymph node(s) that receives 
 initial lymphatic drainage from a location 
 harboring tumor has been termed the “sentinel 
node.” Tumor    cells gain access to the lymphatic 
system initially through peritumoral lymphatics 
facilitated by the lack of basement membrane 
and presence of large gap junctions between 
 endothelial cells lining the channels. The aggres-
siveness of the tumor and the abundance of 
lymph vessels are important factors in lymphatic 
invasion. There is an orderly sequence of tumor 
emboli dissemination from the primary site fi rst 
to the SLN and thereafter to remaining non-SLN 
in the basin prior to other systemic sites. There 
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can be single or multiple sentinel nodes which 
may be located in one or different lymphatic 
beds [ 13 ]. Since determination of lymph node 
involvement is an integral part of tumor staging 
and management, lymph node excision with 
pathological evaluation is commonly performed. 
A complete nodal dissection (often involving 
large areas of tissue), however, can cause consid-
erable morbidity, including lymphedema, and 
still fail to remove small diseased nodes [ 16 ] or 
nodes in a different draining bed. If the sentinel 
node(s) can be identifi ed, extensive pathological 
examination of a single or few nodes can fore-
cast whether tumor dissemination has occurred, 
since it is the fi rst fi lter that metastatic cells 
encounter. Sentinel nodes can be identifi ed 
by blue dye injection around the tumor just 
before surgery or by using a radiopharmaceuti-
cal injected in a similar  fashion [ 17 – 19 ]. The 
combination of the two  techniques leads to 
higher identifi cation rate of the sentinel node in 
most cases. Radioactive sentinel nodes can be 
detected using preoperative imaging with a 
gamma camera or intraoperative gamma probe. 
Lymphoscintigraphy using dynamic and static 
imaging better defi nes the sequence of lymphatic 
fl ow from the tumor site to draining lymph 
nodes, especially the  sentinel node. 

 There are two important parameters to mea-
sure the utility of the SLN, namely, identifi cation 
rate and the false-negative rate. The SLN identifi -
cation rate is the proportion of successful proce-
dures in which the SLN is located and removed. 
Failure    to identify the SLN, though unfortunate, 
leads to exploration of lymph nodes, so the con-
sequence is that the patient will not be spared an 
extensive surgery. In order to correctly determine 
the false-negative rate, SLN biopsy should be 
carried out in a validation study where all patients 
should receive standard lymphadenectomy, and 
so in this context, the false-negative SLN biopsy 
is defi ned as presence of metastasis in a non- 
SLN. The consequence of false-negative SLN is 
devastating since the patient is improperly down-
staged, does not receive defi nitive therapy, and 
possibly have relapse and higher mortality [ 20 ]. 
Therefore, the most important factor in SLN 
biopsy is the false-negative rate [ 21 ].  

19.4.4.2     Radioisotopes for SLN 
Lymphoscintigraphy 

 The rate of tracer uptake in lymph vessels and 
consequent fi ltration in a sentinel node is 
 governed by the particle size. The optimum size 
is estimated 5–10 nm as smaller particles may 
gain access to the vascular system. Filtration of 
the colloid allows control of the particle size to 
15–50 nm, while unfi ltered nanocolloids have 
a wide range of particle size from 5 to 1,000 nm 
[ 22 ]. 

 Usually, 0.5–1 mCi of Tc-99 m sulfur colloid 
or nanocolloid is injected in divided dose in the 
tumor, around the tumor, or in the overlying skin 
or mucosa. The transit time to the lymph node is 
variable, depending on the location, but is gener-
ally less than 1 h, and activity may be retained in 
the lymph node for further 3–6 h. The injection, 
dynamic or static scintigraphy, and intraoperative 
gamma probe localization are completed on the 
same day, although the latter can be carried out 
after an afternoon injection and imaging on the 
preceding day for logistic purposes.  

19.4.4.3     Tumors 
   Breast Cancer 
 The breast has three main lymphatic pathways: 
internal mammary, axillary, and supraclavicular/
infraclavicular [ 23 ]. Drainage into the associated 
groups of nodes occurs from cutaneous, subcuta-
neous, or parenchymal collection sites. Despite 
the individual variability in drainage pattern, 
most individuals have drainage into the axillary 
lymph nodes from all locations in the breast, with 
only about 9 % having regions that drain exclu-
sively into the internal mammary chain [ 24 ,  25 ]. 
Most of the breast sites that drain into the internal 
mammary chain are on the medial aspect of the 
breast, but they can be located elsewhere. 
Drainage from one internal mammary chain to 
the contralateral chain is common. Sentinel nodes 
could also be located within the breast itself [ 26 ]. 
Direct drainage to other nonaxillary sites occurs 
but is even less frequently encountered. Axillary 
nodes are divided surgically into three groups or 
levels: I, II, and III, in relation to the pectoral 
muscle (Fig.  19.2 ). In the past this was presumed 
to represent the sequence in which lymph nodes 
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become involved with metastatic cells from 
 primary breast tumors.

   Involvement of axillary lymph nodes is an 
important prognostic factor in breast cancer. 
Axillary lymph node dissection has long been the 
standard practice in breast surgery for staging, 
chemotherapy recommendation, and local disease 
control. A typical dissection consists of removal 
of both level I and level II lymph nodes for patho-
logical evaluation (Fig.  19.3 ). Level III nodes are 
not routinely excised because of the increased 
incidence of postoperative lymphedema in the 
adjacent upper extremity [ 27 ]. Because axillary 
nodes are numerous, vary greatly in both number 
and location, and can be buried deep in fatty tis-
sue, a complete resection is diffi cult. Lymph 
nodes harboring disease may therefore be missed 
because of sampling error. This may partially 
explain why 25 % of patients with initially nega-
tive axillary nodes subsequently develop recurrent 
disease [ 25 ]. Alternatively, removal of uninvolved 
nodes potentially eliminates a fi lter that may be 
able to slow further tumor migration. Finally, 
morbidity from a complete axillary dissection can 
be signifi cant and includes the postoperative 
development of lymphedema, seromas, neuro-
mas, paresthesia, problems with wound healing, 
and a decrease in adjacent arm motion which 
affect the patient’s quality of life. A paradigm 
shift in the surgical approach of breast cancer was 

the introduction of sentinel lymph node dissec-
tion, where a sentinel node status refl ects the sta-
tus of the entire lymph node basin. Patients with 
clinically negative axillary nodes (based on clini-
cal examination, imaging, or FNA) would undergo 
SLN biopsy at the time of the breast surgery. 
Accordingly, only patients with a positive SLN 
would proceed to axillary lymph node dissection, 
and those with a negative SLN are spared the pro-
cedure. The overall survival, disease-free survival, 
and regional control of node-negative patients 
undercounting either axillary dissection or SLN 
biopsy are equivalent [ 28 ]. More recent data sug-
gests that in selected patients with a positive SLN, 
axillary dissection may be spared in patients 
undergoing breast conserving surgery and whole-
breast irradiation [ 29 ]. 

 The typical procedure includes injecting 
Tc-99 m nanocolloid or Tc-99 m sulfur colloid 
(fi ltered or unfi ltered) interstitially around the 
tumor at one to four locations. Ultrasonography 
can be used to help localize the tumor when 
needed. The radiotracer is injected along with 
saline intradermally around the tumor. Some 
investigators use injections around the areola. 
The volume used varies from 0.2 to 0.8 ml per 
injection site. Imaging is obtained in the  morning 
of surgery for up to 2 h and is followed by intra-
operative probe localization. Alternatively, imag-
ing can be obtained at the end of the day, with 

5 m 45 m 90 m

  Fig. 19.2    Lymphoscintigraphy 
study of a patient with right 
lower limb edema.The 5 
minute image shows 
beginning of ascent of the 
radiotracer from the injection 
sites. The 45 and  90 minute 
images shown illustrates 
normal drainage of the 
radionuclide in the left side 
with visualization of inguinal 
lymph nodes (arrow) and 
lymph channels (arrow head) 
and lack of migration in the 
right side       
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surgery and probe localization the following 
morning. Images are obtained usually in the ante-
rior oblique projections. Static images with trans-
mission and markers are also obtained in the 
anterior oblique and optionally anterior and 
 lateral projections according to the location of 
the visualized node(s) (Fig.  19.4 ). Dynamic 
imaging over the breast and axilla is helpful to 
differentiate a sentinel lymph node from next-
echelon nodes [ 30 ]. The addition of SPECT/CT 
imaging improves anatomical localization and so 
provides better outline for subsequent surgical 
approach. Overlapping, deep-seated, and outside-
the-axilla nodes (including intramammary, inter-
nal mammary, and interpectoral) are easier to 
resolve on SPECT/CT [ 31 ,  32 ]. 

 Intraoperative gamma probe localization can be 
used with or without blue dye injection to localize 
the SLN as a hot (and/or blue) node. The success 
of the biopsy is confi rmed by ex vivo counting of 
the node and decreased counts in the axillary bed. 

 The SLN identifi cation rate is reported to be 
90 % and a false-negative rate of 12 % in a meta- 
analysis of 21 studies [ 33 ]. A limited number of 
cases of infl ammatory breast cancer exhibited a 
lower identifi cation rate [ 34 ]. 

 The detailed examination of fewer lymph 
nodes by a pathologist translates into the ability 
to detect smaller volume of metastasis, and so 
micrometastasis and even isolated tumor cells 
could be identifi ed. The    clinical utility of micro-
metastasis detection may involve the decision 
making regarding adjuvant therapy; however, 
there is no enough data to support the necessity 
for further axillary node dissection [ 35 ].   

   Melanoma 
 Malignant melanoma originates from melano-
cytes (melanin-producing cells) and currently has 
an alarming increase in incidence among all 
types of cancer [ 36 ]. Primary neoplasms are usu-
ally found in the skin but can also develop in 

  Fig. 19.3    Breast lymphatic tracts, nodes, and their surgical classifi cation (From Krasnow and Hellman [ 26 ], with 
permission)       
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melanocytes of the eye or bowel. Factors impli-
cated in the pathogenesis of the tumor are:
•    Genetic predisposition  
•   Exposure to ultraviolet light  
•   Fair hair  
•   Light skin  
•   Steroid hormone activity  
•   Freckles    

 Elevated steroid hormone levels have been 
linked to the development of melanoma since it 
can initiate the pigmentation process in 
 unpigmented nevi. The tumor arises from malig-
nant degeneration of melanocytes in the basal 
layer of the epidermis or in a melanocytic nevus 
consisting of an aggregation of melanocytes.

   The biology of this tumor is complex but there 
are four major types of melanoma:
    1.    Superfi cial spreading melanoma is an 

 intraepidermal horizontal macule that slowly 
grows into a plague.   

   2.    Nodular melanoma is a nodular, often bleed-
ing, lesion with aggressive vertical growth 
and short or absent horizontal growth phase.   

   3.    Lentigo maligna melanoma arises from mela-
noma in situ (lentigo maligna) mainly in sun- 
damaged skin of elderly patients and is 
characterized by presence of atypical melano-
cytes at dermoepidermal junction.   

   4.    Acral lentiginous melanoma is typically pal-
moplantar or subungual.     
 The most important prognostic factors for pri-

mary melanoma without metastasis in histopa-
thology evaluation are:
    1.    Vertical tumor thickness (Breslow’s depth) (T1 

1 mm, T2 1–2 mm, T3 2–4 mm, and T4 >4 mm)   

   2.    Presence of ulceration   
   3.    Mitotic activity   
   4.    Invasion level (Clark’s level) in thin mela-

noma (<1 mm)     
 Histological features that denote an improved 

prognosis include the presence of radial (not ver-
tical) growth, a decreased cell mitotic rate, and an 
increased number of infi ltrating lymphocytes 
[ 37 ]. Melanoma of the extremities has the best 
prognosis, while those of the head, neck, and 
trunk have the worst. 

 Although metastasis can occur via hematoge-
nous routes, lymphatic spread plays a key role in 
metastatic dissemination where about two thirds 
are of metastasis are localized in the local lymph 
node drainage area [ 38 ]. There is sequential dis-
semination of malignant cells from the primary 
tumor initially as micrometastasis in regional 
lymph nodes (where isolated tumor cells area 
identifi ed by special histopathological examina-
tion), followed by satellite metastasis (up to 2 cm 
from the lesion) to in-transit metastasis (in the 
lymphatic vessel itself or skin between 2 cm and 
the fi rst sentinel node) [ 36 ] and eventually to 
clinically detected lymph node metastasis. 
Propagation of tumor cells to the initial lymph 
node (sentinel node) for a prolonged interval can 
occur before higher-station nodes become 
involved prior to systemic spread. 

 Routine pathological evaluation of lymph 
nodes involves microscopic review of serial 2- to 
3-mm sections stained with hematoxylin and 
eosin. Immunohistochemistry and reverse tran-
scriptase polymerase chain reaction (RT-PCR) 
methods evaluating for tyrosinase messenger 

  Fig. 19.4    A sentinel lymph 
node localization study in a 
patient with left breast cancer 
showing visualization of a 
sentinel lymph node in the 
anterior projection and more 
clearly in the left lateral 
projection (arrows)       

Anterior Lateral
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RNA (a substance used to produce melanin) have 
recently been used for detecting small numbers 
of melanoma cells (i.e., micrometastasis) missed 
on routine procedures and have proven useful in 
determining prognosis (Table  19.2 ) [ 39 ].

   Lymph node dissection studies have 
shown a low incidence of skip metastases to 
 second- echelon nodes (less than 1 %) [ 40 ,  41 ]. 
Ninety percent of regional nodal metastases will 
develop within the fi rst 3 years after initial exam-
ination [ 42 ], but they can recur even 10 years 
later. Patients without lymph node involvement 
have a 10-year survival rate of 70–80 %, but it 
is 30–70 % for patients with micrometastasis, 
30–50 in patients with satellite and in-transit 
metastasis, and only 20–40 % for those with clin-
ical nodal metastasis [ 43 ]. 

 The treatment of a primary melanoma is sur-
gical excision, with excision of the tumor along 
with the surrounding zone of skin and subcuta-
neous fat as well as the regional lymph nodes. 
The extent of surgery, however, is determined 
by the stage of the tumor. Lymphoscintigraphy 
has been used extensively to determine the 
location and number of lymph node drain-
age basins in melanoma patients with primary 
lesions that have a high potential for variable 
fl ow. Lymphoscintigraphy often demonstrates 
lymphatic drainage discordant from clinically 
predicted patterns and alters surgical manage-
ment for about one third of patients [ 44 ]. These 
discrepant results occur more frequently in mela-
nomas of the head and neck than in those of the 
trunk (64–73 % vs. 35 %) [ 45 ]. Drainage to more 
than one lymph node basin and to the contralat-
eral side occurs [ 46 ]. Patients with thin primary 
lesions (<1 mm) are unlikely to have metasta-
sis, and therefore, SLNB is not recommended 
in the absence of poor prognostic features such 
as vertical growth, ulceration, and Clark IV. 

Lymphoscintigraphy for sentinel node localiza-
tion is most likely to benefi t patients with primary 
melanoma of intermediate thickness (1–4 mm) 
and no clinical evidence of lymph node involve-
ment, because they have up to a 45 % chance of 
metastasis [ 47 ]. 

 The technique involves multiple injections 
around the primary lesion into the dermis [ 48 ]. If 
the injection is deeper, if it is distant from the pri-
mary lesion, or if a large volume is injected, the 
tracer may travel through undesirable lymphatic 
vessels, possibly leading to the wrong sentinel 
node. Imaging should be performed shortly after 
injection in patients with melanomas of the skin 
because radiopharmaceuticals can travel rapidly 
through these lymphatics. Mundun et al. and oth-
ers have shown good reproducibility of sentinel 
node detection using lymphoscintigraphy [ 49 , 
 50 ,  51 ]. All studies have reported a greater than 
88 % success rate for sentinel node detection, 
with up to fi ve nodes per patient being labeled as 
sentinel. In complex anatomical regions such as 
the pelvis and head and neck, SPECT/CT imag-
ing is valuable to differentiate SLN in close prox-
imity to the injection site, the exact location and 
depth of the SLN which improves the surgical 
identifi cation of the node and shorten the proce-
dure duration [ 52 ,  53 ].  

   Penile Squamous Cell Carcinoma 
 Penile squamous cell carcinoma metastatic 
directly to inguinal lymph nodes is the most ame-
nable to detection by clinical examination among 
all urological malignancies, and lymphadenec-
tomy is the treatment of choice. The procedure 
requires careful skin-fl ap management and thor-
ough lymph node dissection, and complications 
such as prolonged lymph leakage, scrotal and leg 
edema, skin-fl ap necrosis, and wound infection 
are common. A considerable percentage of 
patients have clinically negative inguinal lymph 
nodes at presentation; however, up to 20 % have 
occult micrometastasis [ 54 ]. The presence of pos-
itive nodes is the strongest prognostic factor for 
survival. Since extended clinical and imaging 
modalities are still not accurate for detection of 
micrometastasis, prophylactic groin dissection is 
carried out in majority of patients. Patients with 

   Table 19.2    Microscopic evaluation of sentinel node(s) 
by combined H&E and RT-PCR   

 H&E  RT-PCR  2-year relapse rate (%) 

 Negative  Negative  2.3 
 Negative  Positive  13 
 Positive  Positive  62 

  From Shivers et al. [ 39 ]  
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nodal metastasis have a 3-year disease-free sur-
vival    of 83 % when subject to early node dissec-
tion versus only 35 % in delayed node dissection 
[ 55 ]. Nevertheless, as much as 80 % of patients 
have negative lymph nodes, and the procedure for 
these patients carries morbidity and mortality 
without clinical benefi t when metastasis is not 
present. Sentinel node lymphoscintigraphy aims 
to select a subpopulation of patients that will ben-
efi t from node dissection. The initial work of 
Cabanas in SLN localization in penile cancer was 
shown later on to result in high false- negative rate 
of 20 % [ 56 ]. False-negative studies were con-
fi rmed by SPECT/CT studies to be due to massive 
tumor invasion and obstruction of the sentinel 
node and subsequent altered lymph fl ow from the 
tumor to a neo-sentinel node [ 57 ]. The procedure 
was reintroduced in a modifi ed method where 
preoperative lymphoscintigraphy using both 
Tc-99 m nanocolloid and blue dye injection is 
combined with intraoperative gamma probe guid-
ance to assess the lymphatic drainage [ 57 ,  58 ], 
with 100 % specifi city and 95 % sensitivity, and 
so currently only patients with a positive SLN 
would reliably have lymphadenectomy [ 59 ].  

   Prostate Cancer 
 The presence of nodal metastasis is a poor 
 prognostic factor in prostate cancer. The risk of 
micrometastasis in patients with low-risk pros-
tate cancer defi ned as an initial PSA < 10 ng/ml, 
a Gleason score* of biopsies < 7 (3 + 4), or < 50 % 
of grade 4 is existent though low. In patients with 
limited disease (T1/T2), lymphadenectomy 
 provides important prognostic information. The 
traditional approach of extended pelvic lymphad-
enectomy involving removal of all external and 
internal iliac nodes up to a point above the com-
mon iliac artery bifurcation, the obturator nodes, 
and the presacral nodes not only is associated 
with considerable morbidity such as lymphocele, 
lower-extremity edema, deep venous thrombosis, 
ureteral injury, and pelvic abscess but also con-
siderably prolongs the time of surgery. A modi-
fi ed limited lymphadenectomy whereby removal 
of nodes along the external iliac vein and obtura-
tor nerve is carried out has decreased sensitivity 
for detection of micrometastasis, and metastatic 

lymph nodes outside the extent of the limited sur-
gery are missed in up to 40 % of patients [ 60 ]. 

 The concept of SLN mapping was imple-
mented by Wawroschek et al. in prostate cancer 
[ 61 ]. The same group published their experience 
in more than 2,000 patients where they demon-
strated SLN detection rate of 98 % and a false- 
negative rate of 6 % in patients with a Gleason 
score of up to 8 [ 62 ]. Unlike penile cancer, mela-
noma, and breast cancer, in prostate cancer a 
peritumoral injection cannot be performed; rather 
random transrectal ultrasound-guided injection 
into the periphery of the gland is done. 

 There are important considerations in SLN in 
prostate cancer:
   First, the false-negative rate is validated against 

extended lymph node dissection not limited to 
obturator node but up to common iliac lymph 
nodes.  

  Second, the procedure is to be performed in 
patients in whom a curative surgery is consid-
ered whereby the presence of micrometastasis 
or macrometastasis in few number nodes 
would necessitate either radical prostatectomy 
with extended node dissection or pelvic irra-
diation. The likelihood of marked gross nodal 
involvement would render these patients not 
optimum candidates for the procedure. In 
these patients, the tumor load would occlude 
the lymphatic channels, and if lymphoscintig-
raphy is done, the radioactivity is diverted to 
other patent channels and so the metastasis is 
missed out. In this situation, anatomical imag-
ing using CT criteria (>1 cm in diameter) is 
valuable to evaluate for change of size in local 
nodes indicative of metastasis.  

  Third, because the prostate is a deep organ and 
because of the limitation in imaging where 
there is a large distance between gamma cam-
era and the injection site, lymph vessels might 
not be seen properly to differentiate fi rst- and 
second-echelon nodes. Therefore, all radioac-
tive nodes need to be biopsied. Different stud-
ies have shown that SPECT/CT imaging can 
detect more SLN than planar lymphoscintig-
raphy [ 63 ,  64 ]. The drawback is that fi rst- and 
second-echelon nodes cannot be differenti-
ated, and accordingly identifi cation of further 
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distant non-sentinel lymph nodes carries the 
risk of further unnecessary extended node dis-
section. Timing of imaging is therefore an 
important parameter to consider in order to 
avoid this pitfall.  

  Fourth, the histopathological examination of the 
specimen should not be done by frozen sec-
tion unless gross metastasis is suspected intra-
operatively. Evaluation for micrometastasis 
by H&E and immunohistochemistry lowers 
the false-negative rate.    
 SLN biopsy in prostate cancer is a very prom-

ising procedure with appealing implications; 
however, consensus is awaited to allow wide-
spread application in patients with localized dis-
ease. Large well-controlled studies are needed to 
assure involved professionals. 

 *Gleason grade refers to architectural prostate 
patterns, numbered 1 (well differentiated) to 5 
(poorly differentiated). Gleason score is accom-
plished by adding the Gleason grade of the most 
abundant pattern to the Gleason grade of the sec-
ond most abundant pattern.  

   Squamous Cell Carcinoma of Head 
and Neck 
 The N stage is the single most important prog-
nostic factor in head and neck squamous cell car-
cinoma [ 65 ] with a 10–50 % incidence of occult 
metastasis in patient with clinically no evidence 
of lymph node involvement (N0) [ 66 ], depending 
on the primary tumor size, depth of invasion, and 
site. Accordingly, if elective neck dissection is to 
be carried out in all stage N0 patients, then prob-
ably more than 50 % are exposed to lymphade-
nectomy that may not be necessary. Following 
successful output of SLN concept in surgical 
management of melanoma in the head and neck, 
many investigators expanded the procedure to 
squamous cell carcinoma of the head and neck. 
Initial experience with few patients using either 
blue dye or radioactive tracer was hampered by 
low success rate of SLN identifi cation of sentinel 
lymph nodes [ 67 – 70 ]. Several hypotheses were 
proposed, including rapid transit through the 
mucosal lymphatics into the systemic circulation, 
extravasation due to tissue tension, and qualita-

tive differences from dermal drainage sites. 
Multiple technical diffi culties were encountered, 
and future utility of SLNB in squamous cell car-
cinoma of the head and neck was doubted. 

 The notion that the highest detection rate and 
clinical benefi t were seen in N0 squamous cell 
carcinoma of the head and neck, patients drew the 
attention to this subclass of disease [ 71 ]. Several 
modifi cations of the technique were also intro-
duced to allow improved detection by dynamic 
and SPECT/CT acquisitions. In order to achieve 
better anatomical localization of lymph node, a 
multimodality imaging approach (using ultra-
sound or computed tomography) has been utilized 
to guide the injection of radiotracer into the tumor 
or to defi ne the exact location of a sentinel lymph 
node seen in lymphoscintigraphy [ 72 ,  73 ]. 

 Multiple small studies have been performed 
with a meta-analysis showing 97.7 % senti-
nel node identifi cation rate, 92.6 % sensitiv-
ity of SLN biopsy, and a false-negative rate of 
3 % [ 74 ]. To this end, the American College of 
Surgeons Oncology Group conducted a prospec-
tive multicenter trial (involved 25 institutions) 
over a 3-year period to validate SLNB in com-
parison to selective neck dissection for patients 
with T1/T2 clinically N0 squamous cell carci-
noma of the oral cavity [ 75 ]. In this series of 140 
patients, it was demonstrated that the pathologi-
cal status of the SLN correlated highly with the 
results of subsequent, immediate formal lymph-
adenectomy, yielding a high negative predic-
tive value of 94 %, further increased to 96 % by 
immunohistochemistry. 

 Currently, the accepted indications for SLNB 
in early oral/oropharyngeal squamous cell carci-
noma are staging of the ipsilateral neck in unilat-
eral T1/T2 N0 tumors and staging of the 
ipsilateral and contralateral neck in midline 
tumors or tumors crossing the midline. 

 There are several drawbacks in SLN mapping 
in head and neck cancer: First is the need for a 
completion node dissection in a separate session. 
The cost and rate of complications in a second 
head and neck surgery are higher. Second, there 
is a potential for skip metastasis, in which malig-
nant cells are not fi ltered in the fi rst echelon node 
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and would lodge in further distant nodes. 
Therefore, SLN sampling would be falsely nega-
tive for presence of metastasis. There is also a 
higher false-negative result in tumors in the fl oor 
of mouth, probably because of close proximity of 
the tumor to the SLN. Third, the procedure is 
technically diffi cult in deep-seated cancers. 
Laryngeal cancers require a CT or endoscopy- 
guided radiotracer injection of the tumor. 

 SLN mapping for staging in these patients is 
yet to be widely accepted as further studies are 
required to implement it in decision making.  

   Colorectal Cancer 
 Colorectal cancer is the most common form of 
gastrointestinal cancers and is one of the top 
leading causes of death from cancer in many 
developed countries. Surgical treatment involves 
extensive resection together with all regional 
lymph nodes. Patients with stage III colorectal 
cancer benefi t from adjuvant therapy. The role of 
such therapy in stage II patients is still controver-
sial. About 20–25 % of stage II patients despite 
good surgical excision develop either local or dis-
tant metastasis. Among multifactorial causes of 
recurrence, a very probable and valid explanation 
is micrometastasis in small lymph nodes that 
were missed during the initial surgery. Detailed 
histopathological examination (including multi-
level sectioning, immunohistochemistry staining, 
monoclonal antibody staining, and reverse tran-
scriptase polymerase chain reaction assay) can 
reveal micrometastasis and leads to upstaging, 
but application of the technique to all lymph 
nodes in a resected specimen is not practically 
feasible. The sentinel lymph node concept is 
therefore a method capable of pointing out the 
fi rst node to receive drainage from the tumor and 
to represent the fi rst to harbor micrometastasis, if 
any. The utilization of the concept in the context 
of colorectal cancer is different than that in breast 
cancer as an example. In the latter, SLN identifi -
cation aims to avoid unnecessary surgical explo-
ration and resection of axillary nodes in the basin 
if the SLN is negative for tumor. In colorectal 
cancer, however, the regional lymph nodes are 
already removed en bloc, and there is no change 

in surgical extent out of information derived from 
SLN status. Alternatively, the aim is to identify 
(either intraoperatively or during pathological 
examination) a smaller group of nodes in the 
specimen and to focus all histopathological 
efforts on such nodes in order to dramatically 
increase the yield. In addition, an appealing fea-
ture is that colorectal cancer exhibits a very pre-
dictable pattern for lymphatic drainage channels. 
Despite all of these observations and expecta-
tions, the application of sentinel lymph node con-
cept in colorectal cancer (as in all gastrointestinal 
cancers) did not gain wide acceptance and was 
not validated, and unifi ed practical guidelines as 
in melanoma or breast cancer were not issued. 

 Earlier reports showed a high failure rate for 
detection of sentinel lymph node (up to 30 %) 
and failure of detected sentinel nodes to represent 
the status of the rest of regional lymph nodes (up 
to 60 %) [ 76 – 78 ]. 

 Reports in the new millennium revisited the 
issue, and attention to technique and pathologi-
cal examination attained high rate of SLN detec-
tion approaching 100 % in some series [ 79 ,  80 ]. 
In 30 patients with invasive adenocarcinomas of 
the colon, the tumor status in identifi ed sentinel 
node(s) was compared with the status in all other 
harvested regional nodes for each of the patients 
who were clinically followed for more than 30 
months. SLN were identifi ed in all patients and 
were diagnostic for the entire lymphatic fi eld in 
28 patients. In four cases, the sentinel nodes 
were the only metastatic nodes. After a mini-
mum of 30 months, three patients had died of 
colon cancer metastases, two of whom had meta-
static SLN [ 81 ]. Paramo et al. [ 82 ] performed 
intraoperative SLN mapping in 55 patients with 
colon cancer. In this series, SLNs adequately 
predicted regional status in 44 of 45 (98 %) cases 
and in 9 of 45 cases (20 %) were the only sites of 
metastases. In 55 patients with primary colon 
cancer studied using SLN mapping, the proce-
dure had a high negative predictive value of 95 % 
where only in one case was metastasis found in a 
non-SLN [ 83 ]. 

 All the efforts in SLN identifi cation so far dis-
cussed were based on injection of a dye into the 
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subserosal layer (intraoperatively   ) or in the sub-
mucosal layer (preoperatively using a colono-
scope or proctoscope). The use of a radiotracer to 
delineate the lymphatic channels was highlighted 
in a very small number of publications. A group 
of 56 colorectal cancer patients had sentinel 
lymph node mapping intraoperatively using 
gamma probe guidance as the only method for 
SLN identifi cation. SLNs were detected in 91 % 
of patients. Metastasis was seen in 22 % of SLN 
as opposed to 3 % of non-SLN. In    four cases 
were SLN falsely negatively in presence of 
metastasis in other non-SLN, an advanced case 
of colorectal cancer was a common fi nding (a T3 
primary tumor) [ 84 ]. Whether tumor burden 
causes blocking or diversion of lymphatic chan-
nels remains to be investigated [ 84 ]. 

 Trocha et al. [ 85 ] studied 48 colorectal patients 
using a combination of radiotracer and blue dye. 

 In all identifi ed nodes, there were signifi -
cantly fewer nodes positive by both methods, 
“blue and hot” than “blue only.” In addition, 
nodal metastasis was more common in those 
blue and hot than blue only nodes. This signifi es 
that dual-agent examination more accurately 
identifi es SLN and accordingly further decreases 
the number of nodes to be examined by the 
pathologist. The advantages and cost-effective-
ness of the addition of radioguidance for SLN 
detection have not been addressed otherwise in 
literature. 

 Sentinel lymph node mapping is feasible and 
easy to perform in colorectal cancer. The most 
important issue remains on how to utilize infor-
mation from this technique and whether those 
patients with micrometastasis will benefi t from 
more aggressive management. The answer is to 
be awaited from randomized clinical trials.     

19.5     Summary 

 Lymphoscintigraphy plays an important role in 
the evaluation of lymph channels and draining 
lymph nodes in lymphedema and several types of 
tumors, primarily melanoma and breast cancer. 
Confi rmation of a lymphatic etiology for extrem-
ity swelling, along with localization of sites of 

lymphatic obstruction and leakage, can be 
achieved with lymphoscintigraphy. Its utilization 
to detect the sentinel node in melanoma and 
breast cancer patients is well established.     
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20.1            Introduction 

 Therapeutic applications of nuclear medicine are 
expanding (Table  20.1 ). Until few years ago, the 
use of radioisotopes in therapy was limited pre-
dominantly to treatment of hyperthyroidism, thy-
roid cancer, and polycythemia rubra vera. 
Strontium-89 (Sr-89), rhenium-186 (Re-186), 
samarium-153 (Sm-153), and tin-117m (Sn-117) 
have been increasingly used more recently in 
treating bone pain secondary to metastases. 
Additionally, treatment of certain neuroendocrine 
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tumors with I-131 MIBG and labeled octreotide 
and pentreotide, the use of radiolabeled monoclo-
nal antibodies for lymphomas, radionuclide treat-
ment of primary and secondary liver lesions, and 
radionuclide synovectomy have revolutionized 
the fi eld of therapeutic nuclear medicine.

   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 
 therapeutic 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.  20.1 ), 
whether dealing with a primary tumor or with its 
metastatic foci.

20.2        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 
experienced in thyroidectomy since the number 
of operations has decreased signifi cantly. In a 
recent Canadian survey study, endocrinologist 
were found to be the most common to prescribe 
I-131 for malignant, while nuclear medicine 
 physicians were the most in prescribing it for 
benign disease [ 2 ]. 

 The normal thyroid gland varies in shape 
between individuals, and the average weight is 

   Table 20.1    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 

Surgery External Beam
Radiation

Chemotherapy Targeting Therapy

Systemic

Cancer Therapy

Local

  Fig. 20.1    The major types 
of cancer therapy. Nuclear 
medicine uses principally the 
targeting method in treating 
cancer and cancer metastases 
(Modifi ed from Prvulovich 
et al. [ 1 ])       
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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 organifi ed by thyroid follicular cells 
exactly like nonradioactive iodine. 

20.2.1     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 immuno-
logically mediated form. It occurs most com-
monly in young women and is characterized by 
symptoms of hyperthyroidism with or without 
ophthalmopathy and dermopathy. Rarely, lymph-
adenopathy 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 destruc-
tive [ 3 ]. Thyroid stimulatory antibodies include 
long-acting thyroid stimulator (LATS). This anti-
body is detected in most patients with Graves’ 
disease and behaves like TSH, stimulating the 
production of thyroid hormones and conse-
quently trapping and organifying radioiodine. 
The other stimulatory antibody is the LATS pro-
tector, the antibody that prevents degradation of 

LATS; accordingly, it helps to stimulate thyroid 
cells indirectly. The disease is associated with 
other autoimmune disorders 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 % 
concordance rate is seen among monozygous 
twins while 5 % concordance is noted in dizy-
gous twins. These facts suggest a genetic suscep-
tibility 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 initiat-
ing event in the pathogenesis of the disease may 
be infectious in genetically susceptible 
individuals. 

 Histologically, there is hyperplasia of the thy-
roid epithelium, sometimes with papillary 
unfolding. Lymphocytic infi ltration 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 fi brosis 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 fi brosis based on the duration of the disease or 
the presence of nodules (Fig.  20.2 ). The presence 
of a TSH-dependent functioning nodule in a dif-
fusely toxic gland has been referred to as Marine–
Lenhart’s syndrome (Fig.  20.2 ). 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 ]. 
Infi ltration of extraocular muscles by an infl am-
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 
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muscles and thyroid gland. Similar infl ammatory 
infi ltrates 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 autonomous 
function, secrete suffi cient thyroid hormone to 
cause hyperthyroidism. These nodules are usu-
ally 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 contain-
ing multiple nodules [ 8 ]. In this case, the secre-
tion 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 

a

Anterior Anterior Anterior

AnteriorAnterior Anterior

b c

d e f

  Fig. 20.2    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 
thyroiditis. 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 fi rst during this phase. Example ( d ) shows dif-
fusely toxic gland with signifi cant 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       
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such as Graves’ disease, division of some 
 metabolically 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 nod-
ule. Cell death is followed by replacement with 
connective tissue, which may lead to hypothy-
roidism, depending on the number of cells 
destroyed and replaced by fi brous nonfunction-
ing 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 radia-
tion and consequently the side effects are mini-
mal. It has been estimated that 15 % of patients 
treated with I-131 may show worsening of oph-
thalmopathy [ 9 ,  10 ]. Since posttreatment hypo-
thyroidism has been associated with exacerbation 
of ophthalmopathy, 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 ].  

20.2.2     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 fi ndings of uniform or non-
uniform uptake, and whether nodules are present. 
Additionally, the dose is dependent on how the 
therapist defi nes 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 
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 ,  16 ].   

20.3     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. 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-specifi c oncogene associated with papil-
lary carcinoma has been identifi ed. 

 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 identifi ed 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 
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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 less than 
total 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 radio-
iodine uptake [ 20 ] (Fig.  20.3 ). 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 
sialadenitis, than in treatment of hyperthyroid-
ism. This however does not justify using limited 
therapy such as 30 mCi. A recent study con-
fi rmed the high rate of effi ciency of the high abla-
tive dose of 100 mCi of I-131 particularly in 
patients with less than 2 % neck uptake values 
[ 21 ]. This study confi rmed 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 specifi c for tumor tissue 
but are also specifi c components of normal thy-
roid tissue. Thyroglobulin is an iodinated glyco-
protein essential for synthesis and storage of 

I-123

Anterior Anterior

I-123
a b

  Fig 20.3     123 I whole body 
scan ( a ) for a patient with 
papiary thyroid carcinoma 
treated with total thyroidec-
tomy. The scan shows neck 
activity ( arrows ). Foow up 
scan ( b ) one year after I-131 
ablation shows complete 
resolution. Follow-up I-123 
whole-body scan in a patient 
with papillary thyroid 
carcinoma treated with total 
thyroidectomy and I–131 
ablation showing resolution 
of the neck activity 1 year 
after I-131 postoperative 
ablation       
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thyroid hormones. Since thyroglobulin is pro-
duced exclusively 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 indicates either remnant thyroid tissue, 
requiring further ablative treatment, or the pres-
ence of metastases or local recurrence. Other 
tumor markers used for many other tumors, such 
as carcinoembryonic antigen (CEA) and tissue 
polypeptide antigen (TPA), are not specifi c for 
thyroid cancer. TPA, which is a cytokeratin-
related nonspecifi c proliferation marker, has a 
sensitivity of 40–60 % for thyroid cancer. 
However, it has a good correlation with tumor 
progression or therapeutic 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 fur-
ther 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 elevation as well as representative 
thyroglobulin levels while the patients receiving 
their thyroid hormone [ 22 ]. FDG-PET is useful 
in evaluating patients in instances where radioio-
dine imaging fails to identify known or suspected 
recurrent or metastatic disease [ 23 ]. Additionally, 
the use of Tl-201 and Tc99m MIBI particularly 
when FDG- PET is not available is of value for 
this purpose [ 24 ].  

20.4     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 
intractable pain, which affects the quality of life 
for the patient, especially if it is associated with 
immobility, anorexia, and anxiety, with the con-
sequent long-term use of narcotic analgesics. The 
mechanism 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 
 narcotics to alleviate the pain with the objective 
of improving the quality of life. 

 Radiotherapy for focal painful metastases 
with delivery of 2,000–3,000 rads induces pain 
relief in 60–90 % of cases [ 26 ,  27 ]. Controlling 
pain of multiple metastases using external beam 
radiotherapy is diffi cult. 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 signifi cant 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 
hematological 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 severalfold (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 pallia-
tion has been increasing including Re-188, 
Lu-177, and others [ 29 ]. 

20.4.1     Radiopharmaceuticals 

20.4.1.1     Strontium-89 Chloride 
(Sr-89 Chloride) 

 Systemic radionuclide therapy with Sr-89 chlo-
ride was fi rst used to relieve pain from bone 
metastases in1937 and regained popularity in the 
1980s. It is a pure beta emitter with a relatively 
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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 confi rmed 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 
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 signifi cant transient decrease in 
serum E-selectin concentration as observed after 
systemic radionuclide therapy in a study on 25 
men with metastatic prostate carcinoma is an 
indication of such an observation [ 33 ] and may 
provide opportunities for clinical trials.  

20.4.1.2     Samarium-153 
Ethylenediaminetet-
ramethylene Phosphonate 
(Sm-153-EDTMP) 

    Samarium-153 is produced in the nuclear reactor 
by neutron activation of both natural Sm-2O3 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  marrow 
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 ].  

20.4.1.3     Rhenium-186 Ethylene 
Hydroxy Diphosphonate 
(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 intra-
venous injection, as is the case with the common 
bone-scanning agents. At 4 days, 14 % of the 
radioactivity remains in bone [ 36 ]. 

 Several studies have shown encourag-
ing 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 revers-
ible, which makes repetitive treatment safe 
[ 37 ,  38 ]. In a study of 31 patients with various 
cancers (10 prostate, 10 breast, 4 rectum, 5 lung, 
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2 nasopharynx) and bone metastases treated 
with a fi xed dose of 1,295 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 can-
cer, 75 % in patients with rectal cancer, and 20 % 
in patients with lung cancer. The overall response 
rate was 67.5 % and the palliation period varied 
between 6 and 10 weeks. The maximal pallia-
tion effect was observed between the 3rd and 7th 
weeks [ 38 ].  

20.4.1.4     Tin-117m- 
Diethylenetriamine-
pentaacetic 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 
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 ].  

20.4.1.5     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.  

20.4.1.6     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 PJ et al. [ 42 ] on ten 
patients with metastatic prostate cancer studied 
by Tc99m(V)DMSA and 188Re(V)DMSA to 
compare their biodistribution, only minor differ-
ences between both radiopharmaceuticals were 
found. Accordingly, Tc99m(V)DMSA scans are 
predictive 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.   

20.4.2     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  20.2 ). 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-
fi cient 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 
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humoral pain mediators in the microenvironment 
of the tumor [ 43 ]. This view is also supported by 
absence of a dose-response relationship [ 44 ].

20.4.3        Choice of 
Radiopharmaceutical 

 It has been demonstrated that myelosuppression 
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 prop-
erties including radiolabeled conjugate biologi-
cal uptake and clearance, product-specifi c 
activity, range and type of emissions, and resul-
tant effects on tumor and normal tissue cellular 
survival should be all considered along with the 
clinical outcome to choose a radiopharmaceuti-
cal. The response rate of different radiopharma-
ceuticals currently in use appears not to differ 
signifi cantly [ 45 ]. The side effects which are 
mainly hematological vary among the agents 
used, being more pronounced with P-32 than 
with the newer agents. Tin-117m DTPA differs 
from the other radiopharmaceuticals in that its 
emission is internal conversion electrons rather 

than beta particles. Since internal conversion 
electrons have low energy and shorter path in 
 tissue, they may result in less marrow toxicity.  

20.4.4     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 
benefi t from such treatment. The contraindica-
tion in pregnancy is absolute, and relative 
 contraindications include preexisting severe 
myelosuppression, urinary incontinence, severe 
insuffi ciency, and spinal cord compression or 
pathological fracture. A pre-therapy bone scan, 
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 myelotoxicity. The 
response to these radiopharmaceuticals 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 have 
consequences for both the onset and the duration 
of pain relief. Relief rates using the newer agents 
are not signifi cantly 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 fi rst cycle of chemotherapy, 1,295 MBq 
Re-186 HEDP was administered and pain relief 
was signifi cant. Subsequently, the patient received 
combined chemotherapy along with Re-186 
HEDP therapy and remained pain free. Follow-up 
Tc99m-MDP bone scan showed signifi cant regres-
sion of osseous metastases. The authors specu-
lated that the combination of Re-186 HEDP and 
chemotherapy resulted in signifi cantly increased 
palliation of metastatic bone disease [ 53 ]. 

   Table 20.2    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 (>400–1,000)  Interphase death  No division 
 500 (50,000)  Instant death  No division 

 Proteins 
coagulate 

  Modifi ed from Maxon et al. [ 4 ] with permission  
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 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 ].   

20.5     Treatment of 
Neuroendocrine Tumors 

 Neuroendocrine tumors constitute a heteroge-
neous group of neoplasms originating from endo-
crine cells that secrete biogenic amines and 
polypeptide hormones. Recently, the incidence of 
these tumors has gradually increased worldwide. 
The clinical behavior of neuroendocrine tumors 
is signifi cantly variable; they may be hormonally 
active or nonfunctioning, ranging from very 
slow-growing tumors to highly aggressive and 
very malignant tumors. Surgery is currently the 
only available curative treatment for these 
tumors, but for patients who have inoperable pri-
mary, recurrent or metastatic disease, few thera-
peutic options are available.    The goals of 
radionuclide 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 dis-
ease 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 adre-
nal medulla, heart, and salivary glands, as well as 
in pheochromocytoma, 90 % of MIBG is stored 
in the neurosecretory granules, while in neuro-
blastoma 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 particles from the decaying 
I-131 with a mechanism 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 chan-
nel 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 gran-
ules and inhibiting the intracellular transport. 
More recently peptide therapy has been increas-
ingly used to treat these tumors (shown later in 
the chapter). 

20.5.1     Neuroblastoma 

 Therapeutic amounts of I-131 MIBG can be 
delivered to neuroblastoma with acceptable bone 
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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 benefi cial.  

20.5.2     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.  

20.5.3     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 
 compared 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 ].   

20.6     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  conjugated 
with drugs, cytotoxic agents, and radionuclides 
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    

A.H. Elgazzar et al.



701

  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 (Fig.  20.4 ) 
and follicular 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 leuke-
mia. Results of a study on the long-term impact 
of radioimmunotherapy using yttrium-90 ( 90 Y)–
ibritumomab tiuxetan in advanced-stage follicu-
lar lymphoma in fi rst remission showed a median 
duration of progression-free survival of 4.1 years 
after radioimmunotherapy and 1.1 years for con-
trols [ 70 ].

20.7        Radionuclide Synovectomy 

 There may be a need for a defi nitive 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. 

 Ytterium-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  20.3 ). 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.  20.5 ).

20.7.1        Radiopharmaceuticals 
for Synovectomy 

20.7.1.1     Yttrium-90 Colloid ( 90 Y) 
 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 

In-111 Zevelin

ANT 48HR POST 48HR

  Fig. 20.4    Fifty-one-year-old female with low-grade 
refractory non-Hodgkin’s lymphoma. 111In-Zevalin 
images were obtained 48 h after injection. The patient was 
treated subsequently with 32 mCi of 90Y-Zevalin given 
slowly intravenously. Note the signifi cant degree of 
uptake in lymph nodes involved with the disease includ-
ing some in the extremities       
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   Table 20.3    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 

  90 Y-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 

  169 Er-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 

  186 Re-sulfi de 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 

  32 P-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 

Re-186
2-3 mCi/ 74-111 MBq
(3 ml)

Re-186
2 mCi/ 74 MBq
(1-2 ml)

Re-186
1-2 mCi/ 37-74 MBq
(1-1.5 ml)

Er-169
0.5 mCi/ 18.5 MBq
(1 ml) Y-90

5-25 mCi/ 185-925 MBq
(3 ml)

Re-186
1 mCi/ 37 MBq
(1 ml)

Radium-224
0.027 mCi/ 1 MBqI.V
For up to 10 doses
Re-186
2-4 mCi/ 74-148 MBq
(3 ml)

Er-169
0.5 mCi/ 18.5 MBq
(1 ml)

Er-169
2 mCi/ 74 MBq
(1-1.5 ml)

Er-169
1 mCi/ 37 MBq
(1 ml)

  Fig. 20.5    Diagram 
illustrating the choice of 
radiopharmaceuticals for 
radiosynovectomy of 
different joints       
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still moderate. Once the degree of synovitis 
has become severe, the expected results of 
 radioactive synoviorthesis are worse [ 74 ].  

20.7.1.2     Rhenium-186 
Sulfi de ([ 186 Re] 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 superfi cial cells of 
the synovia. Beta radiation leads to coagulation 
necrosis and sloughing of these cells.  

20.7.1.3     Erbium-169 
Citrate [ 169 Er] 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.  169 Er colloid has an affi nity 
to chelates; therefore, the simultaneous 
 administration of iodine contrast medium con-
taining EDTA should be avoided. 

 Absolute contraindications for the use of the 
three therapeutic radiopharmaceutical colloids 
for synovectomy are pregnancy and continued 
breast feeding.  

20.7.1.4     Phosphorus-32 
Chromic Sulfate (P-32) 

  32 P chromic phosphate has a 14 day half-life, is 
several times larger than  90 Y silicate, Re-186, 
Er-169, or  198 Au colloids, and emits only beta 
radiation. Its beta radiation has a soft-tissue pen-
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 ].  

20.7.1.5     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 s ize ranging 
from 20 to 70 μm.  

20.7.1.6     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 effi ciency, allowed better control 
of the particle size, and lower residual activity in 
the injection syringes [ 9 ]  

20.7.1.7     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 ].  

20.7.1.8     Ho-166-Ferric Hydroxide 
 The fi rst 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 infl amed synovial 
layer of 2.2 mm and a maximum of 8.7 mm. Its 
particle size is 1.2–12 nm   

20.7.2     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 superfi cial cells of the 
synovium. Beta radiation leads to coagulation 
necrosis and sloughing of these cells.  

20.7.3     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. 
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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 pen-
etration 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 
thickened 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 
infl ammatory reaction, a radionuclide with a 
moderately long half-life of days may be pre-
ferred to that with a half-life of a few hours. It 
appears that there is an inverse relationship 
between the size of radioactive particle used 
and the tendency for the radiocolloid 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.  

20.7.4     Clinical Use 

 Hemophiliac patients with chronic synovitis and 
hemarthropathy, rheumatoid arthritis, pigmented 
villonodular synovitis, psoriatic arthritis, anky-
losing spondylitis, and collagenosis are candi-
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 
synovectomy are pregnancy and continued breast 
feeding. 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 esti-
mated benefi t outweighs the potential risks [ 81 ]. 
The presence of a Baker cyst in the knee joint is 
considered by some workers in the fi eld as a con-
traindication. Ultrasonography is particularly 
important for the knee joint to exclude the pres-
ence of a Baker cyst which is an evagination of 
the medial dorsal part of the joint capsule in com-
munication with the main joint. If there is infl am-
mation in the knee joint, the effusion can be 
pumped into Baker cyst by enhanced motion. If a 
valve mechanism exists in the connection duct, 
this could have a deleterious effect after 
 radiosynovectomy. The increased pressure in the 
cyst might lead to its rupture and the radioactive 
fl uid getting into the surrounding tissue of the 
joint. The consequence could be possible necro-
sis 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 infl ammation of the joint and soft tissue 
and in order to be able to decide if radiosynovec-
tomy is possible and if the patient would benefi t 
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 arthropa-
thy. On the other hand, in osteoarthritis with recur-
rent joint effusion, radiosynovectomy has not been 
as successful in relieving the symptoms. Good 
response is reported in 40–70 % of patients [ 82 ]. 
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In patients with advanced cartilage destruc-
tion or bone-on-bone interaction, the synovial 
membrane is likely to be practically nonexis-
tent. Accordingly, patients with less radiologi-
cal damage generally show better results than 
those with more severe damage. If there is ini-
tially a poor response or a relapse, more than half 
the patients may benefi t from a reinjection [ 71 , 
 83 ]; 2,190 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 
rheumatoid arthritis it was 67 %, whereas it was 
56 % for osteoarthritis, 91 % for hemophilia and 
Willebrand’s disease, and 77 % for pigmented 
villonodular synovitis [ 83 ].   

20.8     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 addition-
ally hypervascular. This forms the basis of selec-
tive internal radiotherapy (SITR) for 
hepatocellular carcinomas and metastases. This 
approach is considered a combination of emboli-
zation and radiation. Microscopic radioactive 
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-
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 pro-
longed radiation of the tumor tissue, with a dosage 
of approximately 150–200 Gy. Because the radio-
nuclides 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 preserva-
tion of the normal liver tissue [ 86 ,  87 ]  

20.9     Peptide Receptor 
Radionuclide Therapy 

 Since cells express on their plasma membranes 
receptor proteins with high affi nity 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 affi nity and specifi c-
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  20.4 ) 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 
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with sstr2-expressing NET of the gastroentero-
pancreatic and bronchial tracts but may also 
include patients with phaeochromocytoma, para-
ganglioma, neuroblastoma [ 57 ], or medullary thy-
roid carcinoma. Iodine-negative metastases of 
differentiated thyroid cancer may express soma-
tostatin receptors and could benefi t from Y-90 
DOTA octreotide or lanreotide [ 82 ]. Detection of 
somatostatin-positive metastases before consider-
ing this treatment should be done using diagnostic 
In-111 octreotide or lanreotide. Some metastases 
respond to octreotide while others respond to lan-
reotide, 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, defi ned as 
NETs of grade 1 or 2 according to the WHO clas-
sifi cation of 2010 [ 90 – 93 ]. A study (82) has 
shown that In-111 DTPA octreotide effect is 
dependent on tumor size in animal model bearing 
somatostatin pancreatic tumor expressing soma-
tostatin receptor type2 (sst 2 ). 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 [ 90 Y]   DOTA-TATE and [ 177 Lu]
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 alternat-
ing [ 177 Lu]DOTA-TATE (5.55 GBq) and [ 90 Y]
DOTA- TATE (2.6 GBq), a median progression-
free  survival 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.  

20.10     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.  

20.11     Other Therapeutic 
Procedures 

20.11.1     Treatment of Bone Tumors 

20.11.1.1    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 fi rst 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, respectively. 

   Table 20.4    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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After a few days the pain was signifi cantly 
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, unre-
sectable pelvic osteosarcoma and multiple pul-
monary metastases was treated with high 
activity of Sm-153- EDTMP. Subsequently, 
external radiotherapy of the primary tumor site 
was performed and polychemotherapy contin-
ued, 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 metastases. Whole-body 
F-18 FDG- PEt also demonstrated an interval 
decrease of uptake. Further evaluation of feasi-
bility and effi cacy of this multimodal therapy 
combination of high-activity Sm-153-EDTMP 
therapy, external radiation, polychemotherapy, 
and stem cell support for unresectable osteosar-
comas is warranted [ 96 ]. 

 An animal study was conducted on fi fteen 
dogs with spontaneous osteogenic sarcoma and 
local pain. They were treated with Sm-153- 
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 fi ve of them seemed pain free: one for 20 
months and one for 48 months [ 97 ].  

20.11.1.2    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–
3,987 mCi with an average of 2,007 mCi 
(74.3GBq). Ho-166 has a half-life of 26.8 hours 
and a beta emission 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 radiopharmaceutical has selective bone 
uptake and rapid urinary excretion of the remain-
ing activity. However, due to the high doses used, 
catheterization and continuous irrigation of the 
urinary bladder after therapy has to be used to 
reduce radiation dose to bladder mucosa. This 
agent has a potential to treat patients with resis-
tant multiple myeloma. However clinical studies 
with emphasis on the outcome in comparison 
with the currently used high dose of chemoradio-
therapy with or without stem cell rescue are war-
ranted to evaluate the impact on the poor survival 
of patients affected by the tumor. Also more stud-
ies are needed to compare the adverse effects of 
this agent to the high incidence of systemic tox-
icities of the currently available radiopharmaceu-
ticals [ 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.  

20.11.1.3     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 
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the eventual treatment effi cacy 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 signifi cantly increase the symptom-free 
survival of the animals. These results were con-
fi rmed by a signifi cant 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 
effi cacious 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 ].  The FDG-PET 
therapy response assessments in men with osse-
ous metastatic prostate cancer are not always in 
agreement with composite clinical designations 
of response, stable disease, or progression  [ 106 ] . 
Uptake      and sensitivity vary in the same tumor 
type, for example, prostatic cancer. Generally, 
the FDG avidity is low in treatment naïve pros-
tate cancer, increased in CRPC, and almost 
always present in docetaxel-refractory prostate 
cancer  [ 107 ,  108 ] . All this indicate that the FDG 
is not ideal for response assessment of prostate 
cancer osseous metastases especially in earlier 
disease states.     

20.12     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 [ 109 ,  110 ]. 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 sur-
vival when compared to those who only 
received doxorubicin [ 110 ,  111 ]. Combining 
low-dose cisplatin to the standard dose of Sr-89 
chloride was found to improve pain palliation 
signifi cantly [ 112 ]. 

    CHOP was also used in combination with 
I-131 tositumomab and Y-90–ibritumomab and 
Rituxan–CHOP combinations for untreated non-
Hodgkin’s lymphoma [ 113 ,  114 ]. 

 Combining I-131 MIBG and chemotherapy or 
myeloablative chemotherapy has been also used 
in a limited number of patients [ 115 ,  116 ]. In a 
pilot study, Y-90 biotin was used as an adjunct to 
surgery and radiation therapy for malignant gli-
oma [ 117 ]. The disease-free interval and overall 
survival was signifi cantly 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 [ 118 ]. 
Combined chemotherapy and I-131 lipiodol for 
the treatment of hepatocellular carcinoma is 
being studied as mentioned earlier.  

20.13     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 radiopharma-
ceuticals 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  20.5  sum-
marizes the probable mechanisms of action of the 
major radiopharmaceutical tracers currently 
used. More choices in radionuclide therapy are 
now available to the physicians for local and sys-
temic uses to palliation and defi nitive therapy. 
Clinical acceptance is expected to increase as 
oncologists accept more the limitations of the 
curative and palliative role of chemotherapy and 
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external radiation. The areas of research in the 
fi eld of therapeutic nuclear medicine are wide 
open for developing new therapeutic radiophar-
maceuticals and clinical applications.
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21.1            Introduction 

 The main tool in nuclear medicine is ionizing 
radiation; therefore, it is important for its users to 
be familiar with its biological effects and patho-
physiological basis. Ionization is the process of 
ion production by ejection of electrons from 
atoms and molecules after exposure to high tem-
perature, electrical discharges, or electromag-
netic and nuclear radiation. Ionizing radiation is 
subdivided into electromagnetic radiation 
(X-rays and gamma rays) and particulate radia-
tion including neutrons and charged particles 
(alpha and beta particles). 

 Exposure to ionizing radiation comes from 
several natural and man-made sources 
(Table  21.1 ). The nuclear medicine professional 
should be able to provide information to the 
patient and the public about the radiation risks 
from these sources and to provide a comparison 
of exposure from medical procedures to natural 
sources. Biological effects of ionizing radiation 
depend on several factors that make them vari-
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   Table 21.1    Sources of ionizing radiation   

 Natural sources  Man-made sources 

 External radiation  Medical 
  Cosmic rays  Occupational 
   Terrestrial radiation 

(radioactive material in 
rocks, such as potassium-40) 

 Nuclear power 

 Internal radiation  Nuclear explosions 
  Inhalation (radon gas)  Nuclear accidents 
  Ingestion 
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able and inconsistent. The effects are classifi ed 
based on their nature and timing after exposure 
into early or delayed, somatic or hereditary, and 
stochastic or deterministic (Fig.  21.1 ). Stochastic 
effects refer to random and unpredictable effects 
usually following chronic exposure to low-dose 
radiation. Hereditary effects and carcinogenesis 
following diagnostic imaging are of a stochastic 
nature.

    Deterministic (non-stochastic) effects are 
nonrandom and have a highly predictable 
response to radiation. There is a threshold of 
radiation dose after which the response is dose 
related. Some of the known deterministic 
effects are radiation-induced lung fi brosis and 
cataract  

21.2     Mechanisms of Radiation 
Effects 

 Ionizing radiation exerts its effects on biological 
targets through two major mechanisms [ 1 ,  2 ], 
direct and indirect (Fig.  21.2 ).

21.2.1       Direct Effect 

 The direct effect theory or target theory proposes 
that ionizing radiation acts by direct hits on target 
atoms. All atoms or molecules within the cells, 
such as enzymatic and structural proteins and 

RNA, are vulnerable to radiation injury. DNA, 
however, is the principle target, in which ionizing 
radiation produces single- or double-stranded 
chromosomal breaks.  

21.2.2     Indirect Effect 

 The direct mechanism theory was found to be 
inadequate in explaining cellular radiation 
injuries. The indirect theory proposes that ion-
izing radiation exerts its effect via radiolysis 
of cellular water, forming free radicals. These 
free radicals interact with atoms and mole-
cules within the cells, particularly DNA, to 
produce chemical modifications and conse-
quently harmful effects. When X-rays interact 
with water, two types of free radicals are 
formed   :

  
H H hydrogen OH hydroxy· · ·® ( ) + ( )    

  The presence of an excess of oxygen during 
irradiation of cells allows the formation of addi-
tional free radicals:

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

  HO HO H O O2 2 2 2 2
· · ·+ ® +    

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

Biological Effects

Timing of Effect Nature of Effect

somaticHereditary

Carcinogenesis

Somatic Effect
other than

carcinogenesis

Early
(Deterministic)

Delayed
(Stochastic)

  Fig. 21.1    The various 
biological effects of ionizing 
radiation. The effects can be 
classifi ed into early or 
deterministic, which have a 
threshold, and delayed or 
stochastic, with no threshold. 
Effects are also classifi ed into 
somatic and hereditary. The 
somatic include early and 
delayed effects (cancer)       
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 It has been estimated that about two thirds of 
biological damage caused by low linear energy 
transfer (LET) radiation is due to indirect action 
[ 3 ]. Biological damage by high LET is primarily 
by direct ionization action. Figure  21.3  illustrates 
how radiation leads to tissue damage.

   Radiation effects have been observed in 
extents beyond that explained by effects exerted 
on directly irradiated cells. Cells in temporal or 
spatial distance from the initial radiation insult 
have been shown to have delayed effects of radia-
tion. Two phenomenons are described: the 
bystander effect and genomic instability.
   Bystander Effect 
 The cells in the vicinity of irradiated cells show 

effects that cannot be attributed to targeting by 
ionizing radiation tracks. Additionally, when 
cells are irradiated and later transferred to 
another medium, the cells in proximity in the 
new medium exhibit DNA damage, mutation, 
and carcinogenesis. Through cell-to-cell inter-
action, the directly irradiated cells communi-
cate with adjacent cells and spread the effect 
of radiation to a larger number of cells. The 
mechanism is not clearly understood; however, 
gap junctional intercellular communication [ 4 ] 

or release of soluble factors (such as cytokines) 
[ 5 ] from irradiated cells is proposed. The 
bystander effect has been mainly described for 
densely ionizing radiation (such as alpha par-
ticles) [ 6 ], but also is seen in low LET radiation 
(such as gamma or X-rays).  

  Genomic Instability 
 Maximal radiation-induced genetic damage is 

formed shortly (minutes to hours) after radia-
tion exposure. Nevertheless, it has been 
observed that not only the irradiated cells but 
also descendents may show delayed effects. 
Cells that sustain nonlethal DNA damage 
show increased mutation rate in descendent 
cells several generations after the initial expo-
sure [ 7 ]. Delayed effects include delayed 
reproductive death up to six generations fol-
lowing the primary insult [ 8 ].      

21.3     Factors Affecting Radiation 
Hazards 

 Radiation injury can be modifi ed by factors 
related to the ionizing radiation and the target 
tissue. 

Mechanisms of lonizing Radiation Effects

Indirect Effects

H20 → 2H° + 0° (Free Radicals)

Direct Effects

Radiation

Biological Target

  Fig. 21.2    The two 
mechanisms of ionizing 
radiation effects on 
biological tissue: the direct, 
or target, mechanism and the 
indirect, through the 
production of free radicals 
that consequently cause 
damage       
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21.3.1     Factors Related to Ionizing 
Radiation 

 Certain factors related to radiation itself 
 determine the various effects for the same 
 radiation dose to biological organs. 

  Type of Radiation . Various types of radiation 
differ in penetrability based on LET, which 
expresses energy loss per unit distance traveled 
(kiloelectron volts per micrometer). This value is 
high for alpha particles, lower for beta particles, 
and even less for gamma rays and X-rays. Thus, 
alpha particles penetrate a short distance but 
induce heavy damage, and beta particles travel a 
longer distance but much shorter than gamma 
rays. 

  Mode of Administration . The radiation dose is 
obviously an important factor. In addition, a sin-
gle dose of radiation causes more damage than 
the same dose being divided (fractionated). 
Collectively these two factors are expressed as 
dose per fraction. 

  Dose Rate . Dose rate expresses the time 
for which dose is administered. The longer 
the duration for the same total dose, the better 
the chance of cellular repair and the smaller the 
damage.  

21.3.2     Factors Related 
to Biological Target 

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

  Radiosensitivity . Although all cells can be 
affected by ionizing radiation, normal cells and 
their tumors vary in their sensitivity to radiation. 
Slowly and rapidly growing cells have different 
radiosensitivity in relation to their movement 
through the cell cycle. Radiosensitivity varies 
with the rate of mitosis and cellular maturity. 
Blood-forming cells are very sensitive to radia-
tion, while neurons, muscles, and parathyroid 
cells are highly radioresistant. Within a given 
cell, the nucleus in general is relatively more 
radiosensitive than the cytoplasm. When cells 
in G 0 \G 1  phase of the cell cycle are exposed to 
radiation they tend to halt their progression 

into G 2 \M phase. G 2  synchronization produces 
a  cluster of radiosensitive cells. A second hit 
within a time frame of 5–12 h leads to higher 
 proportion of  deleterious effects. This is expected 
for  radioisotopes with sequential alpha or beta 
decay as in  90 Sr\ 90 Y [ 9 ]. 

  Repair Capacity of Cells . Some cells are 
known to have a higher capacity than others to 
repair the damage caused by ionizing radia-
tion; consequently, the biological effects of 
the same radiation dose are different. 
Significant repair is known to occur quickly, 
within 3 h. 

  Cell-Cycle Phase . The life cycle of the cell 
includes several phases: the pre-DNA synthetic 
phase (G 1 ), the DNA synthetic phase (S), the 
post-DNA synthetic phase (G 2 ), mitosis (M), 
and the more recently identifi ed phase of no 
growth (0), which represents the time after 
mitosis to the start of the G 1  phase. All phases 
of the cell cycle can be affected by ionizing 
radiation. The radiosensitivity of a given cell 
varies from one cell- cycle phase to another. 
Overall, sensitivity appears to be greatest in G 2  
phase; irradiation during this phase retards the 
onset of cell division. Irradiation during mito-
sis induces chromosomal aberrations, i.e., 
breaks, deletions, translocations, and others. 
The sensitivity of a given cell-cycle phase also 
differs from one cell type to another and by 
alteration of radiation injury [ 3 ]. For example, 
the reproductive cells are most sensitive during 
the M phase, while damage to DNA synthesis 
and chromosomes occurs mostly when the cell 
is in the G 2  phase. Recovery from sublethal 
damage occurs in all phases of the cell cycle. 
However, this is most pronounced in the S 
phase, which is also the most radioresistant 
phase [ 3 ]. 

  Degree of Tissue Oxygenation . Molecular 
oxygen is known to have the ability to potenti-
ate the response to radiation; this is known as 
the oxygen effect. The amount of molecular 
oxygen rather than the rate of oxygen utilization 
by the cells is the most important factor for 
increasing the sensitivity of cells to radiation. 
The probable mechanism is the allowance of 
additional free radicals, which enhance the 
damage of cells [ 10 ].   
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21.4     Radiation-Induced 
Cell Injury 

 In general, an injury which has a high chance of 
repair is sublethal, that which can be repaired with 
treatment is potentially lethal, and that which is 
permanent is lethal. The nucleus is relatively more 
radiosensitive than the cytoplasmic structures. 
Nuclear changes after radiation include swelling of 
the nuclear membrane and disruption of chromatin 
materials. Cytoplasmic changes include swelling, 
vacuolization, disintegration of mitochondria and 
endoplasmic reticulum, and reduction in the num-
ber of polysomes [ 2 ,  10 ]. Depending on the dose of 
radiation and the subcellular changes, along with 
the previously described factors, the potential 
effects on the cell vary (Table  21.2 ). After ionizing 
radiation exposure, cellular injury occurs in one of 
the following forms [ 11 ]:
     1.    Division delay: After exposure to radiation in 

the range of 0.5–3 Gy, delayed mitosis is 
observed; however, near normal restoration of 
mitotic activity is achieved following several 
generations.   

   2.    Reproductive failure: The failed mitotic activ-
ity is permanent and eventually cell death 
ensues. This is observed in a linear fashion 
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 defi ned 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.    

21.5       Various Effects of Radiation 

 The biological effect of low-level radiation is 
extremely diffi cult to study in a controlled 
environment. The effects of high radiation 
exposure to populations during accidents or 
nuclear war have been the main source of 
information. 

 At low doses, radiation can trigger only par-
tially understood effects that can lead to cancer or 
genetic damage. These effects take years or gen-
erations to appear. At high doses, the effect may 
become evident within minutes, hours, or days. It 
is important for physicians to be familiar with the 
early effects of high radiation doses (1 Gy or 
more to the whole body), since the possibility 
that people may be exposed to such doses is 
increasing. 

Radiation

lonization

DNA damage

Sublethal cellular changes

CancerGenetic effectsEarly effects

Cell death

Physical injury and/or chemical changes

  Fig. 21.3    Intracellular changes induced by ionizing 
 radiation that lead to cell damage       

   Table 21.2    Types of cellular damage in relation to 
approximate 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 (>400–1,000)  Interphase death  No division 
 500 (50,000)  Instant death  No division 

 Proteins 
coagulate 

  Modifi ed from Prasad [ 3 ] with permission  
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21.5.1     Dose-Response Models 

 There are many models predicting relationships 
between the radiation dose and the effect of such 
an exposure to a biological target. The differ-
ences between these models arise from different 
underlying assumptions. Figure  21.4  illustrates 
three models describing the response of a bio-
logical system to various radiation doses.
     1.     Linear No-Threshold Model : This model 

assumes that any level of radiation is harmful 
and that the risk increases linearly with incre-
ments of dose. This model is applied for radia-
tion protection purposes and is meant to limit 
the risk to workers in radiation fi elds.   

   2.     Threshold Model : This model assumes that 
the risk of radiation is linearly related to the 
dose; however, this occurs only after a certain 
threshold level is exceeded. Below the thresh-
old level, no risk is to be expected. The theory 

behind the threshold level is that some degree 
of cellular damage should accumulate and 
produce cell damage.   

   3.     Hormesis Model : In this model there is a 
bimodal effect of radiation, where below a 
certain threshold level radiation is protective, 
and harmful effects are seen only when this 
threshold is exceeded. The rationale is that 
radiation at low levels induces protective cel-
lular mechanisms which prevent DNA dam-
age occurring spontaneously or due to other 
stresses [ 13 ,  14 ] (Fig.  21.5 ).

21.5.1.1           Early Radiation Effects 
   Acute Whole-Body Exposure Syndromes 
 Following exposure to a large, single, short-term 
whole-body dose of ionizing radiation, the 
 resulting injury is expressed as a series of clinical 
symptoms. The sequence of events can be gener-
ally divided into four clinical periods.

Linear-no threshold model Threshold model Hormetic model

LoHigh High High

Harmful

Low Low LowHigh High
Beneficial

  Fig. 21.4    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 Ernest et al. [ 12 ] with permission)       
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  Fig. 21.5    Low-dose (low LET) 
induced adaptive protection. 
Scheme of dose-response 
function (Reproduced with 
permission from Feinenegen 
[ 15 ])       
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    1.    The prodromal period, up to 48 h, when the 
symptoms include anorexia, nausea, vomit-
ing, and diarrhea.   

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

   3.    The manifest phase, from week 6 to week 8 
after exposure, when variable symptoms 
appear based on the radiation dose.   

   4.    The recovery period: If the patient survives, 
recovery occurs from 6 weeks to several 
months after exposure.     
 The presentation of these periods and their 

duration depend on the amount of radiation expo-
sure [ 2 ,  3 ]. 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 suffi ciently high radiation dose, acute 
radiation sickness may result. Additional symp-
toms related to specifi c organ injury may occur, 
based on the dose, and can be divided according 
to the known acute radiation syndromes: 

  Radiation Sickness . The symptoms can be 
mild, such as loss of appetite and mild fatigue, or 
evident only on laboratory tests with mild lym-
phopenia (subclinical), or may be severe, appear-
ing as early as 5 min after exposure to very high 
doses of 10 Gy or more and also include fatigue, 
sweating, 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. 

  Hematopoietic (Bone Marrow) Syndrome . 
This occurs at higher doses of more than 1.5–2 
Gy to the whole body. With doses up to 4 Gy, a 
radiation prodrome is seen, followed by a latent 
period of up to 3 weeks. The clinical effects are 
not seen for several weeks after the radiation 
dose, when anemia, petechiae, increased blood 
pressure, fatigue, ulceration in the mouth, epila-
tion, purpura, and/or infection appear. At doses 
on the order of 4–8 Gy, a modifi ed bone marrow 
syndrome occurs. The initial problem is more 
severe, the latest period is shortened, and the 
manifest illness is more severe. Death is possible 
due to bleeding with exposure in this dose range. 

  Gastrointestinal Syndrome.  This syndrome 
occurs with still higher doses of 6–10 Gy which 
cause manifestations related to the gastrointesti-
nal tract in addition to those of the bone marrow 
syndrome. Initially, loss of appetite, apathy, nau-
sea, and vomiting occur for 2–8 h. These effects 
may subside rapidly. Several days later, malaise, 
anorexia, nausea, vomiting, high fever, persistent 
diarrhea, abdominal distention, and infections 
appear. During the second week of irradiation, 
severe dehydration, hemoconcentration, and cir-
culatory collapse may be seen, eventually leading 
to death. 

  Central Nervous System Syndrome.  The cen-
tral nervous system is generally resistant to radia-
tion effects. A dose higher than 10 Gy is required 
to cause substantial 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.   

21.5.1.2     Acute Regional Effects 
 When enough radiation is delivered locally to a 
certain part of the body, as in the case of radiation 
therapy, which focuses on a certain fi eld, acute 
effects can appear in the exposed area. Examples 
include skin erythema and gastrointestinal edema 
and ulceration.   

21.5.2     Delayed Radiation Effects 

 There is considerable debate over the effects of 
low-level radiation. At one end, there are several 
theories and reports describing the harmful 
effects of low-level radiation and how underesti-
mated the risks are. At the other extreme, there 
are theories and reports of harmless and even 
potentially useful effects of exposure to such lev-
els of radiation. 

 The theories describing the effects of low- 
level radiation and the projected risk estimates of 
cancer development or genetic effects in human 
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 
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radiation exposure. Such events in any given 
population occur at extremely low rates, and to 
further complicate the issue after long latency 
periods, therefore, solid epidemiological data are 
diffi cult to obtain. 

21.5.2.1     Cancer 
 Cancer is the most important concern of radia-
tion. It has been recognized for more than 90 
years that ionizing radiation causes cancers. 
Tissues with a high rate of cell proliferation are 
more prone to radiation tumor induction. Cancer 
becomes evident only long after the fi rst damage 
is done, following a period of latency. Leukemia 
fi rst appears at least 2–5 years after exposure, 
while solid tumors appear after at least 10 years, 
often several decades. The tumors reported to be 
associated with radiation include leukemia, mul-
tiple myeloma, and cancers of the breast, colon, 
thyroid, ovary, lung, urinary bladder, stomach, 
CNS (other than brain), and esophagus. 

 There is no clear evidence that low-level radi-
ation causes cancer. Holm et al. [ 16 ] studied 
6,000 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 
2,000 children [ 16 ]. Saenger et al. [ 17 ] also stud-
ied 2,000 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 
leukemia 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 sug-
gest that such levels of radiation exposure may be 
useful [ 18 ,  19 ]. DNA mutations unrelated to radi-
ation are produced continuously. It is estimated 
that each day the intrinsic human metabolism 
produces 240, 000 DNA mutations in each cell of 
the body [ 20 ]. During youth, these are repaired 
and, in general, cancer occurs infrequently. With 
old age, the capability to repair may decrease and 
cancer appears more frequently. A high dose of 2 
Gy adds 4,000 (20 mutations/cGy) to the daily 
240,000 mutations. Ward [ 10 ,  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. It is the 
reduced ability of our repair mechanism to cor-
rect the very high background of intrinsic muta-
tions that 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 [ 22 ,  23 ] 
(see Chap.   11    ).  

21.5.2.2     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  21.3 ).

       2.    Dose rate: The repair process starts simultane-
ously with radiation damage. The damage 
with a high dose rate is greater; lower dose 
rates produce fewer mutations. At a low- 
intermediate dose rate, the time period is an 
important factor as far as the fi nal outcome of 
the radiation injuries is concerned. However, 
this does not hold true in the case of a high 
radiation rate, where the repair process is min-
imal due to the direct action of injury.   

   3.    Dose fractionation: The time interval between 
fractions is very important for the frequency 

     Table 21.3    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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of mutations. The number of translocations 
will be reduced by dose fractionation; how-
ever, the incidence of mutations will not be 
affected by increasing the time interval 
between fractions.   

   4.    Interval between exposure and conception: 
The frequency of mutation is very low if con-
ception occurs after 7 weeks, but it is high 
when the interval between radiation exposure 
and conception is 7 weeks or less.      

21.5.2.3     Effects on the Unborn Child 
 The embryonic stage is one of the most radio-
sensitive stages in the life of any organism. 
The classical triad of effects of radiation on the 
embryo is growth retardation; embryonic, fetal, 
or neonatal death; and congenital malforma-
tion. The probability of fi nding one or more of 
these effects is dependent upon radiation dose, 
the dose rate, and the stage of gestation at expo-
sure. The stage of development is particularly 
important, since the organ which is differentiated 
at that time will be most vulnerable; this deter-
mines the type of abnormality or malformation 
that will be observed. During the fi rst 2 weeks 
of conception, the effect of radiation is an all-
or-none effect, where the embryo is aborted. 
Following this period and up to 8 weeks, the 
embryo is very vulnerable to congenital mal-
formations. Organogenesis starting then after 
might lead to mental retardation, congenital 
malformation, as well as organ-specifi c 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 from irradiation at various 
stages of gestation is shown in Table  21.3 . The 
development of cancer at an early age is contro-
versial. Studies have suggested an increased risk 
of hematopoietic and solid tumors at an early age 
[ 24 ,  25 ]. However, a comparison between indi-
viduals whose parents were exposed to radia-
tion during the atomic bombing of Hiroshima 
and Nagasaki and these whose parents were not 
showed no signifi cant differences in a large num-
ber of variables including congenital effects, still 
births, and cancer at an early age.  

21.5.2.4     Other Delayed Somatic Effects 
  Cataract.  Chronic and acute exposure of the eyes 
can lead to cataracts secondary to inducing lens 
fi ber disorganization. Not all radiation is equally 
effective in producing cataracts; neutrons are 
much more effi cient 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 fraction-
ated dose. The period between exposure and the 
appearance of the lens opacities averages 
2–3 years, ranging from 10 months to more than 
30 years [ 26 ,  27 ]. 

  Hypothyroidism.  The thyroid gland is exposed 
to irradiation during radiation therapy of malig-
nant head and neck tumors or the treatment of 
hyperthyroidism with I-131. Patients who 
received doses 10–40 Gy to the thyroid for the 
treatment of other malignant diseases developed 
hypothyroidism a few months to many years after 
exposure. A lower moderate dose of (10–20 Gy) 
can result in hypothyroidism, while 500 Gy or 
more is required to destroy the thyroid com-
pletely (Table  21.3 ). 

  Aplastic Anemia.  Human exposure to radia-
tion can cause aplastic anemia, depending upon 
the dose and fractionation. Death may be the end 
result of aplastic anemia. It has been suggested 
that permanent anemia is caused by a reduced 
capability of cellular proliferation due to the 
accumulation of residual injury in stem cells. It is 
important to realize that when part of the body is 
irradiated, the bone marrow that survives unim-
paired will replace what is damaged. If only 10 % 
of active bone marrow escapes irradiation, mor-
tality can be decreased from 50 % to zero, based 
on animal studies.    

21.6     Exposure from Medical 
Procedures 

 For medical radiation, the chest X-ray delivers 
0.1–0.2 mSv to the chest wall (Table  21.4 ). The 
average 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 fl ight. When these 
 values are compared with those of natural sources 

21 Biological Effects of Ionizing Radiation
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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 
real magnitude of the low level of radiation can 
be appreciated. These levels of exposure from 
diagnostic medical procedures have no detect-
able biological effects. It is estimated that less 
than 0.006 % of those undergoing nuclear medi-
cine 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, radiopharma-
cists, and workers at cyclotrons are usually 
exposed to higher doses than other workers in the 
nuclear medicine fi eld.

   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. For example, 
3.7 GBq of I-131 delivers 0.5–1 Gy to the hema-
topoietic system simulating an effect of external 
whole-body radiation. 

 It is important to mention that the level of 
exposure from medical exposure has globally 
increased according to recent surveys [ 30 ]. The 
global exposure per caput has increased from 
0.4 mSv in 2000 to 0.62 mSv in 2008 (Table  21.5 ). 
Although globally the exposure of medical 
 exposure is still around 20 % of the total expo-
sure per caput since the exposure from natural 
sources contributes to slightly less than 80 %, the 

   Table 21.4    Absorbed 
   radiation dose from 
common natural and 
medical sources   

 Source 
 Radiation 
dose: mSv  (mrem) 

  Diagnostic X-ray procedures  
 Chest X-ray  0.1–0.2  (10–20) 
 Intravenous pyelogram  2.5  (250) 
 Mammography (one fi lm)  4  (400) 
 Gall bladder series  5.3  (530) 
 Panoramic dental X-ray  9  (900) 
 X-ray CT of the head  58  (5,800) 
 Barium enema series  80  (8,000) 
  Diagnostic nuclear medicine procedures  
 Tc-99 m-DTPA lung ventilation study  0.15–0.25  (15–25) 
 Tc-99 m-MAA lung perfusion study  1.1  (110) 
 Tc-99 m-MDP bone scan (20 mCi)  3.6  (360 ) 
 Tl-201 study (2 mCi)  5  (500) 
 FDG-PET (5–15 mCi)  3.5–10.5  (350–1,050) 
 CT component of PET/CT (diagnostic)  14.5  (1,450) 
 CT component of PET/CT (anatomic localization)  2–4  (200–400) 
 CT component of PET/CT (attenuation only)  0.3–1  (30–100) 
 FDG-PET/CT (total)  3.8–25  (380–2,500) a  
  Natural sources  
 Two-hour fl ight  0.05  (5) 
 Drinking water  0.05  (5) 
 Natural gas at home (mainly radon)  0.09  (9) 
 Radionuclide in human body  0.39  (39) 
 Cosmic radiation 
 (at sea level) 
 (at 2,000 m) 

 0.36 
 5 

 (36) 
 (500) 

   a Depending on acquisition protocol [ 28 ,  29 ]  
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exposure 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 
illustrated in the United States [ 30 ]. This increase 
has been attributed mainly to the increase in the 
utilization of CT scans [ 30 ].

   Positive health effects that have been noted 
from low-dose radiation exposure have been 
reported, i.e., decreased mortality and decreased 
cancer rates, in human populations exposed to 
low-level radiation and reported in large studies 
[ 31 ,  32 ]. Several studies were carried out to com-
pare areas of high background to those with low 
radiation. Lower cancer incidence and/or mortal-
ity rates in the former were the fi nding in many 
such studies in China [ 33 ], India [ 34 ], Iran [ 35 ], 
and the United States [ 36 ]. It has to be noted, 
however, that this form of epidemiological stud-
ies does not compare individual’s radiation expo-
sure to cancer rate; therefore, strong conclusion 
cannot be solely based on such studies. On the 
other hand, none of these studies have found a 
higher cancer incidence in high background radi-
ation zones. An epidemiological study [ 37 ] com-
paring cancer mortality in Canada’s nuclear 
industry workers to that in non-radiation workers 
has found similar favorable effects for low radia-
tion exposure. The former group of workers had 
cancer mortality of 58 % of the national average 
as compared to 97 % of that in the latter. Cohen 
[ 11 ] studied the relationship between lung can-
cer death rates and residential radon gas in the 
United States. He found that lung cancer 
decreased for increments in radon levels. These 
fi ndings were consistent even after reanalysis 
and correcting for confounding factors such as 
smoking. To date, there is considerable debate 
regarding this study.  

21.7     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 
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 exposure to 
radiation can be described as absolutely safe and 
no level is uniformly dangerous. Radiation doses 
have to reach a certain level to produce acute 
injury but not to cause cancer or genetic damage. 
No biological effects in individuals have ever 
been documented as being due to levels of ioniz-
ing radiation employed for medical diagnosis. 
Absorbed doses from nuclear medicine proce-
dures are very low. Fears of radiation must not be 
permitted to undermine the great value of radia-
tion in clinical practice. However, safe handling 
of all levels of radiation is important to prevent or 
minimize possible biological effects.     
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                  Glossary 

  Abscess    A collection of pus in tissues, organs, 
or confi ned spaces, usually caused by bacte-
rial infection.   

  Absorbed dose    Amount of energy absorbed per 
unit mass of target material.   

  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       Angionenesis or neovascularization 
descibes formation of new vessels. It occurs 
in several pathologies particularly neoplasia. 
Tumor angiogenesis is initiated, maintained, 
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 infl am-
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 affi nity 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 ossifi cation 
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 
tissue, 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.   

  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.   
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  Budd-Chiari syndrome    An uncommon con-
dition usually caused by thrombosis of 
the hepatic veins such as associated with 
 polycythemia vera, following oral contracep-
tive use or renal cell carcinoma with tumor 
involving veins. Sulfur colloid liver scan typi-
cally shows decreased uptake in the right lobe 
with increased uptake in the caudate lobe rep-
resenting 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 calcifi cation involves the 
media of small and medium sized cutaneous 
arterioles with extensive intimal hyperplasia 
and fi brosis. There is also subcutaneous cal-
cifi cation and necrosis which may lead to sep-
sis, the main cause of morbidity which may be 
signifi cant.   

  Carcinogenesis    Carcinogenesis or oncogenesis 
is a process by which normal cells are trans-
formed into cancer cells   

  Cation    Positively charged ion.   
  Chemotaxis    Directional migration of leuko-

cytes at varying rates of speed in interstitial 
tissue towards a chemotactic stimulus in the 
infl ammatory 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 fi rst 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  diffuse 
through membranes when dissolved in a liquid.   

  Complex regional pain syndrome type I (refl ex 
sympathetic dystrophy)    A pain syndrome 
that usually develops after an initiating nox-
ious event with no identifi able 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 con-
nect 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 fi bers, an amorphous ground sub-
stance, and tissue fl uid in addition to cells 
such as fi broblasts, 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.   

  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 
adrenal cortisol production due to adre-
nal adenoma, 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.   
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  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 calcifi cation    A type of soft tissue 
calcifi cation that occurs in the setting of nor-
mal serum calcium and phosphate levels and 
occurs in damaged, infl amed, neoplastic, or 
necrotic tissue.   

  Ectopic hyperparathyroidism    Parathyroid dis-
ease 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 ossifi cation    Most of the skel-
eton forms by this type of ossifi cation where 
a preexisting cartilage forms fi rst and then 
undergoes ossifi cation.   

  Enteropathic arthropathies    Arthropathies asso-
ciated with infl ammatory 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 infl amma-
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 infl ammatory condition affect-
ing the epididymis usually in adults secondary 
to infection or following trauma. Bacteria usu-
ally 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 fi rst stem cell progeny committed to ery-
throid differentiation and ending with the 
release of red cells into the circulation.   

  Eutopic hyperparathyroidism    Parathyroid dis-
ease with typical location of glands.   

  Exudate    An infl ammatory extravascular fl uid 
with a high protein content, much cellular 
debris, and a specifi c gravity above 1.020. 
This is the hallmark of acute infl ammation, 
which may also be called exudative infl amma-
tion. It indicates signifi cant alteration in the 
normal permeability of small blood vessels in 
the region of injury.   

  Fibrous dysplasia    A benign bone disorder char-
acterized by the presence of the fi brous tissue 
in lesions of trabeculae of nonlamellar bone 
(woven bone), which remains essentially 
unchanged.   

  First-pass radionuclide angiography    Exami-
nation of the initial transit of a radionuclide 
bolus through the different major vascular 
compartments can provide information 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 non-union    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 
of mature ganglion cells and is well encapsu-
lated; it is frequently calcifi ed 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 ossifi cation    A specifi c type of soft 
tissue calcifi cation that may or may not follow 
trauma and is due to a complex pathogenetic 
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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 
 downregulation of contractile function, thus 
reducing cellular demand for energy, in 
response to chronic ischemia. It requires the 
restoration of blood fl ow 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 fl uid, leading 
to dilatation of the ventricular system. They 
may result from obstruction to the fl ow 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 fi rst be excluded.   

  Hypertrophic osteoarthropathy    A form of 
periostitis that may be painful and may be 
associated with clubbing of fi ngers 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.   

  Infl ammation    A complex nonspecifi c tissue 
reaction to injury by living agents such as 
 bacteria and viruses leading to infection, or 
nonliving agents including chemical, physical, 
immunologic, or radiation injurious agents.   

  Infl ammatory 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 ossifi cation    Occurs through 
the transformation of mesenchymal cells into 
osteoblasts seen in fl at 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 
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 defi ciency    A common cause of malab-
sorption that is found in 15 % of Caucasian, 
50 % of blacks, and about 90 % of Asians. 
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Often, patients may have partial lac-
tase  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    Grave’s disease 
with incidentally functioning nodule(s) which 
are responsive to thyroid stimulating hor-
mone. It is not responsive to thyroid stimulat-
ing 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 ery-
throid  precursor cells in the bone marrow and 
in other replicating cells in human subjects 
due to defi ciency of vitamin B 12  and folate 
or metabolic abnormalities involving these 
vitamins.   

  MEN (multiple endocrine neoplasia)    An 
autosomal dominant syndrome that involves 

hyperfunctioning of two or more endocrine 
organs. Primary hyperparathyroidism, pancre-
atic endocrine tumors, and anterior pituitary 
gland neoplasms characterize type 1 MEN. 
Medullary thyroid carcinoma, pheochromo-
cytoma, and hyperparathyroidism caused by 
parathyroid gland hyperplasia characterize 
type MEN 2A. MEN 2B is defi ned by med-
ullary 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 calcifi cation    The type of soft tissue 

calcifi cation 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 noninfl ammatory, 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.   

  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 ossifi cans progressive    The congenital 
and rare form of heterotopic ossifi cation.   

  Necrosis    Cellular death resulting from the 
 progressive degradative action of enzymes on 
the lethally injured cells, ultimately leading to 
the processes of cellular swelling, dissolution, 
and rupture. The morphological appearance of 
necrosis is the result of denaturation of pro-
teins 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 
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is formed as a result of glomerular fi ltration, 
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-fi ve 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 secondary 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 
fi eld.   

  Paraganglioma    Pheochromocytoma arising at 
sites other than adrenal medulla (extra-adrenal).   

  Parkinson’s disease    A neurologic disorder 
characterized by tremor, rigidity, akinesia, 
bradykinesia, and postural instability.   

  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 
 disease 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 
 representing evaluation of each pixel in the 
heart with respect to count changes over time. 
This helps identify abnormal timing of ven-
tricular contraction.   

  Pheochromocytoma    A rare tumor  arising 
from chromaffi n cells of the adrenal medulla. 
It commonly produces excessive amounts 
of norepinephrine, attributable to autono-
mous functioning of the tumor, although 
large tumors secrete both norepinephrine and 
 epinephrine and in some cases also dopa-
mine. Releasing the catecholamine into the 
circulation causes hypertension and other 
signs.   

  Physical half-life    Time required for half of a 
radioactivity to decay.   

  Plantar fasciitis (calcaneal periosteitis)    An 
infl ammatory condition that can occur as an 
isolated entity such as secondary to occu-
pation, degenerative, or it may accompany 
spondyloarthropathies.   

   Pneumocystis carinii  ( jiroveci )    An opportunis-
tic pathogen currently classifi ed as a fungus. 
It causes an infection leading to signifi cant 
morbidity and mortality in human immuno-
defi ciency virus and nonhuman immunode-
fi ciency virus-associated immunosuppressed 
patients although it also occurs in nonimmu-
nocompromised patients.   

  Podagra   A term describing affection of the 
metatarsophalangeal joint of the great 
toe in gout and the most typical fi nding of 
gouty arthritis.   

  Primary hyperparathyroidism    Hyperpara-
thyroidism caused by neoplastic or hyperplas-
tic parathyroid glands or when nonparathyroid 
tumors such as bronchogenic or renal cell car-
cinomas secrete ectopically parathyroid hor-
mone or a biologically similar product.   
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  Pseudoarthrosis    A gap between the fracture 
bone ends containing a space fi lled with fl uid. 
Also termed false joint.   

  Pulmonary circulation    A low-pressure, low- 
resistance system through which oxygen 
enters and carbon dioxide is removed.   

  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 infl ammation of connective tissue 
mainly in the joints with synovial infl amma-
tory response triggered by immune complexes 
in the blood and synovial tissue through acti-
vation of plasma protein complement. This 
infl ammation 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 infl ammatory condi-
tion affecting generally the fl exor 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 infl ammation.   

  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 
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-
cifi c 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.   
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  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.   

  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 fi bula, calcaneus, 
talus, metatarsal, and cuboid bones in this age 
group.   

  Transient synovitis    A joint infl ammation 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 
mineral 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-
cifi cation characterized by large, calcifi ed, 
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 
fl ood fi eld irregularities.   

  Upper respiratory airways    Nasopharynx and 
oropharynx.   

  Ventilation    The process by which air fl ows 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 age men causing 
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 hypo-
thalamus-pituitary-thyroid axis mechanism. 
When intrathyroid iodine concentrations are 
signifi cantly increased, the rate of thyroid hor-
mone 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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  A 
  Abdominal abscess 

 CT scans image , 85–86  
 72 h gallium-67 image , 86, 89  
  111 In-labeled leukocyte scan , 87–88  
 morphological modalities , 86  
 ultrasonographic study , 85  

   Abdominal infl ammation 
 abscesses , 74–75  
 infl ammatory bowel disease , 75–76  
 leukocytes accumulation , 75  

   Absorption 
 iron , 117–118  
 radiation dose , 724  

   Acalculous acute cholecystitis , 567  
   Achalasia , 532–533  
   Active transport systems , 41, 56  
   Acute appendicitis , 541–542  
   Acute chest pain syndromes , 483  
   Acute cholecystitis 

 causes , 570  
 CCK and morphine , 570–571  
 diagnosis of , 569  
 morphine augmentation  vs.  delayed imaging , 567–569  
 rim sign , 571–572  
 sincalide pretreatment  vs.  morphine augmentation , 

569–570  
   Acute infl ammation 

 exudate formation , 70–72  
 local cellular events , 72–73  
 local sequelae , 73  
 local vascular changes , 70  
 microphotograph , 73  

   Acute pyelonephritis 
 diagnosis and management of , 78  
 infl ectional zones , 79–80  
 infection, routes of , 79  
 risk factors , 78–79  

   Acute tubular necrosis (ATN) , 331–334  
   Acute whole-body exposure syndromes , 720–721  
   Adenocarcinoma 

 FDG PET/CT images , 388, 390  
 F-18 FDG study , 542  
 malignant tumors , 349  
  99m Tc MDP bone scan , 388, 389  
 PET scan , 377, 378  

   Adenosine, in myocardial stressing , 475–476  
   Adenosine triphosphate (ATP) 

 glycolysis , 37  
 oxidative phosphorylation , 37–38  
 role of , 37  

   Adrenal cortex 
 hormones and effects , 305–306  
 pathophysiology , 306–307  
 scintigraphy , 307–308  

   Adrenal gland , 305–306  
   Adrenal masses , 315, 317  
   Adrenal medulla 

 pathophysiology 
 ganglioneuroma , 310  
 neuroblastoma , 309–310  
 pheochromocytoma , 308–309  

 scintigraphy   ( see  Scintigraphy) 
   Adrenergic presynaptic receptors , 61  
   Adriamycin , 453  
   Adsorption, physicochemical , 50  
   AIDS, gallium-67 studies , 88, 90  
   AIDS-related sclerosing cholangitis , 584  
   Alveolocapillary membrane , 404  
   Alzheimer’s disease (AD) 

 amyloid deposition , 625  
 CNS imaging , 600–601  
 dementia , 600–601, 625–628  
 PET imaging of , 627–628  
 SPECT imaging of , 626–627  

   American Joint Committee on Cancer (AJCC) , 351  
   Amiodarone , 271–272  
   Amyloid-beta (Aβ) imaging , 628, 632  
   Aneurysm , 445, 446  
   Angiogenesis , 70, 353–354  
   Angiotensin II , 324  
   Ankylosing spondylitis , 217  
   Antisense imaging , 64  
   Antithyroid drugs , 263–264  
   Aortic valve stenosis , 438–439  
   Aplastic anemia, radiation induced , 723  
   Apolipoprotein E (APOE) , 600  
   Apoptosis , 4, 8–9, 110, 363–364, 719  
   Appendicitis 

 acute , 541–542  
 gastrointestinal scintigraphy , 551  

   Arbutamine, in myocardial stressing , 477  
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   Arrhythmia , 437  
   Arterial hypoxemia , 408  
   Arthropathy 

 ankylosing spondylitis , 217  
 gouty arthritis , 218  
 joint disease types , 216  
 osteoarthritis , 218–219  
 rheumatoid arthritis , 217  

   Ascites , 544  
   Atrophy , 4, 5  
   Autoimmune thyroid disease 

 etiological factors , 272  
 iodine excess , 268  
 pathophysiology , 272–273  
 radionuclide procedures , 273  

   Automated image registration (AIR) algorithms , 617  
   Avascular necrosis 

 blood supply interruption , 183, 184  
 cause of , 181  
 dysbaric osteonecrosis , 187  
 idiopathic osteonecrosis , 189  
 Legg-Calvé-Perthes disease 

 pathway A and B , 186–187  
 stages of , 185, 187  

 osteochondroses , 185  
 posttraumatic osteonecrosis , 185, 186  
 sickle cell disease necrosis , 187–189  
 spontaneous osteonecrosis 

 of femoral head , 189  
 of knee , 190–192  

    B 
  Balloon occlusion test (BOT) , 623–625  
   Barrett’s esophagus , 530–531  
   Basophils , 101, 103  
   Benign tumors , 348, 563  
   Bile duct , 561  
   Biliary atresia , 581  
   Biliary tract diseases 

 acute cholecystitis 
 causes , 570  
 CCK and morphine , 570–571  
 diagnosis of , 569  
 morphine augmentation  vs.  delayed imaging , 

567–569  
 rim sign , 571–572  
 sincalide pretreatment  vs.  morphine augmentation , 

569–570  
 cholescintigraphy , 584–585  
 chronic acalculous 

 cystic duct diseases , 573–576  
 gall bladder   ( see  Gall bladder) 
 SOD   ( see  Sphincter of Oddi dysfunction (SOD)) 

 complications after surgery , 582–583  
 EPBD , 583  
 gastrointestinal reconstruction surgery , 583  
 hyperbilirubinemia 

 common bile duct obstruction , 580–581  

 medical jaundice , 580–581  
 neonatal , 581–582  

 sclerosing cholangitis , 584  
   Billroth cords , 142–143  
   Bladder cancers , 387–388  
   Blebs , 425  
   Blood–brain barrier (BBB) , 602–603  
   Blood cells 

 basophils , 101, 103  
 eosinophils , 101, 103  
 lymphocytes , 103–106  
 macrophages , 103  
 mature erythrocytes , 100  
 mature neutrophils , 101–103  
 monocytes , 103  
 white blood cella   ( see  Leucocytes) 

   Blood platelets 
 measurement of , 150  
 ultrastructure of , 149–150  

   Blood supply , 157  
   Bone formation , 238–239  
   Bone hemangiomas , 230–231  
   Bone marrow , 158, 159  

 histological section , 107–108  
 long bones diaphyses , 107, 108  
 pre-and postnatal sites , 107  
 radiation induced , 721  

   Bone marrow scintigraphy (BMS) 
  111 In-WBC and  99m Tc-WBC , 148, 149  
 pathophysiological changes , 146  
 radiopharmaceutical tracers , 146–147  
  99m Tc-NSAb , 147, 148  
  99m Tc-sulfur colloid scans , 147  

   Bone metastasis.    See  Metastatic bone disease 
   Bone remodeling , 157–158  
   Bone resorption , 238  
   Bone scintigraphy, osteomyelitis , 168, 169  
   Bone structure 

 cellular level , 156  
 and functions , 157  
 gross level , 155, 156  
 molecular level , 156–157  
 tissue level , 155–156  

   Bone tumors 
 metastatic prostate carcinoma , 707–708  
 multiple myeloma , 707  
 osteogenic sarcoma , 706–707  

   Brain death , 661–663  
   Brain tumors , 602–603  

 chemotherapy effect , 646–648  
  18 F-FDG imaging , 648–652  
  18 F-FLT Imaging , 652–653  
  99 m Tc-sestamibi , 645–646  
  201 Tl , 644–645  

   Breast cancer 
 metastatic bone disease , 240  
 PET/CT clinical uses of , 385–387  
 soft tissue malignancies, PET/CT , 676–678  

   Bystander effect , 717  
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    C 
  Calcinosis cutis circumscripta , 225  
   Calcinosis cutis universalis , 225  
   Calciphylaxis , 225  
   Calcitonin , 694–695  
   Cancer, molecular basis , 33–34  
   Cancer, radiation effects , 722  
   Capillary blockade , 50  
   Carbon-14 breath tests 

 bacterial overgrowth , 556  
  H.pylori  , 552–555  
 lactase defi ciency , 555  

   Carcinoid tumor , 700  
   Cardiac function, scintigraphic evaluation , 440–441  

 ERNA   ( see  Equilibrium radionuclide angiography 
(ERNA)) 

 exercise radionuclide angiography , 449–450  
 fi rst-pass radionuclide angiography , 450  
 nuclear probe and VEST , 450–451  
 SPECT-gated ERNA , 451  

   Cardiac muscle , 30  
 contraction , 435–436  
 electrical excitation , 435  

   Cardiac shunt evaluation , 458–459  
   Cardiac transplantation 

 evaluation , 456–457  
 MPI after , 485  
 rejection , 512–513  

   Cardiomyopathy 
 dilated , 439, 509  
 hypertrophic , 439–440, 458  
 restrictive , 440  

   Cardiotoxicity , 453  
   Cardiotoxins , 452–453  
   Carrier-mediated diffusion.    See  Facilitated diffusion 
   Cataract, radiation induced , 723  
   β-Catenin , 362  
   Cell 

 cell-to-cell communication , 35–36  
 death   ( see  Cell death) 
 degradation   ( see  Cellular components, degradation 

of) 
 division , 25–26  
 eukaryotes , 11–12  
 malignant growth , 32–34  
 metabolism   ( see  Adenosine triphosphate (ATP)) 
 prokaryotes , 11  
 reproduction , 24–26  
 structure and function , 12–19  
 transformation , 32  
 transformation and differentiation , 26–27  

   Cell adaptation 
 atrophy , 4, 5  
 dysplasia , 5, 6  
 hyperplasia , 5, 6  
 hypertrophy , 4–6  
 metaplasia , 5, 6  

   Cell cycle , 24–25, 352  
   Cell-cycle phase , 718  

   Cell death , 693  
 apoptosis , 8–9  
 classifi cation , 43  
 imaging of , 43  
 necrosis   ( see  Necrosis) 

   Cell injury 
 biochemical reactions for , 3–4  
 intracellular accumulations , 4  
 mechanisms , 3  
 types of , 3  

   Cell membrane transport , 38–39  
 electrical impulses transmission , 42–43  
 mechanism , 39  
 vesicle formation , 41–42  
 of water and solutes , 39–41  

   Cell proliferation , 59  
   Cellular components, degradation of 

 functions , 27  
 lipids , 28  
 macroautophagy , 27  
 protein , 28  

   Cellular metabolism , 37–38  
   Cellular migration , 50–51  
   Centers for Medicare & Medicaid Services (CMS) , 

631–633  
   Central nervous system (CNS) 

 anatomy , 595–596  
 axial T2-weighted MR images , 597  
 brain death , 661–663  
 brain tumors , 602–603  

 chemotherapy effect , 646–648  
  18 F-FDG imaging , 648–652  
  18 F-FLT Imaging , 652–653  
  99 m Tc-sestamibi , 645–646  
  201 Tl , 644–645  

 cerebrovascular disease , 598–599  
 BOT , 623–625  
 hemodynamic vascular constraint , 620–623  

 coronal FLAIR MR images , 598  
 dementia , 599–600  

 Alzheimer’s disease , 600–601, 625–628  
 Centers for Medicare & Medicaid Services 

(CMS) , 631–633  
  18 F-fl orbetapir imaging , 628–631  
 Pick’s disease , 634  
 vascular dementia , 633  

 dopamine transporter receptor binding , 654–657  
 dual PET–MRI acquisition , 617  
 epilepsy 

  18 F-FDG brain PET assessment , 636–640  
 ictal and interictal SPECT analysis , 640–641  
 ictal  99m Tc-HMPAO , 635–636  
 SPM image , 641–643  
  99m Tc-ECD SPECT , 635–636  

 hydrocephalus 
 anatomy and physiology , 604  
 cerebrospinal fl uid leakage , 604–605  
 pathology , 604  

 image registration , 617–618  
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 Central nervous system (CNS) (cont.) 
 metabolism , 597  
 parkinsonism and dopamine receptor imaging , 

653–654  
 Parkinson’s disease , 603–604  
 perfusion , 596  
 PET/CT clinical uses of , 380–382  
 PET image acquisition , 617  
 psychiatry and learning disabilities , 643–644  
 radiation effects , 721  
 radionuclide cisternography , 657–661  
 radiopharmaceuticals , 605–606  

  11 C-MET , 612–613  
  18 F-FDG , 612, 614  
  18 F-FDOPA , 614  
  18 F-FET , 613–614  
  18 F-FLT , 615–616  
  18 F-FMISO , 614–615  
  15 O-water PET scans , 608–609, 611  
  99m Tc-ECD , 606, 608, 609  
  99m Tc-HMPAO , 606  
  99 m Tc-sestamibi , 610–612  
  201 Tl , 609–610, 612  
  133 Xe , 606–608, 610  

 sagittal T1-weighted MR images , 598  
 seizures and epilepsy , 601–602  
 SPECT and PET image analysis , 618–620  
 SPECT image acquisition , 616–617  

   Cerebrospinal fl uid (CSF) leakage , 604–605  
   Cerebrovascular disease 

 BOT , 623–625  
 hemodynamic vascular constraint , 620–623  
 pathophysiology of , 598–599  

   Cervical esophagus, UES disorders , 532  
   Chemotaxis , 72–73  
   Chest 

 infections, gallium-67 studies 
 AIDS , 88, 90  
 lung pathologies , 89  
 tuberculosis , 88, 91  

 infl ammation 
 interstitial pulmonary fi brosis , 78  
  Pneumocystis carinii (jiroveci)  pneumonia , 77–78  
 sarcoidosis , 77  

 pain syndromes , 483  
   Cholecystitis 

 acalculous , 567  
 acute , 566, 567  
 chronic acalculous , 573, 574  

   Cholecystokinin (CCK) 
 acute cholecystitis , 569  
 chronic acalculous biliary diseases , 573  
 and morphine , 570–571  
 receptors , 573, 575  
 SOD , 576–579  

   Choledochal cyst , 581, 585  
   Cholescintigraphy 

 acute cholecystitis , 567  
 biliary tract diseases , 584–585  

 CBD obstruction , 580–581  
 hyperbilirubinemia , 579–580  
 neonatal hyperbilirubinemia , 581  
 noninvasive screening test , 584–585  

   Cholesterol homeostasis , 28  
   Chondrogenic tumors , 228–229  
   Chordoma , 230  
   Chromosomes, and diseases , 26  
   Chronic acalculous biliary diseases 

 cystic duct syndrome , 574  
 gallbladder , 573–576  
 sincalide doses , 572–573  
 SOD   ( see  Sphincter of Oddi dysfunction (SOD)) 

   Chronic autoimmune thyroiditis , 272  
   Chronic infl ammation , 73–74  
   Chronic osteomyelitis 

  67 Ga citrate imaging , 177  
  111 In-labeled leukocytes , 177–178  
 nonneoplastic bone diseases , 162, 164  
 PET , 178  

   Chronic pyelonephritis , 80, 81  
   Collagenic tumors , 228  
   Colon 

 anatomy , 540  
 function , 540  
 pathophysiology 

 acute appendicitis , 541–542  
 colorectal cancer , 542  
 GI bleeding , 542–543  
 IBD , 540–541  

   Colorectal cancer 
 pathophysiology of , 542  
 PET/CT clinical uses of , 388–390  
 sentinel node detection , 683–684  

   Common bile duct (CBD) 
 hepatobiliary scan , 566  
 obstruction , 580–581  

   Complex regional pain syndrome-1 (CRPS-1) 
 different modalities , 193  
 scintigraphic patterns , 192, 194  
 stages of , 192  
 sympathetic  vs.  neuroceptive sensory systems , 192  
 synovial histopathological changes , 192  
  99m Tc-MDP whole-body and spot 

images , 192, 193  
   Computed tomography (CT) 

 abdominal abscess , 85–86  
 brain tumors , 603  
 clinical uses of 

 breast cancers , 385–387  
 CNS tumors , 380–382  
 colorectal cancer , 388–390  
 esophageal cancer , 383–385  
 gynecologic cancers , 388  
 head and neck tumors , 380, 381, 383  
 lung cancer , 389–392  
 lymphoma , 392–394  
 malignant melanoma , 393–395  
 prostate cancer , 388, 389  
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 renal and bladder cancers , 387–388  
 thyroid cancer , 381–384  

 uses , 308  
   Congestive heart failure (CHF) 

 assessment and prognosis , 452  
 CABG , 501  
 clinical risk stratifi cation , 501  
 defi nition , 499  
 ischemia , 502  
 neuroendocrine evaluation , 507–508  
 pathophysiology of , 500  
 sympathetic receptor imaging   ( see  Sympathetic 

receptor imaging) 
 therapy , 500–501  
 ventricular function , 501  

   Connective tissues 
 bone cells , 32  
 cartilage cells , 32  
 fat cells , 31–32  
 fi broblasts and mast cells , 31  

   Conn’s syndrome , 306  
   Coronary artery bypass grafting (CABG) , 501  
   Coronary artery disease (CAD) 

 anatomy , 433–435  
 clinical manifestations , 467  
 exercise radionuclide angiography , 453–454  
 fi rst-pass radionuclide angiography , 454–455  
 imaging , 467, 489–493  
 pathophysiology of 

 acute coronary syndromes , 467  
 atherosclerotic plaque , 464  

   Coronary thrombosis , 497  
   Corpus callosum , 595  
   Crohn’s disease (CD) , 75, 540  
   Cushing’s syndrome , 306–307  
   Cyclin-dependent kinases , 352  
   Cyclins , 352  
   Cystic adenomas , 286  
   Cystic duct , 561, 574  
   Cystic fi brosis , 584  
   Cytoplasm and organelles 

 endoplasmic reticulum , 17  
 golgi complex , 17  
 lysosomes , 17  
 mitochondria , 18  
 peroxisomes , 17–18  
 ribosomes , 18  

   Cytoskeleton , 18  

    D 
  de Quervain’s thyroiditis.    See  Viral thyroiditis 
   Deep venous thrombosis 

 clinical states , 406  
 formation of, thrombus , 407  
 risk factors , 406  

   Deglutitory inhibition , 531  
   Dementia , 599–600  

 Alzheimer’s disease , 600–601, 625–628  

 Centers for Medicare & Medicaid Services (CMS) , 
631–633  

  18 F-fl orbetapir imaging , 628–631  
 Pick’s disease , 634  
 vascular dementia , 633  

   Deoxyribonucleic acid (DNA) 
 characteristic of , 19  
 and gene mutation , 21  
 recombination , 21–22  
 replication , 21  
 structure , 19–21  
 transcription , 22  

   Deoxyuridine (dU) suppression test 
 DNA synthesis and , 140–141  
 vitamin B 12  diagnosis and folate defi ciency , 141–142  

   Destructive thyroiditis 
 amiodarone , 271–272  
 postpartum , 271  
 radionuclide procedures , 272  
 viral thyroiditis , 271  

   DGR.    See  Duodenogastric refl ux (DGR) 
   Diapedesis , 72  
   Digestive system , 529, 530  
   3,4-Dihydroxy-6- 18F- fl uoro-l-phenylalanine ( 18 F-FDOPA) , 

614  
   Dilated cardiomyopathy , 439  
   Dipyridamole , 476  
   Disease, defi ned , 1, 2  
   DNA.    See  Deoxyribonucleic acid (DNA) 
   Dobutamine , 477  
   Double/multiple adenomas , 286  
   Dual-phase method 

 dual-tracer study , 292, 293  
 functioning parathyroid carcinoma , 290, 292  
 SPECT imaging , 291  
 Tc-99m sestamibi study , 290–291  
 tetrofosmin , 291–292  

   Duodenogastric refl ux (DGR) 
 gastrointestinal scintigraphy , 546, 549  
 stomach , 536–537  

   Dysbaric osteonecrosis , 187  
   Dysplasia , 5, 6  
   Dysprosium-165 (Dy-165) , 703  
   Dystrophic calcifi cation , 4, 219  

    E 
  Ectopic parathyroid disease , 285  
   Ejection fraction 

 gall bladder , 572–573  
 ventricular , 436, 471  

   Electrical impulses transmission, membrane transport , 
42–43  

   En bloc resection , 232  
   Endemic goiter 

 goitrogens , 269  
 pathophysiology , 269  
 radionuclide procedures , 269–270  

   Endocytosis process , 41  
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   Endoplasmic reticulum (ER) , 17  
   Endoscopic papillary balloon dilation (EPBD) , 583  
   Eosinophils , 101, 103  
   Epilepsy 

  18 F-FDG brain PET assessment , 636–640  
 ictal and interictal SPECT analysis , 640–641  
 ictal  99m Tc-HMPAO , 635–636  
 pathophysiology of , 601–602  
 SPM image , 641–643  
  99m Tc-ECD SPECT , 635–636  

   Epithelial tissue , 31  
   Epitope , 62  
   Equilibrium radionuclide angiography (ERNA) 

 analysis , 444  
 processing , 443–444  
 modes of acquisition 

 advantages and disadvantages , 442–443  
 dynamic arrhythmia fi ltration , 443  
 frame mode , 443  
 list mode , 442–443  

 modifi ed in vitro technique , 441  
 qualitative assessment , 444–446  

 hypertrophy , 446  
 left atrium , 444, 445  
 left ventricle , 444, 445  
 LV aneurysm , 445, 446  
 noncardiac structures , 446  
 right atrium , 444, 445  
 right ventricle , 444, 445  
 stomach , 446  

 quantitative evaluation 
 amplitude analysis , 448  
 contrast ventriculography , 449  
 diastolic function evaluation , 448  
 echocardiography , 449  
 ejection fraction calculations , 447  
 peak fi lling rate , 449  
 phase analysis , 447–448  

 radiopharmaceuticals , 441  
 in vitro and in vivo technique , 441  

   Erythrocyte iron turnover (EIT) , 121–122  
   Erythrocytes 

 hematopoiesis and , 100  
 life spans of 

 anaerobic glycolytic pathway , 126  
  51 Cr random labeling , 126–127  
  51 Cr red cell survival curves , 128–130  
 functions, deoxygenation , 126  
 hemolytic anemia , 127  
 HMP oxidative pathway , 126  

   Erythropoiesis 
 BFU-E and CFU-E , 112–113  
 erythron , 112  
 essential hematopoietic nutrients , 113  
 globin chain synthesis , 112–113  
 heme synthesis , 113  
 iron metabolism 

 internal metabolic cycle , 114  
 intracellular regulation , 116  
 plasma iron pool , 113–114  

 transferrin-iron cycle , 114–115  
 transport mechanism , 116  

 qualitative and quantitative aspects 
 iron metabolism and kinetics , 117  
 pathogenetic mechanism , 117  
 prematuration process , 116–117  

   Esophageal body , 530–531  
   Esophageal cancer, PET/CT , 383–385  
   Esophagus 

 anatomy , 529–530  
 body , 530–531  
 cervical 

 disorders of , 532  
 physiology , 529  

 gastrointestinal scintigraphy , 545  
 LES 

 disorders of , 532–533  
 physiology , 532  

 UES 
 disorders of , 532  
 physiology , 530  

   Eutopic parathyroid disease , 285  
   Ewing’s sarcoma , 230, 236–237  
   Exercise treadmill stress testing (ETT) , 474  
   Exudate , 70–72  

    F 
  Facilitated diffusion , 40  

  18 F-fl uorodeoxyglucose 
 biotransformation of , 55  
 facilitative glucose transporters , 53–54  
 FDG-6-phosphate, intracellular phosphorylation , 

54–55  
 glucose analog , 53, 54  

 hepatobiliary agents , 55–56  
 postulated mechanism , 52, 53  

   Familial AD (FAD) , 600  
   FDG.    See   18 F-Fluorodeoxyglucose (FDG) 
   Ferrokinetics 

 erythrocyte iron turnover , 121–122  
 hematological disorders types , 119  
 plasma iron clearance , 118–119  
 plasma iron turnover , 120  
 radioiron, red cell utilization , 120–121  
 semiquantitative and quantitative information , 118  
 surface counts for  59 Fe , 122–125  

   Fever of Unknown Origin (FUO) , 81–82  
    18 F-Florbetapir imaging , 628–631  
    18 F-Fluorodeoxyglucose (FDG) 

 brain tumors , 648–652  
 CNS diseases , 612, 614  
 facilitated diffusion 

 biotransformation of , 55  
 facilitative glucose transporters , 53–54  
 FDG-6-phosphate, intracellular phosphorylation , 

54–55  
 glucose analog , 53, 54  

 glucose metabolism , 503, 504  
 metabolic trapping of , 57–58  
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 PET imaging , 597, 617, 627–628  
 in stunned myocardium , 503  
 thyroid gland , 265  

   F-18 Fluorodeoxyglucose (FDG-PET) , 84  
    18 F-fl uoro-3'-deoxy-3'-l-fl uorothymidine (FLT) 

 brain tumors , 652–653  
 CNS diseases , 615, 616  
 intracellular phosphorylation of , 59  

    18 F-Fluoromisonidazole ( 18 F-FMISO) , 614–615  
    18 F-Fluoromisonidazole, hypoxia , 58  
   Fibrous dysplasia , 194, 195  
   Fine-needle aspiration biopsy (FNAB) , 275  
   First-pass radionuclide angiography , 450, 454–455  
   FLT.    See   18 F-Fluoro-3'-deoxy-3'-l-fl uorothymidine (FLT) 
   Fluorine-18 fl urpiridaz , 489  
   FNAB.    See  Fine-needle aspiration biopsy (FNAB) 
   Focal nodular hyperplasia (FNH), liver , 564–566  
   Free radicals , 716  

    G 
  Gall bladder 

 disorder(s) , 575  
 ejection fraction , 572–573, 575–576  

   Ganglioneuroma , 310  
   Gastric emptying 

 delayed , 534, 545  
 disorders of , 536  
 rapid , 545–546  

   Gastroesophageal refl ux disease (GERD) , 533–534, 545  
   Gastrointestinal (GI) bleeding 

 colon , 542–543  
 scintigraphy , 547–548, 550  

   Gastrointestinal scintigraphy 
 appendicitis imaging , 552  
 duodenogastric refl ux , 546  
 gastric emptying , 545–546  
 gastroesophageal refl ux , 545  
 gastrointestinal bleeding , 547–548, 550  
 IBD imaging , 551–552  
 Meckel’s diverticulum , 550–551  
 non-imaging procedures   ( see  Carbon-14 breath tests) 
 salivary gland imaging , 552  
 schilling test , 556  

   Gastrointestinal syndrome , 721  
   Gated Tc-99m-sestamibi imaging , 472, 473  
   Gene expression 

 antisense imaging , 64  
 DNA and   ( see  Deoxyribonucleic acid (DNA)) 
 and protein synthesis 

 DNA transcription , 22  
 DNA translation , 23–24  
 genetic code , 23  
 RNA structure , 22–23  

 reporter gene imaging , 64–65  
   Gene mutation , 21  
   Genetic code , 23  
   Genetic heterogeneity , 2  
   Genitourinary system , 319  

 juxtaglomerular apparatus , 321  

 loop diuretics , 321  
 nephron , 320–321  
 renal scintigraphy 

 interpretation , 322–323  
 radiopharmaceuticals , 321–322  

 renal transplantation , 330–333  
 renal vasculature , 321  
 renovascular hypertension , 323–326  
 testicular torsion , 339–342  
 urinary tract infection , 333, 335–337  
 urinary tract obstruction , 326–330  
 vesicoureteral refl ux , 337–339  

   Genomic instability , 717  
   GERD.    See  Gastroesophageal refl ux disease (GERD) 
   Gestation, thyroid dysfunction , 276–277  
   Giant cell tumor , 230  
   Gliomas , 602  
   Globin chain synthesis , 112–113  
   Glucocorticoids , 264  
   Glycolysis , 18, 37  
   Goitrogens , 269  
   Golgi complex , 17  
   Gouty arthritis , 218  
   Graves’ disease 

 hyperthyroidism , 691  
 scintigraphic images , 270, 273  
 thyroid dysfunction , 276  

   Gynecologic cancers , 388  

    H 
  Hashimoto’s disease.    See  Chronic autoimmune thyroiditis 
   Head and neck tumors , 380, 381, 383  
   Healing, infl ammation of , 74  
   Heart failure , 436, 437  
   Heart transplantation.    See  Cardiac transplantation 
    Helicobacter pylori  

 carbon-14 breath tests , 552–555  
 GERD , 534  

   Hemangioma 
 hepatic , 563  
 SPECT and , 563  
 Tc99m labeled RBC and , 563  

   Hematogenous spread , 237–238  
   Hematology.    See  Nuclear hematology 
   Hematoma , 330  
   Hematopoiesis 

 blood cells 
 basophils , 101, 103  
 eosinophils , 101, 103  
 lymphocytes , 103–106  
 macrophages , 103  
 mature erythrocytes , 100  
 mature leucocytes   ( see  Leucocytes) 
 mature neutrophils , 101–103  
 monocytes , 103  

 bone marrow , 106–108  
 hematopoietic cell lineages , 111  
 hematopoietic growth factors , 108–110  
 hematopoietic stem cells , 110–111  
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   Hematopoietic cell lineages , 111  
   Hematopoietic growth factors 

 apoptosis , 110  
 biological functions , 109  
 development of , 108  

   Hematopoietic stem cells 
 long-term culture-initiating cells , 110–111  
 pluripotent stem cells , 109, 110  
 microenvironment, stromal matrix , 110, 111  

   Hematopoietic syndrome , 721.     See also  Bone marrow 
syndrome 

   Heme synthesis , 113  
   Hepatic ducts , 561  
   Hepatobiliary imaging , 576  
   Hepatocellular adenomas , 566  
   Hepatocellular carcinoma (HCC) , 562–563  
   Hepatocyte , 561  
   Heterotopic bone formation (HBF) 

 blood pool and spot delayed images , 222, 224  
 defi nition , 221  
 multiphase bone scan , 222  
 pathological conditions , 223  
 tumoral calcinosis , 222, 223  

   Hexapeptide , 60  
   Ho-166-ferric hydroxide , 703  
   Holmium-166 tetraphosphate (Ho-166 DOTMP) , 707  
   Holo-transcobalamin-II (Holo-TC-II) , 138  
   Hormesis , 720  
   Hormone synthesis and secretion 

 antithyroid drugs , 263–264  
 hormone release and thyroglobulin , 263  
 hormone synthesis , 263  
 iodide transport , 262  
 T 3  and T 4  , 263  

   Hydrocephalus, CNS 
 anatomy and physiology , 604  
 cerebrospinal fl uid leakage , 604–605  
 pathology , 604  

   Hydronephrosis , 327  
   Hyperandrogenism , 307  
   Hyperbilirubinemia 

 cholescintigraphy , 579–580  
 common bile duct obstruction , 580–581  
 medical jaundice , 580–581  
 neonatal , 581–582  

   Hyperparathyroidism 
 autotransplantation , 287–288  
 bone changes of , 212–213  
 consequences of , 288–289  
 ectopic parathyroid disease , 285  
 eutopic parathyroid disease , 285  
 management of , 289  
 parathyroid adenoma , 285–286  
 parathyroid carcinoma , 287  
 parathyroid hyperplasia , 286–287  
 primary , 284, 285  
 secondary , 284–285  
 tertiary , 285  

   Hyperplasia , 5, 6  
   Hypertension 

 LV function , 437  

 pulmonary , 437–438  
   Hyperthyroidism 

 endemic goiter , 269  
 gestation , 276  
 iodine excess , 268  
 I-131 used for therapy , 693  
 pathophysiology , 691–693  

   Hypertrophic cardiomyopathy , 439–440  
   Hypertrophic osteoarthropathy , 215–216  
   Hypertrophy , 4–6  
   Hypothyroidism 

 gestation , 276–277  
 iodine excess , 268  
 radiation induced , 723  

   Hypoxia 
  18 F-fl uoromisonidazole , 58  
 and tumor pH , 58–59  

    I 
  Idiopathic osteonecrosis , 189  
   Idiopathic pulmonary fi brosis (IPF) 

 characteristics , 421  
 feature , 421  
 histopathological fi ndings , 423  

   I-131 metaiodobenzylguanidine (MIBG) , 699  
   Immigrant cells , 32  
   Infl ammation 

 chemical mediators of , 70, 71  
 classifi cation , 70  
 description of , 69–70  
 fever of unknown origin , 81–82  
 healing , 74  
 infection imaging 

 diagnostic algorithm , 93  
 localizing signs present , 85–90  
 no localizing clinical signs , 90–93  
 soft tissue , 85  

 local pathophysiological changes 
 abscess formation , 74  
 acute infl ammation , 70–73  
 chronic infl ammation , 73–74  

 pathophysiological features and scintigraphic 
fi ndings , 94  

 radiopharmaceuticals 
 advantages and disadvantages of , 83  
 FDG-PET , 84  
 imaging infection , 82  
  111 In-and  99m Tc-labeled chemotactic peptide 

analogs , 84  
  111 In WBC  vs.   67 Ga uptake of , 82–83  
 LeukoScan , 84  
  99m Tc ciprofl oxacin , 84  

 skeletal infl ammations , 80–81  
 soft tissue 

 abdominal abscess , 74–76  
 chest infl ammation , 77–78  
 renal infl ammation , 78–80  

 systemic pathophysiological changes , 74  
   Infl ammatory bowel disease (IBD) 

 colon , 540–541  
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 etiology of , 75  
 gastrointestinal scintigraphy , 551–552  
 imaging abdominal infections , 86–87  
 pathophysiology of , 75–76  

   Infract-avid imaging 
 agents , 497–499  
 myocardial infarction , 495–497  

   Interstitial pneumonia , 427  
   Interstitial pulmonary fi brosis , 78  
   Intestines 

 anatomy , 537  
 function , 537–538  
 histology , 537  
 malabsorption syndrome 

 PLE , 539–540  
 vitamin B-12 defi ciency , 540  

 small intestinal dysmotility , 538–539  
   Intraperitoneal abscess , 74  
   Intraspinal spread , 238  
   Intrinsic factor (IF) , 535  
   Iodide , 264  
   Iodine 

 defi ciency of , 267  
 excess of 

 autoimmune thyroid disease , 268  
 thyroid autoregulation , 267–268  
 thyroid dysfunction , 268  

   Iodine-123, thyroid gland , 264–265  
   Iodine-131, thyroid gland , 265  
   Ion exchange mechanisms , 50  
   Ionizing radiation 

 biological effect , 719  
 acute regional effects , 721  
 dose-response models , 720–721  

 biological effects , 715–716  
 cell injury , 719  
 delayed 

 cancer , 722  
 genetic effects , 722–723  
 somatic effects , 723  
 unborn child, effects on , 723  

 hazards factors affecting , 717–718  
 mechanisms 

 direct effect , 716, 717  
 indirect effect , 716–717, 719  

 medical radiation   ( see  Medical radiation 
exposure) 

 sources , 715  
   Iron absorption , 117–118  
   Ischemia, myocardial infarction , 502  
   I-131 sodium iodide , 692–693  
   Isotope dilution , 49  

    J 
  Juxtaglomerular (JG) , 321  

    K 
  Kupffer’s cells 

 focal nodular hyperplasia , 564  

 hepatobiliary radiopharmaceuticals , 561  
 hepatocellular adenoma , 566  

    L 
  Lactase defi ciency , 555  
   Laparoscopic cholecystectomy , 582  
   LDL.    See  Low-density lipoprotein (LDL) receptors 
   Left atrium , 444, 445  
   Left ventricle 

 aneurysm , 445, 446  
 diastolic dysfunction , 436, 437  
 ejection fraction , 436  
 function , 436  
 performance , 436  
 systolic dysfunction , 436, 437  

   Legg-Calvé-Perthes disease 
 pathway A and B , 186–187  
 pinhole images, SPECT , 185, 188  
 stages of , 185, 187  

   LES.    See  Lower esophageal sphincter (LES) 
   Leucocytes , 100–101  
   Levothyroxine , 266–267  
   Linear no-threshold model , 720  
   Lipids degradation , 28  
   Lipoadenoma , 286  
   Lithium , 264  
   Liver 

 anatomy and physiology , 559–561  
 function , 561–562  
 hepatocellular adenoma , 566  
 malignancy , 705  
 scintigraphy 

 of hemangioma , 563–564  
 of hepatocellular carcinoma , 562–563  
 neonatal hyperbilirubinemia , 581–582  
 radiopharmaceuticals used in , 561  

   Lobar pneumonia , 427  
   Low-density lipoprotein (LDL) receptors , 62  
   Lower esophageal sphincter (LES) 

 disorders of , 532–533  
 physiology , 532  

   Lung cancer 
 metastatic bone disease , 240–241  
 PET/CT clinical uses of , 389–392  

   Lymphatic spread , 237  
   Lymphatic system , 671–672  
   Lymphedema 

 causes of , 673  
 detection and follow-up of , 673–674  
 pathophysiology , 672  
 pictorial representation , 675  
 scintigraphic pattern , 674  

   Lymph node.    See  Sentinel lymph node (SLN) 
   Lymph node metastases 

 detection , 674–675  
 pathophysiology , 672–673  

   Lymphocele , 330  
   Lymphocytes 

 light microscopic morphology , 106  
 transmission electron microscopic image , 104–105  
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   Lymphoma 
 hepatic , 564  
 PET/CT clinical uses of , 392–394  

   Lymphoscintigraphy 
 melanoma , 678–680  
 radioisotopes for SLN , 676  
 Tc-99m-labeled isotopes , 673  

   Lysosomes , 17  

    M 
  Macrophages , 102, 103  
   Magnetic resonance imaging (MRI) 

 brain tumors , 603  
 osteomyelitis , 171  
 Paget’s disease , 205  
 pheochromocytoma , 309  

   Malignant tumors 
 adenocarcinoma , 349  
 cytological features , 350  
 PET/CT clinical uses of , 393–395  
 soft tissue sarcoma , 350  
 squamous cell carcinoma , 349  

   Malpighian corpuscles , 142  
   Margination , 72  
   Marine Lenhart’s syndrome , 691, 692  
   Matrix cells , 31–32  
   Meckel’s diverticulum 

 gastrointestinal scintigraphy , 550–551  
 GI bleeding , 543  

   Medical radiation 
 chest X-ray , 723–724  
 global exposure per caput , 724–725  
 positive health effects , 725  
 therapeutic applications , 724  

   Megaloblastic anemia, radionuclides 
 deoxyuridine (dU) suppression test , 141–142  
 DNA synthesis and dU suppression test , 140–141  
 etiopathogenetic analysis 

 analytical biochemical techniques , 132  
 bone marrow , 131–132  
 clinical manifestations of , 135  
 De novo and salvage metabolic pathways, dTMP , 

137  
 diagnostic tests , 136  
 folate structures and nomenclature , 133  
 HPLC and mass spectroscopy , 132  
 vitamin B 12  structural formula , 134  
 vitamin B 12   vs.  folate metabolism , 135  

 Holo-TC-II determination , 138  
 vitamin B 12  defi ciency , 138–139  
 vitamin B 12  malabsorption , 139–140  
 vitamin B 12  radioassay , 137–138  

   Melanoma , 678–680  
   Metabolic bone diseases 

 bone scan fi ndings , 215  
 hyperparathyroidism , 212–213  
 hypertrophic osteoarthropathy , 215–216  
 osteomalacia and rickets , 212  

 osteoporosis , 206–212  
 Paget’s disease , 204–206  
 radiopharmaceuticals 

 clinical use , 698–699  
 malignant effusions , 706  
 mechanism of action , 697–698  
 mechanisms of action , 709  
 phosphorus-32 orthophosphate , 697  
 proliferation agents , 373–374  
 Re-188(V)DMSA , 697  
 Re-186-EHDP , 696–697  
 selection of , 698  
 Sm-153-EDTMP , 696  
 Sn-117m-DTPA , 697  
 Sr-89 chloride , 695–696  

 renal osteodystrophy , 214–215  
   Metaiodobenzylguanidine (MIBG) 

  123 I whole body , 310, 314–345  
 preparation , 310  
 radiolabeled imaging , 310  
 SPECT study , 310, 312–313  
 sympathetic receptor imaging , 508–512  
 thirty-two-year-old male , 310, 311  
 2-year-old boy with , 310, 311  

   Metaplasia , 5, 6  
   Metastatic bone disease 

 bone response , 238–239  
 classifi cation of , 239–240  
 distribution of , 239  
 imaging of 

 cold lesions , 243, 244  
 diffuse pattern , 243, 245  
 FDG-PET , 245, 247  
 fl are pattern , 243  
 F-18 PET/CT study , 245, 246  
 PET Normal F-18 sodium fl uoride bon , 246, 248  
 solitary bone lesion , 243  
 Tc99m diphosphonate bone scintigraphy , 

241–242  
 PET role , 249  
 sequelae of , 241  
 sources of , 240–241  
 tumor cell transport methods , 237–238  

   Metastatic calcifi cation , 219–220  
   Metastatic prostate carcinoma , 707–708  
   Methimazole , 263–264  
   Micronodules , 274  
   Microphotograph 

 acute infl ammation , 73  
 chronic infl ammation , 73–74  

   Mitochondria , 18  
   Mitral stenosis , 438  
   Mitral valve regurgitation , 438  
   Monocytes , 102, 103  
   Morphine augmentation 

 cholescintigraphy , 568  
  vs.  delayed imaging , 567–569  
 imaging , 568  
 sincalide pretreatment  vs.  , 569–570  
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   Multiple myeloma , 707  
   Muscle tissue , 30  
   Musculoskeletal system 

 anatomical and physiological 
considerations 

 blood supply , 157  
 bone marrow , 158, 159  
 bone remodeling , 157–158  
 bone structure , 155–157  
 injury response , 158–159  

 neoplastic bone disease 
 metastatic bone disease , 237–249  
 primary bone tumors , 225–237  

 nonneoplastic bone diseases 
 arthropathy , 216–219  
 avascular necrosis , 181–192  
 fi brous dysplasia , 194  
 growth plate injury , 201–203  
 metabolic bone diseases , 203–216  
 refl ex sympathetic dystrophy , 192–194  
 skeletal infections   ( see  Osteomyelitis) 
 soft tissue calcifi cation , 219–225  
 trauma , 194–201  

   Mutation , 722, 723  
   Myelogenic tumors 

 bone hemangiomas , 230–231  
 chordoma , 230  
 Ewing’s sarcoma , 230  
 giant cell tumor , 230  
 myeloma , 228–230  

   Myeloma , 228, 234  
   Myocardial hypertrophy , 458  
   Myocardial infarction 

 acute , 455, 483  
 assessment and prognosis of , 455  
 diagnosis , 483, 495  
 infarct-avid imaging , 495–497  
 late-phase , 455–456  
 MPI after an acute , 483  
 pathophysiology of , 496–497  
 prognosis , 483  
 sympathetic receptor , 512  

   Myocardial perfusion 
 hybrid and CT imaging 

 attenuation correction , 494  
 calcium scoring , 494–495  
 coronary angiography , 495  

 PET imaging 
 CAD , 489–493  
 coronary artery disease , 487  
 F-18 fl urpiridaz , 489  
 N-13 ammonia , 486–487  
 oxygen-15 water , 489  
 positron-emitting tracers , 486–489  
 principles , 485  
 rubidium-82 , 487–489  

 SPECT   ( see  Single-photon emission computed 
tomography (SPECT)) 

 stressors   ( see  Myocardial stressors) 

   Myocardial stressors 
 combined , 477  
 ETT , 474  
 pharmacological stress testing 

 adenosine , 475–476  
 arbutamine , 477  
 combined , 477  
 dipyridamole , 476  
 dobutamine , 477  
 regadenoson , 476–477  

   Myocardial viability 
 FDG PET imaging , 503, 506  
 FFA , 505  
 F-18 fl uorodeoxyglucose , 503, 504  
 LDDE imaging , 503, 506  
 hibernation of , 502  
 resting wall motion imaging , 503  

   Myoglobulinuria.    See  Rhabdomyolysis 

    N 
  Necrosis 

 coagulative , 6, 8  
 defi nition , 4  
 fat , 6, 8  
 liquefactive , 6  
 morphology , 6  
 occurrence of , 6, 7  
 types of , 6  

   Neonatal hyperbilirubinemia , 581–582  
   Neoplastic bone disease 

 metastasis 
 bone response , 238–239  
 classifi cation of , 239–240  
 distribution of , 239  
 imaging of , 241–249  
 sequelae of , 241  
 sources of , 240–241  
 tumor cell transport methods , 237–238  

 primary bone tumors 
 chondrogenic tumor , 228  
 collagenic tumors , 228  
 imaging of , 231–237  
 myelogenic tumors , 228–231  
 origin of , 225, 226  
 osteogenic tumors , 225–228  

   Neoplastic nodules , 274  
   Nephron 

 components of , 320  
 distal tubule , 321  
 functions , 320  
 loop of Henle , 320  

   Nerve tissue , 30–31  
   Neuroblastoma , 309–310, 699–700  
   Neuroendocrine tumors 

 carcinoid tumor , 700  
 neuroblastoma , 699–700  
 pheochromocytoma , 700  

   Neutrophils , 101–102  
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   Nodular thyroid disease 
 pathophysiology , 273–274  
 risk factors , 274  
 scintigraphy , 274–275  

   Nonneoplastic bone diseases 
 arthropathy 

 ankylosing spondylitis , 217  
 gouty arthritis , 218  
 joint disease types , 216  
 osteoarthritis , 218–219  
 rheumatoid arthritis , 217  

 avascular necrosis 
 blood supply interruption , 183, 184  
 cause of , 181  
 dysbaric Osteonecrosis , 187  
 idiopathic osteonecrosis , 189  
 Legg-Calvé-Perthes disease , 185–187  
 osteochondroses , 185  
 posttraumatic osteonecrosis , 185, 186  
 sickle cell disease necrosis , 187–189  
 spontaneous osteonecrosis   ( see  Spontaneous 

osteonecrosis) 
 complex regional pain syndrome-1 , 192–194  
 fi brous dysplasia , 194, 195  
 growth plate injury , 201–203  
 metabolic bone diseases   ( see  Metabolic bone 

diseases) 
 osteomyelitis 

 acute hematogenous , 161–162  
 acute septic arthritis , 167  
 bone scintigraphy , 168, 169  
 Brodie’s abscess , 162, 165  
 cementless porous-coated prosthesis , 167  
 changes leading, diabetics , 165, 167  
 chronic osteomyelitis   ( see  Chronic osteomyelitis) 
 classifi cations and staging of , 161  
 defi nition , 159–160  
 diabetic foot , 165, 171  
 Ga-68-citrate and Ga-68-transferrin , 171  
 hip and knee arthroplasty , 167  
 imaging modalities , 182–183  
  111 In-labeled leukocyte and 6-h MN3 

images , 170  
 labeled antigranulocyte antibodies , 173  
 metaphysis  vs.  epiphysis , 161, 163  
 MRI , 171–173  
 multimodality imaging , 168  
 neonatal , 168, 170  
 neuroarthropathy , 165, 166  
 organisms association, clinical settings , 161  
 PET/CT , 173–174  
 radiograph of , 168  
 septic arthritis , 167, 181  
 sequestrum , 162, 164  
 sickle cell disease , 166–167, 181  
 SPECT/CT , 172, 174  
  99m Tc MDP and indium-111 leukocyte imaging , 

172  
 ultrasound , 171  

 vertebral , 164, 166    ( see also  Vertebral 
osteomyelitis) 

 soft tissue calcifi cation , 219–225  
 trauma   ( see  Trauma) 

   Nonneoplastic nodules , 274  
   Normal cell proliferation , 352–353  
   Normal pressure hydrocephalus (NPH) , 604, 657–659  
   Nuclear hematology 

 blood platelets , 148–150  
 BMS   ( see  Bone marrow scintigraphy) 
 erythropoiesis 

 BFU-E and CFU-E , 112  
 erythron , 112  
 essential hematopoietic nutrients , 113  
 globin chain synthesis , 112–113  
 heme synthesis , 113  
 iron, intracellular regulation , 116  
 iron metabolism , 113–116  
 qualitative and quantitative aspects , 116–117  

 ferrokinetics 
 erythrocyte iron turnover , 121–122  
 hematological disorders types , 119  
 plasma iron clearance , 118–119  
 plasma iron turnover , 120  
 radioiron, red cell utilization , 120–121  
 semiquantitative and quantitative information , 118  
 surface counts for  59 Fe , 122–125  

 hematopoiesis 
 blood cells , 100–106  
 bone marrow , 106–108  
 cell lineages , 111  
 growth factors , 108–110  
 stem cells , 110–111  

 imaging, erythropoietic activity , 125  
 iron absorption , 117–118  
 megaloblastic anemia, radionuclides 

 deoxyuridine (dU) suppression test , 141–142  
 DNA synthesis and dU suppression test , 140–141  
 etiopathogenetic basis , 131–137  
 Holo-TC-II determination , 138  
 vitamin B 12  defi ciency , 138–139  
 vitamin B 12  malabsorption , 139–140  
 vitamin B 12  radioassay , 137–138  

 red blood cells   ( see  Erythrocytes) 
 red cell destruction, surface counting patterns , 

130–131  
 spleen 

 Billroth cords , 142–143  
 bloodborne pathogens , 144  
 classifi cation , 142  
 erythropoiesis site , 144  
 imaging , 144–145  
 immune functions , 144  
 Malpighian corpuscles , 142  
 splenic activity measurement , 145  

   Nuclear probe 
 in cardiac function monitoring , 450–451  
 clinical applications , 451–452  

   Nucleus , 18–19  
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    O 
  Obstructive airway disease 

 bronchial asthma , 426  
 defi nition , 425  
 emphysema , 426  
  99m Tc-DTPA aerosol image , 426  

   Octapeptide , 60  
   Octreotide , 310, 312, 313, 315, 316  
   O-(2-[ 18 F] fl uoroethyl)- l -tyrosine ( 18 F-FET) , 613–614  
   Oncocytic adenoma , 286  
   Oncogenes , 33, 34, 360, 693  
   Osteitis deformans.    See  Paget’s disease 
   Osteoarthritis , 218–219  
   Osteoblastoma , 226, 232  
   Osteochondroma , 232–233  
   Osteochondroses , 185  
   Osteogenic sarcoma , 226–228, 233–234, 706–707  
   Osteoid osteoma , 226, 231–232  
   Osteomalacia , 212, 213  
   Osteomyelitis , 80–81  

 acute hematogenous osteomyelitis , 161–162  
 acute septic arthritis , 167  
 bone scintigraphy , 168, 169  
 Brodie’s abscess , 162, 165  
 cementless porous-coated prosthesis , 167  
 changes leading, diabetics , 165, 167  
 chronic osteomyelitis   ( see  Chronic osteomyelitis) 
 classifi cations and staging of , 161  
 defi nition , 159–160  
 diabetic foot , 165, 171  
 Ga-68-citrate and Ga-68-transferrin , 171  
 hip and knee arthroplasty, periprosthetic infections , 

167  
 imaging modalities , 182–183  
  111 In-labeled leukocyte and 6-h MN3 images , 170  
 labeled antigranulocyte antibodies , 173  
 metaphysis  vs.  epiphysis , 161, 163  
 MRI , 171–173  
 multimodality imaging , 168  
 neonatal osteomyelitis , 168, 170  
 neuroarthropathy , 165, 166  
 organisms association, clinical settings , 161  
 PET/CT , 173–174  
 radiograph of , 168  
 septic arthritis , 167, 181  
 sequestrum , 162, 164  
 sickle cell disease , 166–167, 181  
 SPECT/CT , 172, 174  
  99m Tc MDP and indium-111 leukocyte imaging , 172  
 ultrasound , 171  
 vertebral osteomyelitis   ( see  Vertebral osteomyelitis) 

   Osteonecrosis.    See  Avascular necrosis 
   Osteoporosis 

 BMD, men and women , 206, 208  
 characteristics of , 209  
 densitometry , 210  
 etiology and classifi cation of , 209  
 regional and transient , 209–210  
 senile osteoporosis , 209  

 trabecular bone , 206  
 T-score values , 210–212  

    15 O-water PET scans , 608–609, 611  
   Oxyphil adenoma , 286  

    P 
  Paget’s disease 

 bone densitometry studies , 205–206  
 etiology of , 204  
 lytic phase , 205, 207  
 MRI imaging , 205  
 osteoblastic-osteoclastic stage of , 204, 205  
 skeletal distribution of , 204  

   Parathyroid adenoma , 285–286  
   Parathyroid carcinoma , 287  
   Parathyroid gland 

 description of , 281  
 factors affecting scan sensitivity 

 lesion characteristics , 294–296  
 radiotracer washout , 296–298  
 tracer and techniques used , 293–294  

 hyperparathyroidism   ( see  Hyperparathyroidism) 
 intraoperative probe localization , 298–299  
 locations of , 281, 284  
 pathophysiology of , 282  
 scintigraphic imaging 

 dual isotope method , 290–292  
 dual-phase method , 290–291  
 positron emission tomography , 292–293  

 types of , 283  
   Parathyroid hyperplasia , 286–287  
   Parkinson’s disease , 603–604, 653  
   Partial seizures , 601  
   PCP.    See Pneumocystis carinii (jiroveci)  pneumonia 

(PCP) 
   Penile squamous cell carcinoma , 680–681  
   Peptide receptor radionuclide therapy (PRRNT) , 

705–706  
   Perchlorate , 262  
   Pericardial effusion , 440  
   Peroxisomes , 17–18  
   Pertechnetate , 262  
   Phagocytosis , 15, 41, 73  

  99m Tc-SC, membrane transport , 56–57  
 receptor-mediated endocytosis , 57  

   Phenobarbital , 582  
   Pheochromocytoma , 308–309, 700  
   Phosphorus-32 chromic sulfate (P-32) , 703  
   Phosphorus-32 orthophosphate , 697  
   Physiology , 2  
   Pick’s disease , 634  
   Pinocytosis , 57  
   Plasma iron turnover (PIT) , 120  
   Plasma membrane 

 functions , 14–16  
 structure , 13–14  

   Pleiotropism , 2  
   Pleural effusions , 427  
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   Pluripotent stem cell (PPSC) , 109, 110  
    Pneumocystis carinii (jiroveci)  pneumonia (PCP) , 

77–78, 421  
   Pneumonitis , 428  
   Positron emission tomography (PET) , 292–293  

 Alzheimer’s disease , 627–628  
 artifacts , 377–379  
 benign normal variants 

 brown adipose tissue , 375, 377  
 patients with labored breathing , 375–376  

 in cardiac disases , 489–493  
 clinical uses of 

 breast cancers , 385–387  
 CNS tumors , 380–382  
 colorectal cancer , 388–390  
 esophageal cancer , 383–385  
 gynecologic cancers , 388  
 head and neck tumors , 380, 381, 383  
 lung cancer , 389–392  
 lymphoma , 392–394  
 malignant melanoma , 393–395  
 prostate cancer , 388, 389  
 renal and bladder cancers , 387–388  
 thyroid cancer , 381–384  

 coronary artery disease , 487  
  18 F-FDG uptake pattern , 374–375, 503, 506  
 image acquisition , 617  
 image analysis , 618–620  
 infl ammation and infection uptake , 377, 378  
 lung cancer , 428–429  
 myocardial perfusion 

 CAD , 489–493  
 coronary artery disease , 487  
 F-18 fl urpiridaz , 489  
 myocardial bloodfl ow , 486  
 N-13 ammonia , 486–487  
 oxygen-15 water , 489  
 positron-emitting tracers , 486–489  
 principles , 485  
 rubidium-82 , 487–489  

 principles of , 485  
 radiopharmaceuticals , 605–606  
 uptake patterns of malignancy , 378, 380  
 uses , 308, 315, 316  

   Postpartum thyroiditis , 271  
   Posttraumatic osteonecrosis , 185, 186  
   Potassium perchlorate , 264  
   Preoperative cardiac risk assessment , 456  
   Primary progressive aphasia (PPA) , 634  
   Prostate cancer , 681–682  

 metastatic bone disease , 240  
 PET/CT clinical uses , 388, 389  

   Protein degradation , 28  
   Protein-losing enteropathy (PLE) , 539–540  
   Protein synthesis , 22–24  
   PRRNT.    See  Peptide receptor radionuclide therapy 

(PRRNT) 
   Pulmonary embolism , 405  

 deep venous thrombosis , 406–407  

 pathogenesis and risk factors , 406  
 thromboembolism   ( see  Pulmonary 

thromboembolism) 
   Pulmonary hypertension 

 blood fl ow , 420  
 chronic hypoxemia , 420  
 disorders of , 421  

   Pulmonary sarcoidosis 
 diagnosis , 423–424  
 F-18 FDG image , 425  
 giant cells , 423, 424  
 semiquantitative and quantitative 

methods , 424  
   Pulmonary thromboembolism 

 chronic pulmonary , 409  
 consequences , 407–408  
 diagnosis 

 antemortem , 410  
 blood test , 411  
 chest X-ray , 410  
 scintigraphy   ( see  Scintigraphy) 
 V/Q scan interpretation , 416–420  

 recurrence , 409–410  
 resolution , 408–409  

   Pulmonary vasculature , 404  

    R 
  Radiation effects 

 biological , 719  
 delayed 

 aplastic anemia , 723  
 cancer , 722  
 cataract , 723  
 embryonic stage , 723  
 genetic , 722–723  
 hypothyroidism , 723  

   Radiation sickness , 721  
   Radioactive gold (Au-198) , 703  
   Radioimmunotherapy , 700–701  
   Radioiodide , 56  
   Radioiodinated antibodies , 62–63  
   Radioiron, red cell utilization of , 120–121  
   Radiolabeled antibodies 

 diagnosis and therapy of tumors , 62  
  111 In-and  90 Y-labeled antibodies , 63  
  99m Tc-labeled antibodies , 63  
 radioiodinated antibodies , 62–63  
 in vivo using biotin/streptavidin , 63–64  

   Radiolabeled peptides 
 123I-VIP , 61  
 somatostatin receptors , 60  
 SST analogs , 60–61  
 VIP receptors , 61  

   Radionuclide 
 cisternography , 657–661  
 destructive thyroiditis , 272  
 endemic goiter , 269–270  
 synovectomy 
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 clinical use , 704–705  
 dysprosium-165 , 703  
 erbium-169 citrate , 703  
 Ho-166-ferric hydroxide , 703  
 mechanism of action , 703  
 phosphorus-32 chromic sulfate , 703  
 physical properties , 702  
 radioactive gold (Au-198) , 703  
 rhenium-188 colloid , 703  
 rhenium-186 sulfi de , 703  
 selection of , 703–704  
 yttrium-90 colloid , 701–703  

 therapy , 708  
   Radiopharmaceuticals 

 biochemical reactions , 45  
 capillary blockade , 50  
 cell proliferation , 59  
 cellular migration and sequestration , 50–51  
 central nervous system , 605–606  

  11 C-MET , 612–613  
  18 F-FDG , 612, 614  
  18 F-FDOPA , 614  
  18 F-FET , 613–614  
  18 F-FLT , 615–616  
  18 F-FMISO , 614–615  
  99m Tc-ECD , 606, 608, 609  
  99m Tc-HMPAO , 606  
  99m  Tc-sestamibi , 610–612  
  15 O-water PET scans , 608–609, 611  
  201 Tl , 609–610, 612  
  133 Xe , 606–608, 610  

 classifi cation of , 47  
 conventional , 370–371  
 diagnostic imaging studies , 46–47  
 18F-FDG , 371–372  
 18F-fl uoride , 372–373  
 68-Ga-DOTATOC and 68-Ga-DOTATATE , 374  
 gene expression mechanism 

 antisense imaging , 64  
 reporter gene imaging , 64–65  

 hypoxia agents , 374  
 infl ammation 

 advantages and disadvantages of , 83  
 FDG-PET , 84  
 imaging infection , 82  
  111 In-and  99m Tc-labeled chemotactic peptide 

analogs , 84  
  111 In WBC  vs.   67 Ga uptake of , 82–83  
 LeukoScan , 84  
  99m Tc ciprofl oxacin , 84  

 isotope dilution , 49  
 mechanisms of , 48, 49  
 membrane transport 

 active transport , 56  
 facilitated diffusion , 53–56  
 phagocytosis , 56–57  
 receptor-mediated endocytosis , 57  
 simple diffusion , 51–53  

 metabolic substrates and precursors , 57–58  

 nuclear medicine diagnostic procedures , 45  
 physicochemical adsorption and ion 

exchange , 50  
 receptor binding 

 adrenergic presynaptic receptors and 
storage , 61  

 LDL receptors , 62  
 radiolabeled antibodies , 62–64  
 radiolabeled peptides , 60–61  
 steroid hormone receptors , 61  

 skeletal metastases 
 clinical use , 698–699  
 malignant effusions , 706  
 mechanism of action , 697–698, 709  
 phosphorus-32 orthophosphate , 697  
 proliferation agents , 373–374  
 Re-188(V)DMSA , 697  
 Re-186-EHDP , 696–697  
 selection of , 698  
 Sm-153-EDTMP , 696  
 Sn-117m-DTPA , 697  
 Sr-89 chloride , 695–696  

 tissue hypoxia , 58–59  
 tumor-specifi c radiopharmaceuticals , 47–48  
 use of , 47  

   Radiosensitivity , 718  
   Radiotherapy , 695  
   Radiotracers 

 false-positive studies , 298  
 Tc-99m MIBI SPECT/CT study , 297–298  
 Tc-99m sestamibi parathyroid localization 

study , 296, 297  
 thyroid gland 

 fl uorine-18-fl uorodeoxyglucose , 265  
 iodine-123 , 264–265  
 iodine-131 , 265  
 technetium-99m-pertechnetate , 264  

   Ras oncogenes , 693  
   rCBF SPECT , 620, 643  
   Receptor-mediated endocytosis , 57  
   Red blood cells.    See  Erythrocytes 
   Refl ex sympathetic dystrophy.    See  Complex regional 

pain syndrome-1 (CRPS-1) 
   Regadenoson , 476–477  
   Regional cerebral blood fl ow (rCBF) , 596, 599  
   Regional wall motion , 436  
   Re-186-HEDP , 708  
   Renal cell carcinoma , 241, 387–388  
   Renal infl ammation 

 acute pyelonephritis 
 diagnosis and management of , 78  
 infected zones of , 79–80  
 infection, routes of , 79  
 risk factors , 78–79  

 chronic pyelonephritis , 80, 81  
   Renal osteodystrophy 

 clinical presentation of , 214  
 high-turnover disorders , 214  
 pathophysiological process , 215  
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   Renal transplantation 
 graft survival , 330  
 medical complications 

 ATN , 331–334  
 nephrotoxicity of drugs , 333  
 rejection , 331, 333  

 surgical complications 
 hematoma, lymphocele , 330  
 renal artery stenosis , 330–331  
 urine extravasation, ureteral 

obstruction , 330  
   Renin-angiotensin system.    See  Renovascular 

hypertension 
   Renovascular hypertension 

 activation of , 323–324  
 effects of angiotensin II , 324  
 scintigraphy , 324–326  
 teleological function , 323  

   Reporter gene imaging , 64–65  
   Respiratory airways 

 gas exchange , 403  
 lower airways , 401–403  
 nose and trachea trap , 404  
 upper airways , 401, 403  
 ventilation , 404  

   Respiratory system 
 anatomic and physiologic considerations 

 airways , 401–404  
 distribution of ventilation and perfusion , 405  
 function , 404–405  
 lungs , 401, 402  
 pulmonary vasculature , 404  

 bronchial obstruction , 428  
 IPF , 421, 423  
 lung cancer , 427–428  
 obstructive airway disease , 425–427  
 pleural effusions , 427  
  Pneumocystis carinii (jiroveci)  pneumonia , 

421–422  
 pneumonia , 427, 428  
 pulmonary embolic disease , 405  

 deep venous thrombosis , 406–407  
 pathogenesis and risk factors , 406  
 thromboembolism   ( see  Pulmonary 

thromboembolism) 
 pulmonary hypertension , 420–421  
 sarcoidosis , 423–424  

   Restrictive cardiomyopathy , 440  
   Reticuloendothelial cells , 561  
   Retroperitoneal abscess , 74  
   Rhabdomyolysis , 225  
   Rheumatoid arthritis , 217  
   Ribonucleic acid (RNA) , 22–23  
   Ribosomes , 18  
   Rickets , 212  
   Right atrium (RA) , 444, 445  
   Right ventricle , 444, 445  
   Rim sign , 571, 572  
   Rubidium-82 , 487–489  

    S 
  Salivary gland 

 anatomy , 543  
 gastrointestinal scintigraphy , 552  
 pathophysiology , 543–544  

   Samarium-153 ethylenediaminetet-ramethylene 
phosphonate (Sm-153-EDTMP) , 696  

   Sarcoidosis , 77  
   Saturated solution of kalium iodide (SSKI) , 307  
   Schilling test , 139, 556  
   Scintigraphy 

 chronic acalculus cholecystitis , 573–574  
 clinical applications , 369–370  
 complex regional pain syndrome-1 (CRPS-1) , 192, 194  
  18 F-FDG , 370  
  111 Indium-octreotide , 310, 312, 313, 315, 316  
 infl ammation , 94  
 MIBG   ( see  Metaiodobenzylguanidine (MIBG)) 
 nodular thyroid disease , 274–275  
 parathyroid gland 

 dual isotope method , 290–292  
 dual-phase method , 290–291  
 positron emission tomography , 292–293  

 PET , 308, 315, 316  
 positron-emitting radionuclide imaging use , 370  
 pulmonary thromboembolism 

 krypton-81 ventilation , 412, 414  
 multislice CT , 411  
 spiral CT , 411  
  99m Tc-DTPA aerosol , 412, 414  
  99m Tc-macroaggregated albumin , 417  
 technegas , 412, 415  
 ventilation agents , 411  
 xenon-133 ventilation , 412–413  

 radiolabeled cholesterol analogs , 307–308  
 radionuclide synovectomy , 704  
 radiopharmaceuticals   ( see  Radiopharmaceuticals) 
 renovascular hypertension 

 ACE inhibitor renography , 325  
 diagnosis , 324–325  
 interpretation , 325  
 renal artery stenosis , 326  

 soft tissue malignancies   ( see  Soft tissue 
malignancies) 

 testicular torsion , 340–342  
 thyroid nodules 

 fi ne-needle aspiration biopsy , 275  
 large solitary cold nodule , 274–275  
 multinodular goiter and solitary toxic nodule , 

274–275  
 toxic nodule , 274, 276  

 UTI , 336–337  
 vesicoureteral refl ux , 337–339  

   Senescence , 364  
   Sentinel lymph node (SLN) 

 breast cancer , 676–678  
 colorectal cancer , 683–684  
 concept , 675–676  
 head and neck cancer , 682–683  
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 melanoma , 678–680  
 penile cancer , 681  
 penile squamous cell carcinoma , 680–681  
 prostate cancer , 681–682  
 radioisotopes for , 676  
 tumors , 676–684  

   Sequestration , 50–51  
   Sickle cell disease necrosis , 187–189  
   Signal-transducing proteins, carcinogenesis , 361  
   Simple diffusion 

 67Ga-citrate , 53  
 intracellular biotransformation , 51–52  
 and mitochondrial binding , 52–53  

   Single-photon emission computed tomography (SPECT) 
 acute chest pain syndromes , 483  
 after an acute myocardial infarction , 483, 484  
 Alzheimer’s disease , 626–627  
 after cardiac transplantation , 485  
 diagnosis , 481–482  
 dual-phase method , 291  
 ictal , 640–641  
 image acquisition , 616–617  
 Legg-Calvé-Perthes disease , 185, 188  
 methods , 477  

 attenuation correction , 479–480  
 gamma camera systems, cardiac , 480–481  
 gated , 478  
 novel processing software , 480  
 quantifi cation , 478–479  

 noncardiac surgery , 483–485  
 osteomyelitis , 172, 174  
 parathyroid gland , 291  
 radiopharmaceuticals , 605–606  
 statistical parametric mapping , 618–620  
 stress fractures, spondylolysis , 197, 199  
 tracers for 

 investigational perfusion radiotracers , 474  
 Tc-99m-sestamibi and , 470–474  
 Tc-99m teboroxime , 474  
 Tc-99m tetrofosmin , 470–474  
 Thallium-201 , 469–470  

   Skeletal infection, imaging of , 90  
   Skeletal infl ammations, pathophysiology of , 80–81  
   Skeletal metastases.    See  Metabolic bone diseases 
   Skeletal muscle , 30  
   SLN.    See  Sentinel lymph node (SLN) 
   Slowly excreted radiopharmaceuticals , 322, 323  
   153Sm-EDTMP , 706–707  
   Smooth muscle , 30  
   Soft tissue calcifi cation 

 calcinosis cutis , 225  
 dystrophic calcifi cation , 219  
 heterotopic bone formation , 221–225  
 metastatic calcifi cation , 219–220  

   Soft tissue infl ammation 
 abdominal abscess 

 infl ammatory bowel disease , 75–76  
 leukocytes accumulation , 75  

 chest infl ammation , 77–78  

 imaging of , 85  
 renal infl ammation , 78–80  

   Soft tissue malignancies 
 breast cancers , 385–387  
 CNS tumors , 380–382  
 colorectal cancer , 388–390  
 esophageal cancer , 383–385  
 gynecologic cancers , 388  
 head and neck tumors , 380, 381, 383  
 lung cancer , 389–392  
 lymphoma , 392–394  
 malignant melanoma , 393–395  
 prostate cancer , 388, 389  
 renal and bladder cancers , 387–388  
 thyroid cancer , 381–384  

   Solitary adenoma , 286  
   Somatostatin receptors , 60, 705  
   Sonography , 275  
   SPECT-gated Equilibrium Radionuclide Angiography , 

451  
   Sphincter of Oddi dysfunction (SOD) 

 CCK , 576–579  
 dyskinesia , 577, 578  
 ERCP , 576  
 hepatobiliary imaging , 576  
 stenosis , 577, 579  

   Spleen 
 Billroth cords , 142–143  
 bloodborne pathogens , 144  
 classifi cation , 142  
 erythropoiesis site , 144  
 imaging , 144–145  
 immune functions , 144  
 Malpighian corpuscles , 142  
 splenic activity measurement , 145  

   Spondylodiskitis , 164  
   Spondylolysis 

 SPECT study , 197, 199  
 spondylolisthesis without , 197, 200  

   Spontaneous osteonecrosis 
 of femoral head , 189  
 of knee , 190–192  

   Squamous cell carcinoma 
 of head , 682–683  
 malignant tumors , 349  
 of neck , 682–683  

   Stasis , 70, 72  
   Statistical parametric mapping (SPM) 

 epilepsy , 641–643  
 SPECT and PET image analysis , 618–619  

   Steroid hormone receptors , 61  
   Stomach 

 anatomy , 530, 534  
 DGR , 536–537  
 distal , 535  
 functions , 534–535  
 gastric emptying disorders , 536  
 proximal , 535  
 pyloric sphincter function , 535  
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   Stress fractures 
 location of , 196, 197  
 scintigraphic grading , 196, 198  
 spondylolysis 

 SPECT study , 197, 199  
 spondylolisthesis without , 197, 200  

  99m Tc-MDP bone scan , 196, 198  
   Strontium-89 Chloride (Sr-89 chloride) , 695–696  
   Stunned myocardium , 502, 503  
   Subacute lymphocytic thyroiditis.    See  Postpartum 

thyroiditis 
   Subacute thyroiditis.    See  Destructive thyroiditis 
   Sympathetic receptor imaging 

 MIBG , 508–512  
 myocardial infarction , 512  

    T 
   99m Tc ciprofl oxacin , 84  
    99m Tc-Hexakis-2-methoxy-2-isobutyl isonitrile 

( 99m  Tc- sestamibi) , 610–612, 645–646  
    99m Tc-Hexamethylpropyleneamine Oxime 

( 99m  Tc- HMPAO) , 606, 620–623, 627, 662, 663  
    99m Tc-pertechnetate anions , 56  
   Tc99m-DMSA scan , 336, 337  
   Technetium-99 (Tc99m) 

 diphosphonates, disofenin (2, 6-diisopropyl 
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