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Molecular imaging is a term that is now used frequently to describe much 
of what nuclear medicine has been involved in for almost 50 years. Since 
the early attempts to produce images representing the spatial distribution 
of specific tissue and organ functions such as the use of radioiodine to 
identify (and also to quantify) thyroid tissue function or the use radioio-
dine labeled human serum albumin (HSA) to identify the increased extra-
cellular fluid in a brain tumor, nuclear medicine scientists and physicians 
have used the powerful tools, radioactive emission and decay and the tracer 
principle, for this purpose.

In the case of thyroid imaging with radioiodine, the radionuclide itself is 
the tracer that specifically recognizes (and is recognized by) the iodide trans-
porter and the subsequent trapping and organification mechanism results in 
thyroid hormone synthesis. In the early efforts to localize brain tumors, the 
radioiodine was chemically bound to HSA, and as a result of its molecular 
size, radioiodinated HSA was useful to identify the increased extracellular 
fluid content of various brain tumors in contrast to normal cerebral cortex.

The number of applications of molecular imaging therefore depends upon 
the radionuclides available, their inherent biochemistry whereby the radionu-
clide itself might be a useful tracer [such as 131I, 124I, or 123I as an iodide for 
assessment of thyroid function and imaging or 18F as the fluoride to measure 
bone kinetics and skeletal imaging]. In addition, depending upon the chemis-
try of a particular element, the radiotracer may be useful to evaluate and 
image other molecular and physiologic processes if the radionuclide can 
either be incorporated into the native molecular structure of a compound 
[such as 197Hg in a mercurial diuretic for renal imaging in the pre-99mTc era or 
57Co within the cyanocobalamin molecule to evaluate the intestinal absorp-
tion of vitamin B12] or bound to a messenger molecule without significantly 
interfering with recognition by the specific receptor [such as 111In-DTPA- 
pentetreotide or 68Ga-DOTATOC to somatostatin receptor subtypes].

To fully utilize these various radiotracers and radiolabeled molecules, the 
medical scientist and physician needs also to appreciate issues related to pro-
duction and availability, type of radioactive decay and dosimetry, and the 
interaction of radiation and matter in order to efficiently detect the distributed 
signal or at least understand the inherent limitations and source of potential 
errors. Furthermore, by understanding existing instruments and radiotracers 
one may better design the next generation of strategies to help drive the field 
of molecular imaging.
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Molecular Imaging: Radiopharmaceuticals for PET and SPECT is not a 
mere text on radiopharmaceuticals. In this volume, Shankar Vallabhajosula, 
Ph.D., has provided the reader with a single volume that describes and 
explains all of these components of radionuclide-based molecular imaging. 
Dr. Vallabhajosula shares his insight that molecular imaging is based on an 
understanding of the continuum of science from atomic structure and rela-
tionships, through chemistry and physiology, the physics of instrumentation, 
and the relationship of radiation and matter as well as the specific details of 
the radiopharmaceuticals themselves and the pharmaceutical principles 
including the practice of pharmacy. His description of his insight is further 
enriched by over 35 years of experience in nuclear medicine and all of its 
applications and his affection for the history and philosophy of science.

Molecular Imaging: Radiopharmaceuticals for PET and SPECT is a 
remarkable volume in that it comprehensively covers the entire scope of the 
basic sciences of nuclear medicine—and it does so in a highly readable style. 
It is further remarkable in that the entire text has been written by a single 
author, perhaps necessary to communicate, in addition to all of the scientific 
details, this over-riding view that all of the details are part of a continuum and 
that it is necessary to “see the forest as well as the trees” [to paraphrase an 
expression].

This is both a textbook on the subject and a history of the subject. It should 
be read by students and practitioners, medical doctors and scientists, radio-
chemists, physicists, radiopharmacists, technologists, and research person-
nel. In addition, for those learning about molecular imaging using 
non-radionuclide (e.g., optical, MRI) based strategies, this book is an excel-
lent introduction to important issues, lessons, and unifying principles for the 
entire field. The volume consists of 20 chapters and many excellent figures 
and tables. In addition to the science, it includes some brief history of the 
discoveries, the insights and developments that hopefully will sustain our 
memory of the science as well as of the scientists. Each chapter begins with a 
quote from a senior scientist. These quotes set a tone; recognition of, and 
respect for, the complexity of the physical and biological world—and man’s 
ability to understand it.

Dr. Vallabhajosula has performed a highly important service for nuclear 
medicine and the medical imaging community by creating this volume that 
brings together the scientific foundation of our field and by sharing his pas-
sion for the subject. Hopefully, the material and this stimulating presentation 
will motivate some of the readers to contribute to further evolution of this 
adventure.

New York Presbyterian Hospital  
and Weill Cornell Medical College 

Stanley J. Goldsmith, MD

Cornell University, 
New York, NY, USA

Stanford University Medical Center Sanjiv Sam Gambhir, MD, PhD 
Stanford, CA, USA
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I am delighted to provide a “foreword” to this second edition of Molecular 
Imaging and Targeted Therapy: Radiopharmaceuticals and Clinical 
Applications by Dr. Shankar Vallabhajosula. The foreword to the highly suc-
cessful first edition was contributed by Drs. Goldsmith and Gambhir, two 
giants in clinical nuclear medicine and molecular imaging. Sadly, Dr. 
Gambhir passed away far too early and was not able to contribute to the fore-
word to this new and updated edition, hence my authorship.

This is a remarkable effort by Dr. Vallabhajosula to cover, in a consistent 
manner, the entire spectrum of the field of nuclear medicine. So often, text-
books are written by multiple authors and the presentations, though expert, 
are not always well integrated. This book has the clear fingerprints of a true 
expert who has nearly five decades of experience in the field with relevant 
experiences in virtually all aspects of the discipline.

While the author is well known and respected in the fields of radiophar-
macy and radiopharmaceuticals, he carefully covers the remarkable spectrum 
of technologies needed to deliver successful nuclear medicine imaging and 
treatments. From “A” toms to high “Z” materials to detect photons, Dr. 
Vallabhajosula has it covered. This is a great read for anyone interested in a 
comprehensive, but not exhaustive, review of nuclear medicines breadth with 
sufficient depth and referencing to guide further study. It is obvious that Dr. 
Vallabhajosula loves the field of nuclear medicine, and the manuscript reflects 
this love, and continued curiosity for the field. It should serve to bring new 
scientists into the field. The author’s enthusiasm is apparent on each page and 
chapter.

It is an incredibly exciting time for nuclear medicine. While nuclear imag-
ing and radiopharmaceutical therapy have been around for well over half a 
century, in my long experience in nuclear medicine, this is the most exciting 
time ever. There have been many patients, from newborns to seniors, posi-
tively impacted through nuclear medicine imaging. FDG PET/CT is now the 
preferred diagnostic and follow-up test in many patients with cancer; addi-
tionally it is now widely used to detect infection and inflammation. The 
explosion in PSMA targeting for diagnosis and therapy with newly approved 
diagnostic and therapeutic agents has brought renewed excitement to the 
field. There has also been substantial investment given the favorable results 
from targeted radiopharmaceutical therapies. The excitement with the newer 
alpha emitters is palpable and I am confident we are now moving from 
“improving survival” to “curing cancer.” Expanding these methods more 
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broadly will be the future of our field with major investments from increas-
ingly large, as well as small, innovative pharmaceutical companies. I believe 
radiopharmaceutical therapy is now the fifth arm of cancer therapy along with 
surgery, chemotherapy, external beam irradiation, and immunotherapy.

It is also a great time to use nuclear medicine techniques to interrogate 
brain health. With the recent approval of two antibody drugs to remove amy-
loid plaques from the brain and preserve cognition, the exciting opportunities 
in nuclear neurology are highlighted. The opportunities in brain imaging are 
massive. The projected growth in nuclear imaging of the brain, to guide treat-
ments, will impact a huge population who could benefit from the procedures. 
In addition, fundamental studies of brain health with PET are pivotal for our 
understanding of the function of the brain, especially in aging, dementia, 
movement disorders, and psychiatric conditions.

An excellent review of cardiac imaging is provided as well. This is an area 
of great opportunity as we can now precisely measure cardiac blood flow and 
flow reserve, especially with PET. Similarly with nuclear methods we can 
now detect and guide treatment of amyloid cardiomyopathies, and detect pre-
viously undetectable inflammatory processes, and infections among other 
interrogations.

Dr. Vallabhajosula describes this book, in effect, as a “labor of love.” 
Having been introduced to the field personally over four decades ago, falling 
in “love” with nuclear medicine is not a unique experience. I’m sure readers 
of this comprehensive yet approachable text will gain an increasing affection, 
possibly blossoming into a long-term relationship, or even “love” with 
nuclear medicine.

Department of Radiology
Mallinckrodt Institute of Radiology,  
Professor of Radiology and Radiation  
Oncology, Washington University in  
St Louis School of Medicine
St. Louis, MO, USA 

Richard L. Wahl, MD, FACR
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Everything is determined, the beginning as well as the end, by forces over which we 
have no control. It is determined for the insect, as well as for the star. Human 
beings, vegetables, or cosmic dust, we all dance to a mysterious tune, intoned in the 
distance by an invisible piper. 

Albert Einstein

In my life, the invisible piper has long been and will continue to be “science.” 
Indeed, in 1967, during my second year in pharmacy school, while reading 
general books on science, I first learned that an unstable atom emits radiation, 
which might be used as a beacon or a signal for detecting the exact location 
of that atom. This initial introduction to atomic physics had a significant 
impact on my view of the universe and all that is within and has shaped my 
academic and scientific career in a way I could not have foreseen, then.

The discipline of nuclear medicine has tremendously enriched my profes-
sional and personal life and several people have been instrumental in shaping 
my destiny. Professor Walter Wolf, who ignited my research interests in the 
development of radiopharmaceuticals, Professor Henry Wagner, Jr., the 
ambassador of nuclear medicine, Professor Michael Phelps, the pioneer, and 
visionary of PET, in particular, have been my inspirational and intellectual 
gurus. Also, Professor Sanjiv Sam Gambhir, one of the founders of molecular 
imaging as a scientific discipline in diagnostic radiology, has been a continu-
ous source of inspiration not only to me but to a whole new generation of 
young investigators. Words cannot express my gratitude to Professor Stanley 
J. Goldsmith, who for almost three decades has instigated many challenging 
discussions, supported me in all my scientific endeavors, and is now a part of 
my family.

Molecular imaging is a fascinating and important technology in radiology 
that grows more diverse every day. Imaging based on radioisotopes is the 
major theme of this book and emphasizes both the basic and clinical science 
of nuclear medicine, based exclusively on radiopharmaceuticals for PET and 
SPECT. This book grew out of many lectures and my own struggles to more 
fully understand this subject. My goal in writing this book was not to discuss, 
in depth, the chemistry of radiopharmaceuticals. Instead it was my intention 
to provide a broad view of clinical applications in molecular imaging and, 
thereby, make the readers better understand and appreciate the importance of 
radiopharmaceutical design and development in the optimization of molecu-
lar imaging technology. Finally, although Chapter 2, which provides a history 
of the atom, is not necessarily relevant to the practical and clinical applica-
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tions of molecular imaging, it is my way of paying tribute to those extraordi-
nary scientists who have systematically studied “nature” and demonstrated 
the reality of atoms.

It is impossible to acknowledge every technologist, scientist, and student, 
who has contributed to my understanding of nuclear medicine. However, I 
especially thank Ms. Helena Lipszyc not only for working with me on count-
less research projects, but most of all for her friendship. I also express my 
gratitude to Dr. Harry M. Lander, Associate Dean for Research at Weill 
Cornell Medical College, for encouraging me to write this book.

Also, I greatly appreciate the support of the editorial staff of Springer-
Verlag and, especially, thank Ms. Dörthe Mencke-Bühler, Ms. Wilma 
McHugh, and Mr. Saravanan Thavamani. Finally, this book could not have 
been completed without the love, support and encouragement of my wife, 
Brigitte (affectionately called Shanthi), who has read every word of the man-
uscript and made countless corrections.

New York, NY, USA Shankar Vallabhajosula, PhD   
May 2009
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Look deep into nature, and then you will understand everything better.
Albert Einstein

The primary goal of targeted radionuclide therapy (TRT) is to fight cancer 
cells with more precision and with less side effects. TRT is based on thera-
peutic radiopharmaceuticals that are radiolabeled molecules consisting of a 
target-specific moiety, such as peptides, low molecular weight ligands, or 
monoclonal antibodies labeled with an appropriate alpha or beta emitting 
radionuclide designed to deliver therapeutic doses of ionizing radiation to 
specific disease sites. The continuing progress in biotechnologies over the 
last couple of decades opened avenues to a new management of many dis-
eases, switching from a population treatment approach to the concept of per-
sonalized medicine or precision medicine. Theranostics in nuclear medicine 
is a molecular precision medicine approach to treating cancer, using similar 
(or same) molecules for both molecular imaging (based on PET or SPECT) 
and TRT.

The first edition of this book, published in 2009, focused primarily on the 
initial development of molecular imaging (MI) based on PET and SPECT 
radiopharmaceuticals. Since that time there has been tremendous interest and 
progress in the development of target-specific radiopharmaceuticals (TSRP) 
for radionuclide molecular imaging (RMI) and TRT.

The second edition was, specifically, designed to revise and update several 
chapters related to the development of FDA-approved PET and SPECT radio-
pharmaceuticals. In addition, six new chapters (Chaps. 17–22) were added to 
provide an extensive review of the basic concepts and clinical applications of 
therapeutic radiopharmaceuticals for TRT. While it is beyond the scope of 
this book to cover the entire field of radiopharmaceutical research and devel-
opment in the last 15 years, the focus of this book is primarily to provide a 
broad overview of RMI and TRT, and to specifically describe the chemistry 
of radiopharmaceuticals in clinical use.

I want to thank all the nuclear medicine physicians, oncologists, scientists, 
and technologists at Weill Cornell Medicine and New York Presbyterian 
Hospital. Special thanks to Professor Stanley J. Goldsmith who, for almost 
four decades, has been my major research collaborator. I also want to give 
special thanks to several oncologists (Profs. Neil H. Bander, Scott T. Tagawa, 
John P. Leonard, and Morton Coleman) who believed in TRT, supported me, 
and collaborated with me for the last 25 years. I have no words to express my 
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gratitude to my research staff, specifically, Drs. Paresh Kothari, Anastasia 
Nikolopoulou, and Ms. Irina Lipai.

I, also, greatly appreciate the support of the editorial staff of Springer 
Nature and want to, especially, thank Ms. Smitha Diveshan, Ms. Antonella 
Seri, and G. Rajesh. Finally, this book could not have been completed without 
the love, support, and encouragement of my wife, Dr. Brigitte Vallabhajosula, 
who kindly took the responsibility for editing the manuscript and made 
countless corrections.

New York, NY, USA Shankar Vallabhajosula, PhD
February 2023

Preface to the Second Edition



xv

Contents

 1   Molecular Imaging and Targeted Radionuclide  
Therapy: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   1
 1.1    Nuclear Medicine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   1
 1.2    Molecular Medicine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   2
 1.3    Molecular Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   3

 1.3.1    Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   4
 1.3.2    Molecular Imaging Technologies. . . . . . . . . . . . . . . . .   5

 1.4    Radiation Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12
 1.4.1    Targeted Radionuclide Therapy (TRT)  . . . . . . . . . . . .  13
 1.4.2    Personalized Medicine and Theranostics . . . . . . . . . . .  14

 1.5    Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18

 2   Science of Atomism: A Brief History . . . . . . . . . . . . . . . . . . . . . . .  21
 2.1    Atomism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21
 2.2    Chemical Elements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22

 2.2.1    Chemical Laws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22
 2.2.2    Atomic Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23

 2.3    Electricity and Magnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23
 2.3.1    Electrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24
 2.3.2    Electromagnetism  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25

 2.4    Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26
 2.4.1    Heat, Energy, and Temperature . . . . . . . . . . . . . . . . . .  26
 2.4.2    Emission of Light . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27

 2.5    Major Discoveries  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27
 2.5.1    Cathode Rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27
 2.5.2    X-Rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28
 2.5.3    Electron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28
 2.5.4    Radioactivity  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29
 2.5.5    Light Quantum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30

 2.6    Reality of Atoms  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31
 2.6.1    Avogadro’s Number . . . . . . . . . . . . . . . . . . . . . . . . . . .  31
 2.6.2    Brownian Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31

 2.7    Atomic Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32
 2.7.1    Nuclear Atom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32
 2.7.2    Bohr’s Model of Atom . . . . . . . . . . . . . . . . . . . . . . . . .  32
 2.7.3    Isotopes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33



xvi

 2.7.4    Quantum Atom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33
 2.7.5    Discovery of Antimatter . . . . . . . . . . . . . . . . . . . . . . . .  34

 2.8    The Elementary Particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34
Further Reading  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35

 3   Atoms and Radiation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37
 3.1    Matter and Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37

 3.1.1    Mass–Energy Relationship  . . . . . . . . . . . . . . . . . . . . .  37
 3.2    Radiation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38

 3.2.1    Electromagnetic Radiation . . . . . . . . . . . . . . . . . . . . . .  38
 3.3    Classification of Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39

 3.3.1    Chemical Element . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40
 3.4    Atoms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40

 3.4.1    Atomic Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41
 3.4.2    The Bohr Model of an Atom . . . . . . . . . . . . . . . . . . . .  41

 3.5    Nuclear Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43
 3.5.1    Composition and Nuclear Families . . . . . . . . . . . . . . .  43
 3.5.2    Nuclear Binding Energy  . . . . . . . . . . . . . . . . . . . . . . .  43
 3.5.3    Nuclear Stability  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44

 3.6    Atomic and Nuclear Emissions . . . . . . . . . . . . . . . . . . . . . . . .  45
 3.6.1    Emissions from Electron Shells . . . . . . . . . . . . . . . . . .  45
 3.6.2    Nuclear Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . .  46

Further Reading  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47

 4   Radioactivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49
 4.1    The Discovery  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49
 4.2    Nuclear Disintegration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50

 4.2.1    Types of Radioactive Decay . . . . . . . . . . . . . . . . . . . . .  52
 4.2.2    Radioactive Decay Series . . . . . . . . . . . . . . . . . . . . . . .  56
 4.2.3    Nuclear Fission  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  58

 4.3    Radioactive Decay Equations  . . . . . . . . . . . . . . . . . . . . . . . . .  58
 4.3.1    Exponential Decay . . . . . . . . . . . . . . . . . . . . . . . . . . . .  58
 4.3.2    Units of Activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  59
 4.3.3    Half-Life and Average Lifetime . . . . . . . . . . . . . . . . . .  59
 4.3.4    Specific Activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  60
 4.3.5    Serial Radioactive Decay . . . . . . . . . . . . . . . . . . . . . . .  61

Further Reading  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62

 5   Radioactivity Detection: PET and SPECT Scanners  . . . . . . . . .  63
 5.1    Interaction of Radiation with Matter . . . . . . . . . . . . . . . . . . . .  63

 5.1.1    Interactions of Charged Articles  . . . . . . . . . . . . . . . . .  63
 5.1.2    Interaction of High-Energy Photons  . . . . . . . . . . . . . .  64
 5.1.3    Attenuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66

 5.2    Radiation Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  67
 5.2.1    Ionization Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . .  67
 5.2.2    Scintillation Detectors . . . . . . . . . . . . . . . . . . . . . . . . .  68

 5.3    Radionuclide Imaging Systems . . . . . . . . . . . . . . . . . . . . . . . .  71
 5.3.1    SPECT/CT Scanner . . . . . . . . . . . . . . . . . . . . . . . . . . .  72
 5.3.2    PET Scanners . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  75
 5.3.3    Small-Animal Imaging Systems  . . . . . . . . . . . . . . . . .  82

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  85

Contents



xvii

 6   Chemistry: Basic Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87
 6.1    Chemical Elements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87

 6.1.1    Chemistry and Radioactivity . . . . . . . . . . . . . . . . . . . .  87
 6.1.2    Periodic Table  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88
 6.1.3    Chemical Bonding . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91

 6.2    Chemical Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  95
 6.2.1    Types of Chemical Reactions . . . . . . . . . . . . . . . . . . . .  95
 6.2.2    Chemical Equilibrium . . . . . . . . . . . . . . . . . . . . . . . . .  97

 6.3    Organic Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
 6.3.1    Hydrocarbons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

 6.4    Biochemistry  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
 6.4.1    Proteins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
 6.4.2    Carbohydrates  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
 6.4.3    Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
 6.4.4    Nucleic Acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

Further Reading  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

 7   Cell and Molecular Biology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
 7.1    Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
 7.2    Cell Structure and Function . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

 7.2.1    The Plasma Membrane  . . . . . . . . . . . . . . . . . . . . . . . . 118
 7.2.2    Cytoplasm and Its Organelles  . . . . . . . . . . . . . . . . . . . 120
 7.2.3    Cytoskeleton  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
 7.2.4    Nucleus  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

 7.3    Cell Reproduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
 7.3.1    The Cell Cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
 7.3.2    Rates of Cell Division . . . . . . . . . . . . . . . . . . . . . . . . . 123

 7.4    Cell Transformation and Differentiation . . . . . . . . . . . . . . . . . 124
 7.5    Normal Growth  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

 7.5.1    Cell Types  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
 7.5.2    Tissue Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

 7.6    Cell-to-Cell Communication . . . . . . . . . . . . . . . . . . . . . . . . . . 126
 7.6.1    Cell–Cell Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . 126
 7.6.2    Cell Signaling and Cellular Receptors . . . . . . . . . . . . . 127

 7.7    Transport Through the Cell Membrane . . . . . . . . . . . . . . . . . . 128
 7.7.1    Diffusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
 7.7.2    Active Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
 7.7.3    Transport by Vesicle Formation . . . . . . . . . . . . . . . . . . 132
 7.7.4    Transmission of Electrical Impulses  . . . . . . . . . . . . . . 132

 7.8    Cellular Metabolism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
 7.8.1    Role of ATP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

 7.9    DNA and Gene Expression  . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
 7.9.1    DNA: The Genetic Material . . . . . . . . . . . . . . . . . . . . . 135
 7.9.2    Gene Expression and Protein Synthesis . . . . . . . . . . . . 138

 7.10    Disease and Pathophysiology. . . . . . . . . . . . . . . . . . . . . . . . . . 141
 7.10.1    Homeostasis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
 7.10.2    Disease Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
 7.10.3    Pathophysiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

Further Reading  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

Contents



xviii

 8   Production of Radionuclides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
 8.1    Natural Radioactivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

 8.1.1    Decay Chain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
 8.2    Nuclear Transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

 8.2.1    Artificial Production of Radioactivity . . . . . . . . . . . . . 149
 8.2.2    Nuclear Fission  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
 8.2.3    Nuclear Reactions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

 8.3    Production of Radionuclides by Accelerators . . . . . . . . . . . . . 153
 8.3.1    Linear Particle Accelerator (LINAC) . . . . . . . . . . . . . . 154
 8.3.2    Cyclotron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
 8.3.3    PET Radionuclides. . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
 8.3.4    SPECT Radionuclides . . . . . . . . . . . . . . . . . . . . . . . . . 165
 8.3.5    Therapy Radionuclides  . . . . . . . . . . . . . . . . . . . . . . . . 166

 8.4    Production of Radionuclides in a Nuclear Reactor . . . . . . . . . 168
 8.4.1    Nuclear Fission  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
 8.4.2    Radionuclides Produced by Fission . . . . . . . . . . . . . . . 169
 8.4.3    Radionuclides Produced by Neutron Activation . . . . . 170
 8.4.4    Beta Emitting Radionuclides for Therapy . . . . . . . . . . 171
 8.4.5    Alpha Emitting Radionuclides for Therapy . . . . . . . . . 176

 8.5    Radionuclide Generators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
 8.5.1    Generators for SPECT/PET Imaging . . . . . . . . . . . . . . 178
 8.5.2    Generators for Radionuclide Therapy . . . . . . . . . . . . . 179

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

 9   Radiopharmaceuticals for Molecular Imaging  . . . . . . . . . . . . . . 185
 9.1    Radiotracer Vs. Radiopharmaceutical . . . . . . . . . . . . . . . . . . . 185

 9.1.1    Radiopharmaceutical Vs. Radiochemical  . . . . . . . . . . 185
 9.2    Radiopharmaceuticals for Molecular Imaging (RP-MI) . . . . . 186

 9.2.1    Molecular Medicine and Theranostics . . . . . . . . . . . . . 188
 9.2.2    RPMI: Categories and Types . . . . . . . . . . . . . . . . . . . . 191
 9.2.3    Choice of Radionuclide for SPECT and PET . . . . . . . 192
 9.2.4    General Criteria for the Design of RP-MI . . . . . . . . . . 194
 9.2.5    General Methods of Radiolabeling  . . . . . . . . . . . . . . . 206
 9.2.6    Automated Synthesis Modules  . . . . . . . . . . . . . . . . . . 208

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

 10   Radiohalogens for Molecular Imaging (Fluorine and Iodine)  . . 213
 10.1    Fluorine-18 Radiopharmaceuticals for Molecular Imaging . . 213

 10.1.1    Halogens  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
 10.2    Chemistry of 18F-Labeled Radiopharmaceuticals  . . . . . . . . . 215

 10.2.1    Production of Fluorine-18 . . . . . . . . . . . . . . . . . . . . .  215
 10.2.2    F-18 Radiochemistry . . . . . . . . . . . . . . . . . . . . . . . . . 217
 10.2.3    Fluorination Reactions . . . . . . . . . . . . . . . . . . . . . . . . 218
 10.2.4    Radiotracers Based on Nucleophilic Reactions . . . . . 221
 10.2.5    Radiotracers Based on Electrophilic Reaction . . . . . . 229
 10.2.6    F-18 Labeling of Peptides and Biomolecules  . . . . . . 230

 10.3    Radioiodinated Radiopharmaceuticals . . . . . . . . . . . . . . . . . . 233
 10.3.1    Production of 123I and 124I . . . . . . . . . . . . . . . . . . . . . . 233
 10.3.2    Chemistry of Iodine and Radioiodination . . . . . . . . . 234
 10.3.3    123/131I-Labeled Radiopharmaceuticals . . . . . . . . . . . . 236

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

Contents



xix

 11   Organic Radionuclides for Molecular Imaging (C, N, and O) . . 243
 11.1    Advantages of Organic Radionuclides . . . . . . . . . . . . . . . . . . 243
 11.2    11C-Labeled Radiopharmaceuticals . . . . . . . . . . . . . . . . . . . . 244

 11.2.1    Production of 11C . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244
 11.2.2    11C Precursors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245
 11.2.3    Synthesis of 11C Labeled MIPs  . . . . . . . . . . . . . . . . . 248

 11.3    13N-Labeled Radiopharmaceuticals . . . . . . . . . . . . . . . . . . . . 254
 11.3.1    [13N]Ammonia (NH3) . . . . . . . . . . . . . . . . . . . . . . . . . 254
 11.3.2    Synthesis of [13N]Gemcitabine  . . . . . . . . . . . . . . . . . 255

 11.4    15O-Labeled Radiotracers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
 11.4.1    15O-Labeled Gases . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
 11.4.2    Synthesis of [15O]Water . . . . . . . . . . . . . . . . . . . . . . . 256

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

 12   Metal Radionuclides for Molecular Imaging . . . . . . . . . . . . . . . . 259
 12.1    Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
 12.2    Radiometals for PET and SPECT . . . . . . . . . . . . . . . . . . . . . 260

 12.2.1    Specific Activity of Radiometals . . . . . . . . . . . . . . . . 261
 12.2.2    Decay Characteristics of Radiometals . . . . . . . . . . . . 261

 12.3    Chemistry of Radiometals . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
 12.3.1    Chelators for Metal Complexation . . . . . . . . . . . . . . . 263
 12.3.2    Chemistry of Post-transition Metals  . . . . . . . . . . . . . 270
 12.3.3    Chemistry of Transition Metals . . . . . . . . . . . . . . . . . 275

 12.4    Immuno-PET and SPECT . . . . . . . . . . . . . . . . . . . . . . . . . . . 279
 12.4.1    ImmunoPET: Applications . . . . . . . . . . . . . . . . . . . . . 280

 12.5    Tecnetium-99m Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . 283
 12.5.1    Tc-Tricarbonyl Core, [Tc(CO)3]+ . . . . . . . . . . . . . . . . 285

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286

 13   Pharmacokinetics and Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . 291
 13.1    Quantitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291

 13.1.1    Standardized Uptake Value  . . . . . . . . . . . . . . . . . . . . 291
 13.2    Physiological Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292

 13.2.1    Radiotracer Binding . . . . . . . . . . . . . . . . . . . . . . . . . . 293
 13.2.2    Tracer Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301

 14   Molecular Imaging in Oncology  . . . . . . . . . . . . . . . . . . . . . . . . . . 303
 14.1    Cancer and Molecular Imaging . . . . . . . . . . . . . . . . . . . . . . . 303

 14.1.1    Radiopharmaceuticals for Molecular  
Imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304

 14.2    Tumor Pathology and Biology . . . . . . . . . . . . . . . . . . . . . . . . 305
 14.2.1    Histopathology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305

 14.3    Molecular Basis of Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . 306
 14.3.1    Hallmarks of Cancer  . . . . . . . . . . . . . . . . . . . . . . . . . 306
 14.3.2    Genetic Changes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307
 14.3.3    Tumor Angiogenesis  . . . . . . . . . . . . . . . . . . . . . . . . . 309
 14.3.4    Tumor Microenvironment  . . . . . . . . . . . . . . . . . . . . . 310

 14.4    PET and SPECT Radiopharmaceuticals in  
Oncology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

 14.4.1    Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

Contents



xx

 14.4.2    Radiopharmaceuticals: Biochemical Basis of 
Localization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311

 14.4.3    Antigen-Antibody Binding  . . . . . . . . . . . . . . . . . . . . 354
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 364

 15   Molecular Imaging in Neurology . . . . . . . . . . . . . . . . . . . . . . . . . . 375
 15.1    Neuroscience . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375

 15.1.1    The Nervous System . . . . . . . . . . . . . . . . . . . . . . . . . 375
 15.1.2    Nerve Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375
 15.1.3    The Human Brain . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377
 15.1.4    Neural Signaling  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379
 15.1.5    Synaptic Transmission . . . . . . . . . . . . . . . . . . . . . . . . 379
 15.1.6    Neurotransmitters and Receptors . . . . . . . . . . . . . . . . 380

 15.2    Neurodegenerative Diseases  . . . . . . . . . . . . . . . . . . . . . . . . . 382
 15.2.1    Dementia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383
 15.2.2    Parkinson’s Disease . . . . . . . . . . . . . . . . . . . . . . . . . . 386

 15.3    Radiopharmaceuticals for Brain Imaging  
in Neurology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 386

 15.3.1    Cerebral Blood Flow and Perfusion . . . . . . . . . . . . . . 387
 15.3.2    Cerebral Oxygen Metabolism . . . . . . . . . . . . . . . . . . 390
 15.3.3    Cerebral Glucose Metabolism . . . . . . . . . . . . . . . . . . 392
 15.3.4    β-Amyloid Neuritic Plaque Density. . . . . . . . . . . . . . 394
 15.3.5    Tau Imaging in Dementia . . . . . . . . . . . . . . . . . . . . . . 400
 15.3.6    Dopaminergic System . . . . . . . . . . . . . . . . . . . . . . . . 402
 15.3.7    Neuroinflammation  . . . . . . . . . . . . . . . . . . . . . . . . . . 409

 15.4    Epilepsy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 413
 15.4.1    Blood Flow and Metabolism . . . . . . . . . . . . . . . . . . . 414

 15.5    Neurooncology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 415
 15.5.1    Imaging in Neuro-oncology . . . . . . . . . . . . . . . . . . . . 415
 15.5.2    PET Radiotracers in Neuro-oncology . . . . . . . . . . . . 416

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 418

 16   Molecular Imaging in Cardiology . . . . . . . . . . . . . . . . . . . . . . . . . 425
 16.1    Nuclear Cardiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425
 16.2    The Clinical Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426

 16.2.1    Coronary Artery Disease . . . . . . . . . . . . . . . . . . . . . . 426
 16.2.2    Congestive Heart Failure . . . . . . . . . . . . . . . . . . . . . . 429
 16.2.3    Cardiomyopathy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 430
 16.2.4    Fibrosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431

 16.3    Radiopharmaceuticals in Nuclear Cardiology . . . . . . . . . . . . 431
 16.3.1    Myocardial Blood Flow/Perfusion . . . . . . . . . . . . . . . 431
 16.3.2    Myocardial Metabolism . . . . . . . . . . . . . . . . . . . . . . . 436
 16.3.3    Myocardial Presynaptic Adrenergic  

Neuronal Imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . 442
 16.3.4    Cardiac Sarcoidosis (CS) . . . . . . . . . . . . . . . . . . . . . . 446
 16.3.5    Cardiac Amyloidosis (CA) . . . . . . . . . . . . . . . . . . . . . 448
 16.3.6    Cardiac Fibrosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 451
 16.3.7    Inflammation and Atherosclerosis . . . . . . . . . . . . . . . 453

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 456

Contents



xxi

 17   Radiopharmaceuticals for Therapy . . . . . . . . . . . . . . . . . . . . . . . . 461
 17.1    Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 461
 17.2    Radiopharmaceuticals  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 462

 17.2.1    Therapy Radiopharmaceuticals . . . . . . . . . . . . . . . . . 462
 17.3    Radionuclides for Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . 464

 17.3.1    Radionuclides-Emitting Beta Particles  . . . . . . . . . . . 464
 17.3.2    Radionuclides-Emitting Alpha Particles  . . . . . . . . . . 470
 17.3.3    Radionuclides Emitting Low-Energy Electrons  . . . . 474
 17.3.4    In Vivo Radionuclide Generators . . . . . . . . . . . . . . . . 475
 17.3.5    Mechanism and Biological Effects  . . . . . . . . . . . . . . 475
 17.3.6    Biological Effectiveness of  

Radionuclide Therapy . . . . . . . . . . . . . . . . . . . . . . . . 478
 17.4    Design of Radiopharmaceuticals for TRT . . . . . . . . . . . . . . . 479

 17.4.1    Ideal Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . 479
 17.4.2    Selection of Therapeutic Radionuclide . . . . . . . . . . . 480
 17.4.3    Theranostic Pair of Radionuclides . . . . . . . . . . . . . . . 481
 17.4.4    Biological Target and Targeting Vehicle  . . . . . . . . . . 481
 17.4.5    Radiolabeling Methods  . . . . . . . . . . . . . . . . . . . . . . . 483

 17.5    Therapy Radiopharmaceuticals Approved  
for Clinical Use  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 484

 17.5.1    Inorganic Ions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 485
 17.5.2    Inorganic Chelate Complex . . . . . . . . . . . . . . . . . . . . 487
 17.5.3    Particulate Carriers . . . . . . . . . . . . . . . . . . . . . . . . . . . 488
 17.5.4    Small Organic Molecules . . . . . . . . . . . . . . . . . . . . . . 489
 17.5.5    Regulatory Peptides Hormone Analogs . . . . . . . . . . . 490
 17.5.6    Monoclonal Antibodies . . . . . . . . . . . . . . . . . . . . . . . 492

 17.6    Prostate Specific Membrane Antigen (PSMA)  . . . . . . . . . . . 495
 17.6.1    PSMA Inhibitors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 495

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 496

 18   Chemistry of Therapeutic Radionuclides . . . . . . . . . . . . . . . . . . . 501
 18.1    Targeted Radionuclide Therapy . . . . . . . . . . . . . . . . . . . . . . . 501

 18.1.1    Radionuclides for Therapy . . . . . . . . . . . . . . . . . . . . . 501
 18.1.2    Production of Radionuclides . . . . . . . . . . . . . . . . . . . 502

 18.2    Chemical Groups Radionuclides . . . . . . . . . . . . . . . . . . . . . . 506
 18.3    Chemistry of Halogens  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 508

 18.3.1    Iodine and Radioiodination . . . . . . . . . . . . . . . . . . . . 509
 18.3.2    Chemistry of Astatine  . . . . . . . . . . . . . . . . . . . . . . . . 512

 18.4    Chemistry of Radiometals . . . . . . . . . . . . . . . . . . . . . . . . . . . 515
 18.4.1    Chelators for Metal Complexation . . . . . . . . . . . . . . . 515
 18.4.2    Bifunctional Chelating Agents . . . . . . . . . . . . . . . . . . 521
 18.4.3    Alkaline Earth Metals  . . . . . . . . . . . . . . . . . . . . . . . . 523
 18.4.4    Transition Metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . 524
 18.4.5    Post-Transition Metals . . . . . . . . . . . . . . . . . . . . . . . . 526
 18.4.6    Lanthanides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 527
 18.4.7    Actinides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 528

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 529

Contents



xxii

 19   Radiolabeled Antibodies for Imaging and Targeted Therapy . . . 533
 19.1    Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 533
 19.2    Antibody Structure and Function . . . . . . . . . . . . . . . . . . . . . . 536

 19.2.1    Pharmacokinetics of Antibodies and Fragments . . . . 538
 19.3    Hallmarks of Cancer  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 539
 19.4    Cancer and Immunotherapy . . . . . . . . . . . . . . . . . . . . . . . . . . 540

 19.4.1    Mechanisms of Action of mAbs  . . . . . . . . . . . . . . . . 540
 19.5    Radiolabeled Antibodies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 541

 19.5.1    FDA-Approved Radiolabeled Antibodies for Imaging 
and Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 542

 19.5.2    Tumor Antigen Targets and Targeting Vehicles . . . . . 543
 19.5.3    Radionuclides for Antibody Therapy and Imaging . . 544
 19.5.4    Radiolabeling and Bioconjugation Strategies of 

Antibodies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548
 19.6    Radioimmunotherapy (RIT) . . . . . . . . . . . . . . . . . . . . . . . . . . 551

 19.6.1    Direct and Indirect RIT Strategies . . . . . . . . . . . . . . . 552
 19.7    RIT: Clinical Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . 552

 19.7.1    Hematological Malignancies . . . . . . . . . . . . . . . . . . . 552
 19.7.2    Solid Tumors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 558

 19.8    Strategies to Increase the Therapeutic Efficacy of RIT . . . . . 561
 19.8.1    Dose Fractionation . . . . . . . . . . . . . . . . . . . . . . . . . . . 561
 19.8.2    Pretargeted RIT (PRIT) . . . . . . . . . . . . . . . . . . . . . . . 562
 19.8.3    Combination RIT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 563

 19.9    Immuno-PET and SPECT of Cancer . . . . . . . . . . . . . . . . . . . 564
 19.9.1    89Zr for ImmunoPET . . . . . . . . . . . . . . . . . . . . . . . . . 564
 19.9.2    124I for ImmunoPET . . . . . . . . . . . . . . . . . . . . . . . . . . 565
 19.9.3    ImmunoPET: Applications . . . . . . . . . . . . . . . . . . . . . 566
 19.9.4    Molecular Imaging for Cancer Immunotherapy  . . . . 569

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 571

 20   Design of Radiolabeled Peptide Radiopharmaceuticals  . . . . . . . 577
 20.1    Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 577

 20.1.1    Proteinogenic and Non- proteinogenic AAs . . . . . . . . 577
 20.1.2    Peptide Therapeutics . . . . . . . . . . . . . . . . . . . . . . . . . 580
 20.1.3    Advantages and Disadvantages of Peptides . . . . . . . . 581

 20.2    Design of Peptide Radiopharmaceuticals (PRP) . . . . . . . . . . 582
 20.2.1    Peptide Modification and Insertion of Non-natural AAs . 

583
 20.2.2    Peptide Cyclization  . . . . . . . . . . . . . . . . . . . . . . . . . . 584
 20.2.3    Insertion of β-Amino Acids . . . . . . . . . . . . . . . . . . . . 586
 20.2.4    Substitution of Amides with Sulfonamides . . . . . . . . 587
 20.2.5    N-Methylation (N-Alkylation) . . . . . . . . . . . . . . . . . . 587
 20.2.6    PEGylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 588
 20.2.7    Glycosylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 588
 20.2.8    Albumin Binding . . . . . . . . . . . . . . . . . . . . . . . . . . . . 590
 20.2.9    Spacers/Linkers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 591
 20.2.10    Dimerization and Multimerization . . . . . . . . . . . . . . . 591

Contents



xxiii

 20.3    Radiolabeling of Peptides  . . . . . . . . . . . . . . . . . . . . . . . . . . . 593
 20.3.1    Radionuclides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 593
 20.3.2    Radiolabeling Methods  . . . . . . . . . . . . . . . . . . . . . . . 594
 20.3.3    Peptide Labeling with Radioiodine . . . . . . . . . . . . . . 594
 20.3.4    Peptide Labeling with Fluorine-18  . . . . . . . . . . . . . .  595
 20.3.5    Peptide Labeling with Trivalent Radiometals  . . . . . . 596
 20.3.6    Peptide Labeling with 99mTc . . . . . . . . . . . . . . . . . . . . 602

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 605

 21   Theranostics in Neuroendocrine Tumors . . . . . . . . . . . . . . . . . . . 609
 21.1    Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 609

 21.1.1    Carcinoid Syndrome  . . . . . . . . . . . . . . . . . . . . . . . . . 610
 21.1.2    Therapeutic Modalities  . . . . . . . . . . . . . . . . . . . . . . . 611

 21.2    Theranostics in NETs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 612
 21.2.1    Biological Targets  . . . . . . . . . . . . . . . . . . . . . . . . . . . 614
 21.2.2    Radionuclides for Imaging and Therapy . . . . . . . . . . 614
 21.2.3    Radiolabeling Methods  . . . . . . . . . . . . . . . . . . . . . . . 617

 21.3    Somatostatin Receptors and SST Analogs . . . . . . . . . . . . . . . 617
 21.3.1    Imaging SSTR-Positive NETs Radiolabeled SST 

Agonist Analogs for Imaging . . . . . . . . . . . . . . . . . . . 620
 21.3.2    Therapy of SSTR-2-Positive NETs . . . . . . . . . . . . . . 627
 21.3.3    Therapy with Alpha Particles . . . . . . . . . . . . . . . . . . . 632

 21.4    Norepinephrine Transporter (NET): Imaging and Therapy 
Agents  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 633

 21.4.1    MIBG Analogs for Imaging . . . . . . . . . . . . . . . . . . . . 633
 21.4.2    Therapy with MIBG (Azedra®) . . . . . . . . . . . . . . . . . 635

 21.5    Glucose Transporters (GLUT) . . . . . . . . . . . . . . . . . . . . . . . . 637
 21.6    Amino Acid Transporters (AATs) . . . . . . . . . . . . . . . . . . . . . 638

 21.6.1    [11C]-5-HTP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 639
 21.6.2    [18F]FDOPA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 639

 21.7    Glucagon-Like Peptide 1 Receptor (GLP-IR) . . . . . . . . . . . . 640
 21.8    Cholecystokinin-2 Receptor (CCK2R)  . . . . . . . . . . . . . . . . . 642
 21.9    Neurotensin Receptor 1 (NTR1) . . . . . . . . . . . . . . . . . . . . . . 642
 21.10    Chemokine Receptor-4 (CXCR-4). . . . . . . . . . . . . . . . . . . . . 644
 21.11    Tumor Antigens and RIT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 646
 21.12    Embolization Therapy with 90Y-Microspheres . . . . . . . . . . . . 647
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 648

 22   Theranostics in Prostate Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . 655
 22.1    Prostate Cancer  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 655

 22.1.1    Screening and Diagnosis . . . . . . . . . . . . . . . . . . . . . . 655
 22.1.2    Treatment for Localized Prostate Cancer . . . . . . . . . . 656
 22.1.3    Role of Imaging in Prostate Cancer . . . . . . . . . . . . . . 657

 22.2    Biological Targets in mCRPC . . . . . . . . . . . . . . . . . . . . . . . . 658
 22.2.1    Bone Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 658
 22.2.2    Androgen Receptor (AR) . . . . . . . . . . . . . . . . . . . . . . 660
 22.2.3    Prostate-Specific Membrane Antigen (PSMA) . . . . . 662
 22.2.4    Gastrin Releasing Peptide Receptor (GRPR)  . . . . . . 665

Contents



xxiv

 22.3    Radionuclides for Imaging and Therapy . . . . . . . . . . . . . . . . 666
 22.3.1    Beta vs. Alpha Dosimetry  . . . . . . . . . . . . . . . . . . . . . 666
 22.3.2    Radiolabeling Methods  . . . . . . . . . . . . . . . . . . . . . . . 668

 22.4    Radiopharmaceuticals for SPECT and PET  . . . . . . . . . . . . . 669
 22.4.1    Bone Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 670
 22.4.2    Glucose Metabolism  . . . . . . . . . . . . . . . . . . . . . . . . . 670
 22.4.3    Lipid Metabolism . . . . . . . . . . . . . . . . . . . . . . . . . . . . 672
 22.4.4    Amino Acid (AA) Transport  . . . . . . . . . . . . . . . . . . . 673
 22.4.5    Androgen Receptor  . . . . . . . . . . . . . . . . . . . . . . . . . . 674
 22.4.6    Radiolabeled Antibodies  . . . . . . . . . . . . . . . . . . . . . . 676
 22.4.7    Small-Molecule PSMA Inhibitors . . . . . . . . . . . . . . . 678
 22.4.8    Bombesin and GRPR Analogs . . . . . . . . . . . . . . . . . . 687

 22.5    Radiopharmaceuticals for Bone Pain Palliation . . . . . . . . . . . 688
 22.5.1    89Sr Dichloride (Metastron®) . . . . . . . . . . . . . . . . . . . 688
 22.5.2    Bisphosphonates: 153Sm-EDTMP (Quadramet®) . . . . 689

 22.6    Radiopharmaceuticals for Targeted Therapy . . . . . . . . . . . . . 690
 22.6.1    223Ra Dichloride (Xofigo) . . . . . . . . . . . . . . . . . . . . . . 690
 22.6.2    RIT with 177Lu- or 225Ac-Labeled J591 mAb . . . . . . . 691
 22.6.3    Small-Molecule PSMA Inhibitors . . . . . . . . . . . . . . . 693

 22.7    Combination Therapy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 696
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 697

  Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 705

Contents



xxv

Shankar Vallabhajosula attended high school in the small town of Bobbili, 
Andhra Pradesh, India. He graduated from Andhra University with a BS in 
Pharmacy and an MS in Pharmaceutical analysis. After migrating to the Unites 
States, Vallabhajosula obtained his PhD in 1980 in Biomedicinal Chemistry 
and Radiopharmacy from the University of Southern California. After receiv-
ing the doctorate, he first worked at Mount Sinai Medical Center in New York 
and since 1997 has been a Professor of Radiochemistry and Radiopharmacy in 
Radiology at Weill Cornell Medicine and New York Presbyterian Hospital. Dr. 
Vallabhajosula was the President, and Chief Scientific Officer at NCM USA 
Bronx LLC from 2018 through 2021. He is now Professor Emeritus in 
Radiochemistry and Radiopharmacy in the Department of Radiology at Weill 
Cornell Medicine, Cornell University, New York, NY.

About the Author



1

1Molecular Imaging and Targeted 
Radionuclide Therapy: 
Introduction

We really are not treating individuals yet; we are 
treating with therapies tailored for a population. 
By having the next generation of therapies custom-
ized for a given individual’s genetic makeup we 
have the opportunity to truly move towards person-
alized medicine. (Sam Gambhir, May 2005)

1.1  Nuclear Medicine

Nuclear medicine can be defined quite simply as 
the use of radioactive materials for the diagnosis 
and treatment of patients, and the study of human 
disease [1]. Chemistry is the language of health 
and disease since the entire body is a collection 
and vast network of millions of interacting mol-
ecules. If the definition of the disease is molecu-
lar, the diagnosis is also molecular. Because the 
treatment of many diseases is chemical, it 
becomes increasingly appropriate that the chem-
istry be the basis of diagnosis and the planning 
and monitoring of a specific treatment. Nuclear 
medicine, therefore, is a medical specialty that is 
based on the examination of the regional chemis-
try of the living human body.

In the 1920s, George de Hevesy (Fig.  1.1) 
coined the term radioindicator or radiotracer 
and introduced the tracer principle in biomedi-
cal sciences. One of the most important char-
acteristics of a true tracer is that it can facilitate 
the study of the components of a homeostatic 
system without disturbing their function. In the 
late 1920s, Hermann Blumgart and Soma 

Weiss, two physicians at the Massachusetts 
General Hospital, injected solutions of radium-
C (214Bi) into the veins of healthy persons, and 
patients with heart disease to study the velocity 
of blood. Due to their pioneering work in 
nuclear medicine, Hevesy is regarded as the 
father of nuclear medicine, while Blumgart 
came to be known as the father of diagnostic 
nuclear medicine.

Fig. 1.1 George de Hevesy. The Nobel Prize in 
Chemistry, 1943
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In the 1930s, the discovery of artificial radio-
activity by Irene Curie and her husband Frederic 
Joliot, and the discovery of the cyclotron by 
Ernest Lawrence, opened the door to produce 
radiotracers of every element, thus enabling 
investigators to design radiotracers for the study 
of specific biochemical processes. Following the 
detection of radioactivity with the Geiger coun-
ter, it was discovered that thyroid accumulated 
131I as radioiodide. Consequently, it was soon 
realized that 131I can be used to study abnormal 
thyroid metabolism in patients with goiter and 
hyperthyroidism. More specifically, in patients 
with thyroid cancer, distant metastases were 
identified by scanning the whole body with the 
Geiger counter. The names radioisotope scan-
ning and atomic medicine were introduced to 
describe the medical field’s use of radioisotopes 
for the purpose of diagnosis and therapy. The era 
of nuclear medicine, as a diagnostic specialty 
began following the discovery of the gamma 
camera based on the principle of scintillation 
counting, first introduced by Hal Anger in 1958. 
Since then, nuclear medicine has dramatically 
changed our view of looking at disease by pro-
viding images of regional radiotracer distribu-
tions and biochemical functions. Over the last 
four decades, several hundreds of radiopharma-
ceuticals have also been designed and developed 
to image the structure and function of many 
organs and tissues.

1.2  Molecular Medicine

At the present time, the precise definition of the 
disease is as difficult as defining what exactly life 
is. Defining disease at the cellular and molecular 
level, however, is much easier than defining dis-
ease at the level of an individual. Throughout the 
history of medicine, two main concepts of dis-
ease have been dominant [2]. The ontological 
concept views a disease as an entity that is inde-
pendent, self-sufficient, and runs a regular course 
with a natural history of its own. The physiologi-
cal concept defines disease as a deviation from 
normal physiology or biochemistry; the disease 
is a statistically defined deviation of one or more 

functions from those of healthy people under cir-
cumstances that are as close as possible to that of 
a person of the same sex and age of the patient. 
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. 
Approximately 56% of the adult human body is 
fluid. Most of the fluid is intracellular; however, 
one-third is extracellular, which is in constant 
motion throughout the body and contains the ions 
(sodium, chloride, and bicarbonate) and the 
nutrients (oxygen, glucose, fatty acids, and amino 
acids) needed by cells for the maintenance of life. 
Claude Bernard (1813–1878) described extracel-
lular fluid as the internal environment of the body 
and hypothesized that the same biological pro-
cesses that make life possible are also involved in 
disease. In other words, the laws of disease are 
the same as the laws of life. All the organs and 
tissues of the body perform functions that help 
maintain homeostasis. As long as the organs and 
tissues of the body perform functions that help 
maintain homeostasis, the cells of the body con-
tinue to live and function properly.

At birth, molecular blueprints collectively 
make up a person’s genome or genotype, which is 
translated into cellular structure and function. A 
single gene defect can lead to biochemical abnor-
malities that produce many different clinical 
manifestations of disease (or phenotypes), a pro-
cess referred to as pleiotropism. Several gene 
abnormalities can result in the same clinical man-
ifestations of disease, a process called genetic 
heterogeneity. Thus, diseases can be defined as 
abnormal processes as well as abnormalities in 
molecular concentrations of different biological 
markers, signaling molecules, and receptors [3].

In 1839, Theodor Schwann discovered that all 
living organisms are made up of discrete cells. In 
1858, Rudolph Virchow observed that a disease 
cannot be understood unless it is realized that the 
ultimate abnormality must lie in the cell [4]. 
Virchow correlated disease with cellular abnor-
malities as revealed by chemical stains and, thus, 
founded the field of cellular pathology. He also 
aptly defined pathology as physiology with 
obstacles.

1 Molecular Imaging and Targeted Radionuclide Therapy: Introduction



3

Most diseases begin with a cell injury that 
occurs if the cell is unable to maintain homeosta-
sis. Since the time of Virchow, gross pathology 
and histopathology have been a foundation of the 
diagnostic process and the classification of dis-
eases. Traditionally, the four aspects of a disease 
process that form the core of pathology are etiol-
ogy, pathogenesis, morphologic changes, and 
clinical significance [5]. 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 structural and functional reactions of cells 
and tissues to injurious agents, including genetic 
defects, is the key for understanding the disease 
process. Disease may be considered a genetic or 
environmental reprogramming of cells to gain or 
lose specific functions that are characteristic of 
disease. Currently, diseases are defined and inter-
preted in molecular terms and not just with gen-
eral descriptions of altered structure.

Pathology is evolving into a bridging disci-
pline that involves both basic science and clinical 
practice. More specifically, pathology is devoted 
to the study of the structural and functional 
changes in cells, tissues, and organs that underlie 
diseases [5]. Molecular, genetic, microbiologic, 
immunologic, and morphologic techniques are 
also helping us to understand both, the ontologi-
cal and physiological causes of disease. In molec-
ular medicine, normal and disease states are 
defined at the cellular and molecular levels [6]. 
Therapeutic drugs are designed based on these 
definitions of disease and are being used to treat 
diseases by correcting abnormal cellular or 
molecular processes.

1.3  Molecular Imaging

In the past, much of biological and medical imag-
ing was driven by anatomy-based imaging or 
structural imaging, such as computed tomogra-
phy (CT) and magnetic resonance imaging 
(MRI). The field of nuclear medicine, by con-
trast, has focused on studying molecular events in 
living subjects, based on radiotracers, and is 
regarded as functional or physiologic imaging [7, 

8]. This traditional distinction between structural 
and functional imaging has increasingly become 
blurred by CT, MRI, and other techniques that 
provide both functional and structural informa-
tion [9].

Molecular imaging (MI) aims to integrate 
patient-specific and disease-specific molecular 
information derived from diagnostic imaging 
studies [10]. The goal of MI is the noninvasive 
localization and quantification of certain molecu-
lar events in vivo, including endogenous or exog-
enous gene expression, signal transduction, 
protein–protein interaction, and transcriptional 
regulation. Among a variety of possible target 
applications, the use of MI will lead to further 
insights into the molecular pathology of animal 
models of human diseases, as well as to the 
development of new molecular-targeted drugs 
and to the design and implementation of improved 
patient-tailored therapies.

Most, but not all, of the functional imaging 
studies performed in traditional nuclear medicine 
can be regarded as MI.  The use of 123I sodium 
iodide to assess thyroid function, and imaging 
somatostatin receptor (SSTR)-positive neuroen-
docrine tumors using 111In-DTPA-Octreotide 
(OctreoScan®) or 68Ga-DOTATATE (NetSpot) 
are clearly the best examples of MI. In contrast, 
99mTc-DTPA and 99mTc-MAG3, which are used to 
study kidney function, are not appropriate exam-
ples of MI procedures.

Although MI is not necessarily new, what is 
new is “molecular and anatomic correlation.” 
Positron emission tomography (PET) is a highly 
sensitive, noninvasive technology that is ideally 
suited for imaging cancer biology based on [18F]
Fluorodeoxyglucose (FDG), a glucose analog 
and substrate for the enzyme hexokinase. With 
the introduction of “hybrid imaging” techniques 
which combine, for example, FDG-PET and CT 
or FDG-PET and MRI, and thus providing ana-
tomic and functional or molecular information in 
one image, a new era of MI has arrived. Clearly, 
this will have implications for the education of 
not only nuclear physicians, but also radiologists. 
More specifically, the former will need to learn 
cross-sectional anatomy and the latter the con-
cepts of tracer techniques and functional  imaging. 

1.3  Molecular Imaging
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MI is also likely to lead to a further blurring of 
the distinction between diagnosis and treatment 
and to a paradigm shift to early diagnosis that 
will lead to image-guided, individualized molec-
ular therapy. Further, biomarkers will be able to 
be imaged and quantified to provide early evi-
dence of the efficacy of a specific treatment.

1.3.1  Definitions

In 2005, the Radiological Society of North 
America (RSNA) and the Society of Nuclear 
Medicine (SNM) jointly convened a workshop 
on MI [11]. At that time, the group developed the 
following definition of MI, successfully testing it 
against the existing variety of imaging tools 
available in humans and in animal experimental 
contexts:

MI techniques directly or indirectly monitor and 
record the spatiotemporal distribution of molecular 
or cellular processes for biochemical, biologic, 
diagnostic, or therapeutic applications.

The members of the Molecular Imaging Center 
of Excellence (MICoE) Standard Definitions 
Task Force recently developed the following four 
standard definitions and terms that will serve as 
the foundation of all communications, advocacy, 
and education activities for MICoE and the 
Society of Nuclear Medicine (SNM) [12].

• MI is the visualization, characterization, and 
measurement of biological processes at the 
molecular and cellular levels in humans and 
other living systems. To elaborate, MI typi-
cally includes two- or three-dimensional imag-
ing, as well as quantification over time. The 
techniques used include radiotracer imaging/
nuclear medicine, MR imaging, MR spectros-
copy, optical imaging (OI), and ultrasound.

• MI agents are “probes used to visualize, char-
acterize, and measure biological processes in 
living systems. Both endogenous molecules 
and exogenous probes can be molecular imag-
ing agents.” MI instrumentation comprises 
tools that enable the visualization and quanti-
fication in space and over time of signals from 
MI agents.

• MI quantification is the determination of 
regional concentrations of MI agents and bio-
logical parameters. Further, MI quantification 
provides measurements of processes at the 
molecular and cellular levels. This quantifica-
tion is a key element of MI data and image 
analysis, especially for inter- and intrasubject 
comparisons.

• MI has enormous relevance for patient care: it 
reveals the clinical biology of the disease pro-
cess; it personalizes patient care by character-
izing specific disease processes in different 
individuals; and it is useful in drug discovery 
and development, for example, for studying 
pharmacokinetics and pharmacodynamics.

MI aims to integrate patient-specific and 
disease- specific molecular information with tra-
ditional anatomical imaging readouts. The infor-
mation provided by this field may ultimately 
lead to noninvasive or minimally invasive molec-
ular diagnostic capabilities, better clinical risk 
stratification, more optimal selection of disease 
therapy, and improved assessment of treatment 
efficacy. Development of an MI strategy for a 
particular disease requires addressing four key 
questions [10]:

• Is there a molecular target relevant to the dis-
ease of interest?

• Once a target is selected, is there a high- 
affinity ligand (for example, a peptide, engi-
neered antibody, or another small molecule) 
that will bind to the target?

• What is the appropriate MI system to provide 
the required spatial resolution, sensitivity, and 
depth penetration for the disease?

• For a given imaging system, can an agent be 
synthesized to detect the desired molecular 
target?

MI has the potential to improve the under-
standing of disease in several biological models 
and systems. MI targets should be able to define 
the disease status earlier than conventional imag-
ing methods, identify the underlying molecular 
events in disease initiation and progression, dis-
tinguish between aggressive and indolent disease 

1 Molecular Imaging and Targeted Radionuclide Therapy: Introduction
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states, and represent downstream targets in a 
well-characterized molecular network or 
pathway.

1.3.2  Molecular Imaging 
Technologies

A wide range of technologies are available for 
noninvasive in  vivo MI studies [10, 13–17]. 
Various technical features of several MI technol-
ogies are summarized and compared in Table 1.1.

1.3.2.1  Magnetic Resonance Imaging
The primary advantage of MRI as an MI tech-
nique is its ability to provide soft tissue and func-
tional information by exploiting proton density, 
perfusion, diffusion, and biochemical contrasts 
[18]. MRI offers two main advantages over 
nuclear imaging techniques: higher special reso-
lution (<1 mm) and the ability to obtain anatomic, 
physiologic, and metabolic information in a sin-
gle imaging session. In addition, MRI offers 
good depth penetration, like PET and CT [10]. 
MR scanners are frequently identified by their 
magnetic field strength expressed in tesla 
(1 T = 10,000 gauss). With higher T scanners, the 
magnet is stronger, both in general and within the 
bore of the machine. Most MR scanners are 1.5 T 
or 3.0 T, and more recently, up to 7.0 T. Increasing 
MRI field strength is designed to increase the 

signal-to-noise and contrast-to-noise ratio, which 
permits reduction in overall scan length and 
improvement in spatial resolution. The magnetic 
field strength for small-animal imaging systems 
is also increasing, with 9.4 T magnets becoming 
standard. These systems produce microscopic 
resolution (tens of micrometers range) images in 
small-animal models and allow for the analysis 
of physiologic and molecular markers [19]. A 
number of paramagnetic (e.g., gadolinium)- and 
super paramagnetic (e.g., iron oxide)-based MI 
agents have been tested for preclinical and clini-
cal MI applications. The primary disadvantage of 
MRI is its inherently low sensitivity for the detec-
tion of targeted agents compared with nuclear 
imaging techniques.

1.3.2.2  Optical Imaging
One of the most successful MI modes for pre-
clinical studies is optical imaging, which is based 
on the detection of light photons after their inter-
action with the tissue. The two major OI methods 
are bioluminescence imaging (BLI) and fluores-
cence imaging (FLI).

BLI requires the cellular expression of an 
enzyme known as luciferase that is responsible 
for making some insects, jellyfish, and bacteria 
glow [20]. The gene for this enzyme is incorpo-
rated into the DNA of cells in the animal models 
of disease. When an appropriate substrate (such 
as D-luciferin) interacts with the enzyme, a sub-

Table 1.1 Noninvasive in vivo molecular imaging modalities

Imaging 
modality

Form of energy 
used

Spatial resolution (mm)
Acquisition 
time/frame

Probe mass 
required

Sensitivity of 
detection

Depth of 
penetration

Clinical Animal (s) (ng) Mol/l (mm)
PET Annihilation 

photons
3–8 1–3 1–300 1–100 10−11–10−12 >300

SPECT γ-photons 5–12 1–4 60–2000 1–1000 10−10–10−11 >300

CT X-rays 0.5–1 0.03–0.4 1–300 – – >300
MRI Radiofrequency 

waves
0.2–0.1 0.025–0.1 50–3000 103–106 10−3–10−5 >300

Ultrasound High-frequency 
sound waves

0.1–1.0 0.05–0.1 0.1–100 103–106 – 1–200

BLI Visible to 
infrared light

– 3–10 10–300 103–106 10−13–10−16 1–10

FLI Visible to 
infrared light

– 2–10 10–2000 103–106 10−9–10−11 1–20

1.3  Molecular Imaging
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tle glow of visible light (400–700 nm with ener-
gies of 1.5–3.0 eV) called bioluminescence (BL) 
is emitted. The detection of BL can be used to 
monitor the cellular and genetic activity of every 
cell that expresses the luciferase enzyme. The 
in vivo applications of BLI systems are most use-
ful for small mouse models of disease since most 
of the organs of interest are found no more than 
1–2 cm deep within the tissue. To obtain the best 
depth sensitivity, the camera system should be 
particularly sensitive to the red and near-infrared 
(NIR) portion of the BL emission spectrum 
(700–900 nm).

FLI is capable of imaging the surface distribu-
tion of FL signals. FL molecules may be geneti-
cally engineered into a mouse, for example by 
incorporating the gene for an FL protein as a 
reporter gene, or by using fluorophores or fluo-
rescent particles known as quantum dots to label 
a biologically interesting molecule. FLI can be 
performed in both live and fixed cells and no sub-
strate is required. Fluorochromes can be coupled 
to peptides and antibodies and fluorescence sig-
nals may be activatable or switched on and off by 
the presence or absence of specific molecules or 
molecular events, which can help to further 
reduce the background signal [21]. In contrast, 
the generation of BL is specific to cells that con-
tain the luciferase reporter gene and is thus of 
limited use for studying genetically manipulated 
cells, transgenic mice, or infectious agents, such 
as bacteria or viruses. FLT images molecular pro-
cesses in 3D, by studying the distribution of 
molecular probes tagged with fluorescent pro-
teins, preferably emitting in the NIR for better 
tissue transmission.

Although the penetration of light through the 
tissue is a limitation for all optical imaging meth-
ods, attenuation and autofluorescence, however, 
are minimized in the near-infrared window, per-
mitting deep tissue imaging up to 10  cm. The 
advantages of FI methods include improved rela-
tive sensitivity, high resolution (which may be in 
the submillimeter range when imaged endo- 
scopically), and the availability of a variety of 
imaging reporters and signal amplification strate-
gies. In addition, OI offers a convenient way to 
co-register surface anatomical information with 
molecular information.

1.3.2.3  Ultrasound Imaging
Molecular ultrasound imaging or targeted 
contrast- enhanced ultrasound (CEUS) offers 
high spatial resolution (<1 mm) and can provide 
excellent anatomical information for co- 
registration with molecular information. 
Ultrasound contrast agents are conjugated to 
ligands that bind with specific biomarkers in the 
areas of interest which can then be quantified 
using ultrasound technology. A number of tar-
geted MI agents have been designed for ultra-
sound imaging (UI) using microbubbles, 
liposomes, or perfluorocarbon emulsions as scaf-
folds [22–24]. An important limitation of ultra-
sound for MI studies is the relatively large size of 
the imaging agent particles (<250 nm), which can 
restrict tissue penetration and, thus, limit applica-
tion to vascular targets.

1.3.2.4  PET and SPECT
Nuclear imaging approaches, which include PET 
and SPECT, have the advantages of high intrinsic 
sensitivity and unlimited depth penetration. PET 
has the additional advantages of being fully quanti-
tative and providing higher spatial resolution than 
SPECT. In addition, hundreds of radiotracers based 
on a wide variety of radionuclides decaying due to 
β+ or γ emission have been developed and tested in 
animal models and clinical studies documenting 
their potential utility as MI probes. With these tech-
niques, the mass of the MI radiotracers is so small 
(ng or μg) that the toxicity of the administered dose 
is never an issue. In a typical FDG-PET study, the 
mass of FDG administered is <20 μg. Similarly, 
with somatostatin receptors (SSTR) imaging, the 
mass of PET or SPECT radiotracer administered is 
<10 μg (<nmol); however, the spatial resolution of 
both these techniques is much less compared to 
that of CT and MRI. The fusion of molecular infor-
mation of PET and SPECT with high-resolution 
anatomical detail from CT or MRI techniques, 
however, is playing an increasing role in routine 
clinical MI procedures. As of December 2021, the 
FDA has approved 20 PET/SPECT radiopharma-
ceuticals for routine clinical use (Table 1.2). This is 
a remarkable progress in the development of MI 
studies.

The [18F]FDG-PET scans based on glucose 
metabolism of tumor tissue have demonstrated 

1 Molecular Imaging and Targeted Radionuclide Therapy: Introduction
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not only extensive clinical utility in the detection 
of several types of cancers, but also in the moni-
toring and assessment of treatment responses 
(Fig. 1.2). 68Ga-PSMA-PET/CT scans (Fig. 1.3) 

are becoming increasingly useful in the detection 
of metastatic lesions in patients with prostate can-
cer compared to the standard 99mTc-MDP bone 
scans. Somatostatin receptor (SSTR) imaging 

a b c

Fig. 1.2 [18F]FDG-PET/CT: New lymph nodes in drain-
ing basin of regressing metastasis. (A and B) Metastatic 
melanoma (a, arrow) after 4 cycles of combination ipilim-
umab and nivolumab demonstrated marked regression of 
right thigh lesion and complete metabolic response of 

multiple liver and adrenal metastases (b, arrow); however, 
new FDG–avid lymph nodes were noted in left inguinal 
and iliac regions (b, arrowheads). (c) Biopsy of these 
lymph nodes shows reactive T cells that resolved on sub-
sequent scan [25]

1 Molecular Imaging and Targeted Radionuclide Therapy: Introduction
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a b c

Fig. 1.3 99mTc-MDP bone scan vs. 68Ga-PSMA-PET: A 
72-y-old patient with hormone and chemorefractory pros-
tate cancer who underwent bone scintigraphy was referred 
for 223Ra therapy. PSMA PET/CT (c) showed diffuse bone 
and bone marrow metastases, most not detectable by bone 
scan (a, b). Apart from bone metastases, there were many 

lymph node metastases, for example, mediastinal and left 
clavicular (pink arrows). PSA level at time of PET imag-
ing was 630 ng/mL, ALP in reference range. Based PSMA 
scan, patient was not a candidate for 223Ra therapy, but 
underwent radioligand therapy with 177Lu-PSMA-617 
[26]

with 68Ga-Dotatate illustrates the power and sig-
nificance of PET/CT studies to assess the SSTR-
positive lesions compared to SPECT imaging 
with Octreoscan™ (Fig. 1.4). In brain tumors, an 
amino acid analog, [11C]methionine, and [18F]flu-
orothymidine (FLT) provide more specific tumor 
identification than glucose metabolic images with 
FDG (Fig.  1.5). In the area of neuropsychiatric 
diseases, molecular imaging with PET and 
SPECT has shown significant potential in clinical 
diagnosis and disease management. While FDG-
PET is useful for the differential diagnosis of 
Alzheimer’s disease (AD) from other dementias, 
several PET radiopharmaceuticals, designed to 
image the amyloid burden and Tau protein in 
patients with AD, have been FDA approved and 
are in clinical use. (Fig. 1.6) After 3 decades of 
clinical investigations, [18F]FDOPA is finally 

FDA approved and indicated to visualize dopami-
nergic nerve terminals in the striatum (Fig. 1.7) 
for the evaluation of adult patients with suspected 
Parkinsonian syndromes (PS).

1.3.2.5  Multimodality Molecular 
Imaging

Multimodality imaging has become an attrac-
tive strategy for in vivo imaging studies owing 
to its ability to provide accurate anatomical 
and functional information simultaneously 
[31–36]. The combination of CT and PET was 
introduced commercially in 2001, followed by 
CT and SPECT in 2004, and PET and MRI in 
2008.

At present, a variety of different MI tech-
niques have their advantages, disadvantages, 
and limitations. To overcome these shortcom-

1.3  Molecular Imaging
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Fig. 1.4 Comparison of 68Ga-Dotatate-PET with 
111In-DTPA-octreotide in a patient with low-grade meta-
static midgut neuroendocrine tumor (NET). Anterior and 
posterior whole-body planar 111In-DTPA-octreotide scin-

tigraphy shows low-grade mesenteric metastases but no 
liver metastases. 68Ga-DOTATATE PET shows multiple 
metastases in liver and mesentery [30]

Fig. 1.5 Relative advantages of MR and PET imaging 
techniques to detect different biochemical processes in 
brain tumors (gliomas). MRI detects alterations of the 
blood–brain barrier and the extent of peritumoral edema, 

FDG-PET shows glucose metabolism, while increased 
cell proliferation can be imaged with specific tracers, such 
as [18F]FLT and [11C]methionine [27]

1 Molecular Imaging and Targeted Radionuclide Therapy: Introduction
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Fig. 1.6 Amyloid PET and Tau PET scans in a typical clinically unimpaired, typical AD, and an exceptional ager 
(>85-year-old APOE4 carrier) [28]

Fig. 1.7 [18F]FDOPA-PET Representative example of 
Benamer grades, adapted to FDOPA uptake in patients 
with parkinsonian syndromes. PET scans shown in the 

anterior commissure-posterior commissure plane and nor-
malization of color scale on the basal ganglia [29]

1.3  Molecular Imaging
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ings, it may be beneficial to combine two or 
more detection techniques to create a new imag-
ing mode, such as multimodal molecular imag-
ing, to obtain a better result and more information 
regarding monitoring, diagnosis, and treatment 
[17, 37]. Several dual-purpose imaging agents 
were developed. For example, 64Cu-labeled 
magnetic nanoparticles as a dual-modality PET/
MR imaging agent were developed [38]. The 
first small- molecule- based αvβ3-targeted NIR-II/
PET probe 68Ga-SCH2 was evaluated in tumor-
bearing mice. Excellent imaging properties such 
as good tumor uptake, high tumor contrast and 
specificity, tumor delineation, and image-guided 
surgery were achieved in the small-animal mod-
els [39]. The development of multimodality 
probes is challenging.

The use of multimodal imaging probes or bio-
markers in a single molecule or particle to char-
acterize the imaging subjects such as disease 
tissues certainly provides us with more accurate 
diagnosis and promotes therapeutic accuracy. A 
limited number of multimodal imaging probes 
are being used in preclinical and potential clini-
cal investigations. The development of multi-
modal PET/MR and SPECT/MR imaging probes 
is an emerging research field and the challenges 
for designing multimodal probes have been 
addressed by many investigators to offer some 
future research directions for this novel interdis-
ciplinary research field [37].

1.4  Radiation Therapy

Radiation therapy or radiotherapy is the medical 
use of high-energy electromagnetic waves or par-
ticles (such as X-rays, γ-rays, electron beams, or 
protons), generally as part of cancer treatments to 
control malignant cells. Radiation therapy works 
by damaging the DNA of cancerous cells. This 
damage is due to either direct or indirect ioniza-
tion of the atoms which make up the DNA mole-
cule. Indirect ionization happens as a result of the 
ionization of water, forming free radicals, which 
then damage the DNA. Charged particles such as 

protons and α particles can cause direct damage 
to cancer cell DNA by causing double-stranded 
DNA breaks. Because cells have mechanisms for 
repairing single-strand DNA damage, double- 
stranded DNA breaks prove to be the most sig-
nificant technique to cause cell death. Radiation 
therapy can be given in three ways:

• External irradiation: External beam radiation 
therapy (EBRT or XRT) or teletherapy can be 
carried out using a γ-beam from a radioactive 
cobalt-60 source, or high-energy X-rays from 
linear accelerators to direct electromagnetic 
rays from outside the body into the tumor. A 
person receiving external radiation is not 
radioactive and does not have to follow special 
safety precautions at home.

• Internal radiation or brachytherapy: A radio-
active sealed source is put inside the body into 
or near the tumor. With some types of brachy-
therapy, radiation might be placed and left in 
the body to work or placed in the body for a 
period and then removed. Iridium-192 
implants produced in wire form are introduced 
through a catheter to the target tumor area in 
the head and breast. Iridium-192 needles, or 
seeds of iodine-125 or palladium-103, are 
used for early-stage prostate cancer.

• Systemic radiation or endoradiotherapy or 
radionuclide therapy (RNT): Radioactive 
drugs (radiopharmaceuticals) given by mouth 
or injected directly into blood circulation 
(through a vein or an artery) are used to treat 
certain types of cancer. These drugs then 
travel throughout the body and deliver the 
radioactivity to both cancer cells and normal 
cells.

Both teletherapy and brachytherapy play a 
major role in the treatment of cancer in a specific 
region in the body, but they are not useful for the 
treatment of widespread metastases. Since 1936, 
when Dougherty and Lawrence first introduced 
32P for the treatment of leukemia, the use of 
radiopharmaceuticals for RNT, and to deliver 
therapeutic doses of ionizing radiation, has been 

1 Molecular Imaging and Targeted Radionuclide Therapy: Introduction
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extensively investigated. The use of sodium [131I]
iodide, discovered in 1938 by Glenn Seaborg and 
John Livingood at the University of California, 
Berkeley, has been the success story in nuclear 
medicine. Iodine-131 has the advantage of emit-
ting both γ-rays and β− rays, the former enabling 
imaging for diagnosis and dosimetry and the lat-
ter being valuable for molecular radiotherapy of 
hyperthyroidism and thyroid cancer [40].

1.4.1  Targeted Radionuclide 
Therapy (TRT)

Traditional cytotoxic chemotherapy works pri-
marily through the inhibition of cell division. In 
addition to cancer cells, other rapidly dividing 
cells (such as hair, gastrointestinal epithelium, 
bone marrow) are affected by these drugs. The 
primary goal of targeted therapy is to fight cancer 
cells with more precision and with less side 
effects. Targeted therapeutic agents are designed 
to block the proliferation of cancer cells by inter-
fering with specific molecules required for tumor 
development and growth. Some of these mole-
cules may be present in normal tissues, but they 
are often mutated or overexpressed in cancer 
cells. Drugs for targeted therapies are primarily 
small molecule drugs such as tyrosine kinase 
inhibitors (TKIs), interfering RNA molecules, 
microRNA, or monoclonal antibodies (mAbs) 
[41]. Targeted therapy is the foundation of preci-
sion medicine. Not all cancer patients are candi-
dates for targeted therapy. The use of a targeted 
therapy may be restricted to patients whose tumor 
has an appropriate target for a particular target 
therapy drug.

The main objective of targeted radionuclide 
therapy (TRT) or TRNT is the ability to selec-
tively deliver cytotoxic radiation to cancer cells 
that causes minimal toxicity to surrounding 
healthy tissues, using optimized vehicles that 
deliver a nuclear payload into the tumor cells 
[42–45]. In nuclear medicine, TRT is based on 
delivering therapeutic radionuclides to a specific 
target site. TRT is based on therapeutic radio-

pharmaceuticals that are radiolabeled molecules 
consisting of a target-specific moiety, such as 
peptides, low molecular weight ligands or anti-
body or antibody fragments, and particles, linked 
to an appropriate radionuclide designed to deliver 
therapeutic doses of ionizing radiation to specific 
disease sites [46, 47]. The goal of TRT is to kill 
tumor cells selectively by delivering high radia-
tion doses to a specific target while minimizing 
damage to normal cells. In the last 5 years, there 
has been a great progress in the development of 
therapeutic radiopharmaceuticals using a wide 
variety of therapeutic radionuclides and target- 
specific molecules for treatment of cancers. 
Targeted therapy is predominantly molecular, in 
the sense that efficacy is dependent on a thera-
peutic advantage offered by interaction of the 
radiopharmaceutical with key molecular sites 
and receptors on the target tissue. Depending on 
the target-specific carrier molecule, TRT may 
also be called peptide receptor radionuclide ther-
apy (PRRT), radioimmunotherapy (RIT), radioli-
gand therapy (RLT), targeted alpha therapy 
(TAT), and targeted radionuclide therapy 
(TRNT).

The term unconjugated radiopharmaceutical 
has been generally defined as referring to those 
radionuclides that target-specific disease sites 
by virtue of chemical, biologic, or physical 
affinity of radioisotope itself, rather than by vir-
tue of carrier agents to which they are tagged. 
Because of the untagged nature of their use, 
unconjugated radiopharmaceuticals are also 
referred as naked radiopharmaceuticals [46, 
47]. During the last couple of decades, there 
has been significant increase in the application 
of conjugated radiopharmaceuticals for tar-
geted radionuclide therapy (TRT), mainly due 
to the development of a range of new carrier 
molecules, which can transport the radionu-
clide to a molecular target at the disease site. 
The most important factors that influence tumor 
localization of conjugated radiopharmaceuti-
cals include the chemical and biochemical 
nature of the carrier molecule transporting the 
radionuclide of choice to the targeted area. A 
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century ago, Paul Ehrlich postulated the notion 
that a magic bullet could be developed to selec-
tively target disease. He envisioned that anti-
body molecules could act as magic bullets. The 
first demonstration of TRT was the use of 
131I-labeled polyclonal antibodies for the treat-
ment of patients with melanoma. Several radio-
pharmaceuticals are now available for the 
treatment of different benign diseases and 
malignancies. The current forms of TRT using 
unconjugated or conjugated radiopharmaceuti-
cals with specific examples are described in 
Table  1.3. Several review articles and book 
chapters have extensively discussed the devel-
opment of radiopharmaceuticals for radionu-
clide therapy [42–44, 46–48]).

1.4.2  Personalized Medicine 
and Theranostics

Personalized medicine, or precision medicine, is 
a medical model that can separate people into dif-

ferent groups—with medical decisions, practices, 
interventions, and/or products being tailored to 
the individual patient based on their predicted 
response or risk of disease. The continuing prog-
ress in biotechnologies in the last couple of 
decades opened avenues to a new management of 
many diseases, switching from a “population 
treatment” approach to the concept of “personal-
ized medicine” (Fig. 1.8).

The word theranostics is derived from the 
combination of the words, therapeutics, and diag-
nostics. The concept of “theranostics” was coined 
by the US consultant John Funkhouser, in a press 
release from the company Cardiovascular 
Diagnostics in August 1998, to describe a mate-
rial that allows the combined diagnosis, treat-
ment, and follow-up of a disease [49, 50]. 
Different imaging probes, such as PET/SPECT 
radiopharmaceuticals, MRI contrast agents (T1 
and T2 agents), and fluorescent markers (organic 
dyes and inorganic quantum dots), and nuclear 
imaging agents, can be decorated onto therapeu-
tic agents or therapeutic delivery vehicles to 

Table 1.3 Radiopharmaceuticals approved for therapy

Radiopharmaceutical Trade name Indicated for therapy in Year
1 131I Sodium iodide Thyroid cancer 1971
2 Strontium-89 chloride Metastron Bone pain palliation 1993
3 Samarium-153 

lexidronam
Quadramet® Bone pain palliation 1997

4 90Y Glass microspheres TheraSphere™ Radiation treatment of unresectable 
hepatocellular carcinoma (HCC), 
neuroblastoma

2000, 2020

5 111In/90Y- ibritumomab 
tiuxetan

Zevalin® Relapsed or refractory, low-grade, or 
follicular B-cell non- Hodgkin’s lymphoma 
(NHL)

2002

6 131I-tositumomab and 
tositumomab

BEXXAR CD20-positive, relapsed or refractory, 
low-grade, follicular, or transformed NHL

2003

7 223Ra-dichloride Xofigo® Treatment of patients with CRPCa 2013
8 90Y Resin Microspheres SirSpheres™ Radiation treatment of unresectable 

hepatocellular carcinoma (HCC)
2015

9 [131I]Iobenguane Azedra® Treatment of iobenguane scan positive, 
unresectable, locally advanced or 
metastatic pheochromocytoma or 
paraganglioma

2018

10 177Lu-Dotatate Lutathera® Treatment of SSTR-positive GEP-NETs. 2018
11 Lu 177 vipivotide 

tetraxetan 
(177Lu-PSMA-617)

Pluvicto Treatment of patients with metastatic 
castration-resistant prostate cancer 
(mCRPC)

2022
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3.  Early diagnosis of recurrecnce

Fig. 1.8 Personalized medicine in nuclear medicine is theranostics based on molecular imaging and targeted radionu-
clide therapy (TRT)

facilitate their imaging and, in so doing, gain 
information about the trafficking pathway, kinet-
ics of delivery, and therapeutic efficacy. This 
approach allows the selection of the subpopula-
tion of patients most likely to benefit from a tar-
geted therapy in accordance with their “molecular 
profile” at a given time-point or, conversely, those 
patients for whom the risk of adverse effects is 
higher.

The concept of theranostics integrates two dis-
tinct approaches that both encompass all steps of 
patients’ management. In personalized medicine, 
diagnostic molecular imaging is often employed 
for selecting appropriate and optimal therapies 
based on the context of a patient’s genetic content 
or other molecular, or cellular analysis. Having 
the ability to look at a patient on an individual 
basis will allow for a more accurate diagnosis 
and specific treatment plan. Theranostics in 
nuclear medicine is a personalized approach to 
treating cancer, using similar (or same) mole-
cules for both imaging (diagnosis) and therapy. A 
target-specific biomolecule is designed in such a 
manner that it can be labeled with a γ or β+ emit-

ting radionuclide for SPECT or PET imaging, 
and it can also be labeled with a therapeutic 
radionuclide decaying by β−, α, or EC (emitting 
Auger electrons). One of the earliest examples of 
theranostics are the use of radioactive iodine (123I 
and 131I) for treatment of patients with hyperthy-
roidism and thyroid cancer. The past, present, 
and the future of theranostics in nuclear medicine 
were extensively discussed in many review arti-
cles [50–56]. Several theranostic radiopharma-
ceuticals of clinical importance are listed in 
Table 1.4.

The success of theranostics in the clinic has 
already been well established with the introduc-
tion of somatostatin analogs for PET/SPECT 
imaging and TRT or PRRT in patients with 
SSTR-positive NETs. For example, 
68Ga-Dotatate PET/CT scans in two patients 
(Fig.  1.9) with well-differentiated NETs who 
received 4 cycles of 177Lu-Dotatate treatment. A 
patient with a pancreatic NET shows remission 
(A), while a patient with ileal NET did not 
respond (B) [52]. In a patient with extensive 
castration-resistant metastatic prostate cancer, 
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Table 1.4 Radiopharmaceuticals under clinical development in phase II/III trials

Radiopharmaceutical Target Disease/Indication
[18F]PSMA-1007 PSMA Prostate cancer PET/CT
[18F]rhPSMA-7.3
177Lu-PSMA-617
225Ac-PSMA-617

Prostate-specific membrane 
antigen (PSMA)

Therapy of metastatic castration-resistant prostate 
cancer (mCRPC)

177Lu-PSMA-I&T
225Ac-PSMA-I&T
177Lu-RM2 GRPR
177Lu-NeoBOMB1
177Lu-EB-TATE SSTR-2 Therapy of neuroendocrine tumors (NETs)
177Lu-Dotatoc
(edotreotide) Solucin

SSTR-2

177Lu-Satoreotide tetraxetan SSTR-2
177Lu-DOTA-JR11 
(OPS201)

SSTR-2 antagonist

68Ga-NODAGA-JR11 
(OPS202)

SSTR-2 antagonist

68Ga-DOTA-Exendin-4 Glucagon-like peptide-1 
(GLP-1R)

PET/CT of NETs

68Ga and 177Lu-Pentixafor CXCR4 Melanoma, multiple myeloma, small-cell lung 
cancer, NETs

68Ga-FAP analogs Fibroblast activation protein 
(FAP)

Different tumors
90Y-FAP analogs
111In/177Lu-3B-227 Neurotensin receptor 

(NTSR1)
Pancreatic adenocarcinomas

131I-IOMAB, Apamistamab CD-45 Bone marrow ablation in leukemias
177Lu-lilotomab or
(lilotomab satetraxetan)

CD37 B-cell lymphomas

131I-omburtamab (8H9) mAb B7-H3 (CD 276) Neuroblastoma, glioblastoma
89Zr/177Lu- HuMab-5B1 
mAb

CA19-9 Pancreatic carcinomas, hepatocellular, gastric, 
colorectal, and breast carcinomas

89Zr or 18F anti-PD and 
PD-L1 mAb

Immune checkpoint 
inhibitors

PET/CT of different tumors

(Fig. 1.10) 68Ga-PSMA PET/CT scans revealed 
no response to 2 cycles of 177Lu-PSMA-617 beta 
therapy but, significant response to three cycles 
of 225Ac-PSMA-617 alpha therapy [57].

The future of theranostics is very promising 
and several investigational radiopharmaceuticals 
(Table 1.4) are in phase II/III clinical studies for 
both imaging and therapy. PET imaging of 
immune cell types in tumor microenvironment 
(TME) represents future direction of molecular 

imaging [54]. Examples include imaging of 
cancer- associated fibroblasts (FAP inhibitor or 
FAPI), CD8-positive T cells, and programmed 
death ligand 1 (PD-L1), which is found in 
antigen- presenting cells, including macrophages 
and myeloid-derived suppressor cells. The next 
major advance in theranostics will be the intro-
duction of α therapy based on peptides and 
antibodies.
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Fig. 1.9 68Ga-Dotatate PET/CT scans in patients with 
well-differentiated neuroendocrine tumors (NETs) under-
going 177Lu-Dotatate treatment. After 4 cycles of therapy, 

pancreatic NET), and progression in a nonresponder (a 
patient with ileal NET presenting with liver metastases 
and peritoneal carcinomatosis). Progression in nonre-
sponder is evident even after 4 cycles of treatment [52]

a b c

PET scan shows remission in a responder (a patient with 

d

Fig. 1.10 68Ga-PSMA-11 PET/CT scans of a patient 
with metastatic castration-resistant prostate cancer 
(mCRP). In comparison with initial tumor spread (a), 
restaging after 2 cycles of β− emitting 177Lu-PSMA-617 

presented progression (b). In contrast, restaging after sec-
ond (c) and third (d) cycles of α emitting 225Ac-PSMA-617 
presented impressive response [57]
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1.5  Summary

There is no best modality for MI, and one may 
have to use a combination of more than one imag-
ing modality and molecular contrast strategy to 
answer the questions of interest. MRI and CT 
combine high-resolution morphological capabili-
ties with physiological information, but require 
higher mass levels of contrast agents that may 
create toxicity problems. Further, MRI’s mor-
phological contrast resolution is high in soft tis-
sue, while CT contrast resolution is best for bones 
and lungs. Ultrasound has the advantages of 
being widely available clinically, relatively inex-
pensive, and capable of acquiring real-time phys-
iological information; however, the molecular 
probes needed for ultrasound are generally parti-
cles and, at this time, the technique is limited to 
only vascular targets.

The major advantage of PET and SPECT 
techniques is that the small probe mass and the 
radiolabeling strategies do not significantly per-
turb the biological processes under study. Further, 
PET has high molecular sensitivity and strong 
quantitative potential. SPECT can image multi-
ple probes simultaneously provided they each 
emit distinct photon energies.

Theranostics in nuclear medicine has the 
potential to develop patient-specific radiation 
dosimetry strategies based on molecular imaging 
studies, and cell-killing radiation strategies to 
deliver the optimal therapeutic dose to the right 
patient at the right time. Also, a combination 
therapy approach of chemotherapy, immune 
modulation, and radiotheranostics may provide 
precise cancer therapy in both palliative and 
curative settings. Fruitful partnerships between 
industry and the academic centers will be essen-
tial to the successful growth of theranostics.
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2Science of Atomism: A Brief 
History

I… a Universe of Atoms, an Atom in the Universe 
(Richard P. Feynman)

2.1   Atomism

In natural philosophy, atomism is the theory that 
all the objects in the universe are composed of 
very small, indestructible elements—atoms. The 
notion of atomism first arose because of philo-
sophic deduction. This idea of atomism is by no 
means self-evident. Since ancient times, philoso-
phers in many cultures have been speculating on 
the nature of the fundamental substance or sub-
stances of which the universe is composed. These 
fundamental or basic substances are called ele-
ments in English, from a Latin word of unknown 
origin.

In India, during the sixth century bc, Kanada 
and Pakhuda Katyayana had propounded ideas 
about the atomic constitution (Anu and 
Paramanu) of the material world (Limouris 
2006). Philosophy and science were not origi-
nally separate but, were born together as natural 
philosophy in Greece, at the beginning of the 
sixth century. In fact, the ancient Greeks were the 
first to propose that all matter in the universe was 

created from the following four elements: water, 
earth, fire, and air. They also believed that matter 
is continuous; there is no vacuum (space without 
any matter). The Greek philosopher Leucippus 
and his pupil Democritus (460–370 bc) (Fig. 2.1) 
conceived the idea of an atom as the smallest 
piece of a substance. The word atom comes from 
the Greek word atomos (ατομοσ) meaning “not 
cuttable” (unbreakable) and advocated that atoms 
are in continuous motion and are indestructible. 
The most famous Greek philosophers Plato 
(427–347 bc) and Aristotle (384–322 bc), how-
ever, completely rejected the idea of atomism. 
Nevertheless, the ideas of Democritus were fur-
ther developed by the influential Greek 
Philosopher Epicurus almost a century later. One 
of the most important followers of the Epicurean 
philosophy was a Roman poet named Titus 
Lucretius Carus (96–55 bc), who explained the 
philosophy of atomism in a long poem entitled, 
De rerun Natura (On Natural Things). One copy 
of this poem survived the Dark and Middle Ages 
(it was discovered in 1417) and became a major 
source of the Greek theory of atomism. The 
French philosopher Pierre Gassendi (1592–1655) 
accepted atomism and spread this doctrine 
throughout Europe.
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Fig. 2.1 Democritus, the Greek philosopher (on left), and John Dalton, an English chemist, and physicist (on right)

2.2   Chemical Elements

The British scientist Robert Boyle (1627–1691) 
was strongly influenced by Gassendi’s writings 
and was probably the first person to perform 
experiments in connection with atomism. Boyle 
carefully measured and demonstrated an inverse 
relationship between the pressure and the volume 
of air (known as Boyle’s Law), which clearly sug-
gested that both atoms and vacuum are real. He, 
thus, revived the atomic hypothesis and called it 
the Corpuscular Theory of Matter. Newton also 
wrote in his Opticks that all matter is composed 
of solid and impenetrable particles—expressing a 
view similar to Democritus and Boyle.

Boyle was also the first chemist to recognize 
the significance of a chemical element. In his 
book, the Skeptical Chemist, published in 1661, 
he proposed that a substance was an element if it 
could not be broken into two or more simpler 
substances. In early 1700, the quantitative sci-
ences of physics and chemistry were born, and 15 
chemical elements came to be known. Following 
the discovery of important gases, such as carbon 
dioxide, nitrogen, hydrogen, and oxygen, the 
French chemist, Antoine Laurent de Lavoisier 
(1743–1794) in his remarkable book titled, Traite 

elementaire de chemie, published in 1789, listed 
33 substances as chemical elements under four 
major categories: gases, nonmetals, metals, and 
earths.

2.2.1   Chemical Laws

Lavoisier advocated the importance of accurate 
measurements in quantitative experiments of 
chemical reactions and discovered the law of 
conservation of mass which states that: mass is 
neither created nor destroyed. The principle of 
the constant composition of compounds, known 
as the law of definite proportions, was discovered 
by the Frenchman, Joseph Proust who showed 
that a given compound always contains exactly 
the same proportion of elements by mass. Proust’s 
discovery stimulated John Dalton (Fig.  2.1) an 
English school teacher, who noted that a series of 
compounds can be formed by the combination of 
two elements in different ratios and, thus, discov-
ered the law of multiple proportions. These 
chemical laws supported the hypothesis that each 
element consists of a certain type of atom and 
that compounds are formed from specific combi-
nations of these atoms.
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2.2.2   Atomic Theory

In 1808, John Dalton converted the atomic 
hypothesis into a quantitative theory. In his publi-
cation, A New System of chemical philosophy, 
Dalton stated that each element is made up of 
identical atoms and presented a theory of atoms. 
He prepared the first table of atomic weights for 
different elements and suggested that atoms of 
each element had individual weights and that 
these could be calculated relative to one another. 
Dalton made the simple assumption that one 
atom of hydrogen combined with one atom of 
oxygen makes a molecule of water. Many of the 
atomic masses proposed by Dalton were later 
proved to be incorrect but, the construction of a 
table of atomic weights of different elements was 
a major step forward.

In 1808, Joseph Louis Gay-Lussac made the 
remarkable observation that although all ele-
ments combine in definite proportions of weight, 
gases combine in definite proportions by volume. 
For example, he observed that two volumes of 
hydrogen combined with one volume of oxygen 
make one volume of water vapor. The explana-
tion of the law of combining volumes was pro-
vided in 1811 by Amadeo Avogadro, an Italian 
physicist, who hypothesized that equal volumes 
of any gas at a given temperature and pressure 
always contain an equal number of the particles 
(atoms or molecules) of gas. Avogadro was the 
first to realize that certain gaseous elements, like 
hydrogen (H2), nitrogen (N2), and oxygen (O2), 
under ordinary conditions contain two atoms 
each (also known as diatomic molecule). 
Avogadro’s hypothesis was a brilliant guess and 
we now know, based on the kinetic theory of 
gases, that under normal conditions of tempera-
ture and pressure (NTP), 22.4 L of any gas con-
tain exactly the same number of atoms or 
molecules. In chemistry, the concept of mole (as 
a unit of mass) is defined as gram atomic weight 
or molecular weight and 1 mol of any substance 
contains Avogadro’s number (NA) of atoms or 
molecules. Avogadro, however, never knew the 
exact value of this universal constant. Almost 
100 years later the value of NA was determined to 
be 6.022 × 1023.

Based on Avogadro’s hypothesis, Jons Jakob 
Berzelius, a Swedish chemist published more 
accurate atomic weights of many elements 
between 1814 and 1826. He also invented a sim-
ple set of symbols for elements along with a sys-
tem for writing the chemical formulas of 
compounds, in order to replace the awkward 
symbolic representations of alchemists. By the 
end of the nineteenth century, not all chemists 
and physicists believed in the reality of atoms, 
however, they accepted that atomic weight is a 
very important property of an element.

In the late 1860s, two chemists, the Russian 
Dmitri Ivanovich Mendeleev, and the German 
Julius Lothar Meyer, arranged the elements in the 
order of increasing atomic weight in a tabular 
form, called the periodic system of elements, 
since elements with similar chemical properties 
recurred at regular, periodic, intervals.

The discovery of electricity eventually pro-
vided important clues and the experimental evi-
dence necessary to demonstrate the existence of 
atoms.

2.3   Electricity and Magnetism

The phenomena of magnetism and electricity 
have been known since ancient times. A certain 
piece of iron ore or loadstone, first found near the 
town of Magnesia on the eastern shore of the 
Aegean Sea, was the basis for scientific investi-
gation. The English physician William Gilbert 
(1544–1603), a contemporary of Galileo care-
fully studied the magnetic interactions and pub-
lished the famous book, De Magnete, in which he 
concluded that the planet earth can be regarded as 
a giant magnet with geographical north and south 
poles; the magnetic south always pointing to the 
geographical north.

Since ancient times, people have also been 
aware that a piece of amber, when rubbed with 
fur will attract small bits of hair and other materi-
als. Gilbert first introduced the term electric 
(electrica in Latin), after the Greek word electron 
for amber, and found that other substances such 
as glass, sulfur, wax, and gems also exhibit simi-
lar attractive property as amber. He also proposed 
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that electricity is some sort of fluid (an effluvium) 
that is produced or rubbed when bodies are 
rubbed together. Gilbert also recognized that 
despite their similarities, electricity, and 
 magnetism are different phenomena, but are 
deeply related.

The French chemist Charles-Francois de 
Cisternay Du Fay, eventually, realized that there 
are two types of electricity (vitreous and resin-
ous), which are very different from each other; 
unlike types of electricity attract each other while 
like types repel each other. In contrast, the 
American inventor Benjamin Franklin (1706–
1790) concluded that electricity consists of a 
single type of fluid and that this fluid consists of 
extremely subtle particles. He referred to the 
deficiency of electricity as negative electricity 
and to an excess as positive electricity. The 
amount of electricity (positive or negative) in any 
body is called the electric charge of the body. 
Franklin also observed that electricity is not cre-
ated or destroyed and, thus, was the first one to 
introduce the fundamental hypothesis of the con-
servation of electric charge.

During the second half of the eighteenth cen-
tury, physicists in many countries were trying to 
understand the quantitative aspects of both elec-
tric and magnetic forces. For example, French 
physicist Charles Augustine de Coulomb devel-
oped the so-called torsion balance for measuring 
very weak forces and published his results on 
electric and magnetic forces during 1785–1791. 
More specifically, Coulomb discovered that the 
forces of electrical attraction and repulsion are 
directly proportional to the product of two 
charges and inversely proportional to the square 
of the distance between them. Subsequently, this 
law, known as Coulomb’s law, helped to establish 
the unit for the electric charge. One coulomb of 
charge is defined as the amount of electric charge 
that passes a given point in one second in a wire 
that carries a one ampere current. Coulomb also 
found that the strength of the force of attraction 
or repulsion between the magnetic poles declines 
as the square of the distance between the poles 
increases. In 1687, Newton showed that the grav-
itational attraction between two bodies also fol-
lowed the so-called inverse square law.

In 1786, the Italian physiologist Luigi Galvani 
accidentally discovered electric current while 
studying the phenomenon of muscular contrac-
tion in frog’s legs. His friend, Alessandro 
Giusuppe Volta (1745–1827), a physicist, soon 
proved that electric current is purely an inorganic 
phenomenon (also known as galvanism) by dem-
onstrating that electricity could be produced 
when two different metals were both dipped into 
a salt solution. Electricity, thus, was produced as 
a result of a chemical reaction. To produce a large 
electric current, Volta in 1800 constructed what is 
known as Volta pile using a number of alternating 
copper and iron or zinc disks, separated by layers 
of cloth soaked in a salt solution. Volta’s inven-
tion of an electric battery had a significant impact 
on both chemistry and physics.

2.3.1   Electrolysis

While repeating Volta’s experiments, William 
Nicholson, and Anthony Carlisle in England, 
accidentally observed that when terminals of 
wires from a battery are immersed in a tube of 
water, hydrogen gas is produced at the wire 
attached to a negative terminal and oxygen gas at 
the positive wire. Soon Humphrey Davy (1778–
1829), a professor of chemistry at the Royal 
Institution in London, found that various salts 
could be decomposed by passing an electric cur-
rent through molten salt solutions. He soon dis-
covered a series of alkali and alkaline earth 
elements (Na, K, Ca, Mg, Sr, and Ba) based on 
the decomposition of molten salts or salt solu-
tions. This was the discovery of chemical decom-
position by means of an electric current or an 
electrolysis, as Michael Faraday, who had been 
Day’s assistant and protégé called it in the 1830s.

The passage of an electric current through an 
electrolyte (salt solution) induces chemical 
changes and elements can appear at either elec-
trode. If they are gases, they bubble off. Faraday 
introduced the term ions (Greek word meaning 
wanderer) to describe the chemical species pass-
ing through the solution. He also introduced the 
terms anion and cation for positive and negative 
ions and anode and cathode for positive and neg-
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ative electrodes. Faraday carefully measured the 
mass of an element produced as a function of the 
amount of electricity and discovered two basic 
laws.

 1. For a given solution, the amount of material 
deposited or liberated on the electrodes is pro-
portional to the total amount of electricity.

 2. The monovalent ions of different substances 
also carry an equal amount of electricity while 
multivalent ions carry correspondingly larger 
charges.

The Faraday laws, for the first time, suggested 
the existence of a universal unit of electric charge, 
known at that time only to be attached to the 
chemical species. He defined that one Faraday of 
electricity represents 96,500  C.  A Faraday of 
electricity can be viewed as containing 
Avogadro’s number of electrical units. This indi-
visible unit of electricity identified in electrolysis 
was given the name electron (ηλεκτρον), the 
Greek word for amber, by the Irish physicist and 
astronomer George Johnstone Stoney (1894). 
The Swedish chemist Savante August Arrhenius 
in his theory of ionic dissociation presented in 
1887 proposed that Faraday’s ions were actually 
atoms carrying positive and negative electric 
charge.

2.3.2   Electromagnetism

The credit for the discovery of electromagnetism 
belongs to Hans Christian Oersted, a professor of 
physics at the University of Copenhagen. In 
1820, Oersted demonstrated that an electric cur-
rent deflects a compass needle, thus showing an 
intimate connection between electricity and mag-
netism. A current carrying wire exerts a force on 
a compass needle. If the compass is continuously 
moved in the direction it is pointed, it will trace 
out a circle around the wire. Oersted also 
observed that a magnet will exert a force on a coil 
of wire (solenoid) carrying an electric current—
the solenoid would act like a bar magnet, one end 
acting like the north pole and the other end as the 
south pole. Thus, the concept of electromagne-

tism as a unified force was realized. In 1820, 
Andre Marie Ampere, professor of mathematics 
at the Ecole Polytechnique in Paris, observed that 
parallel wires attract or repel each other if they 
carry electric currents flowing in the same or 
opposite directions, respectively. He concluded 
that all magnetism is electromagnetism and that 
the properties of a magnet (or loadstone) are due 
to tiny electric currents within the particles of the 
magnet.

In 1831, Faraday also observed that a magnet 
can induce an electric current in a wire and that 
the electric current in one coil can induce a cur-
rent in another coil placed nearby. Before 
Faraday, the electric and magnetic forces (like 
gravity) were considered as acting across empty 
space between the interacting objects. Faraday 
was the first to propose the idea of a field of 
forces (or simply field) to explain how forces act 
over large distances. In the 1860s, the field con-
cept of Faraday was developed into a quantitative 
mathematical formulation by James Clerk 
Maxwell, a British physicist. Maxwell showed 
that electric and magnetic fields do not exist inde-
pendently, but only as a combined electromag-
netic field with each of the components at right 
angles to each other. Using his equations Maxwell 
was also able to show that the electromagnetic 
field propagates through space as waves carrying 
away energy in the form of free electromagnetic 
radiation with a constant speed of 300,000 km s−1 
or 3.0  ×  1010  cm  s−1. In 1665, Newton showed 
that sunlight is not pure but consists of a band of 
colored light particles, which he called spectrum 
(from a Latin word meaning “ghost”). In con-
trast, the Dutch physicist, Huygens (1629–1695) 
revealed that light is composed of waves with dif-
ferent colors having different wavelengths. In 
1801, Thomas Young, an English physicist, 
showed that the different colors of the spectrum 
have different wavelengths; red has longer wave-
length (700 nm) than violet (400 nm). Since elec-
tromagnetic radiation travels with the same speed 
as light, in 1864, Maxwell was able to conclude 
that light is an electromagnetic radiation with 
certain wavelengths. His equations also sug-
gested that there are many more varieties of elec-
tromagnetic radiations, differing only in their 
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wavelengths. Maxwell theory predicted that 
 radiations of different wavelengths, which our 
eyes cannot see, can exist.

In 1800, even before Maxwell, the German–
British astronomer, William Herschel discovered 
infrared rays by showing that the temperature of 
the dark area beyond red end of the spectrum is 
almost 1° higher than that of visible light. In 
1801, the German chemist, John William Ritter 
discovered ultraviolet rays when he observed 
that a paper soaked in silver nitrate solution dark-
ens more rapidly when exposed to the dark area 
beyond the violet end of spectrum.

Almost 20 years after Maxwell’s prediction of 
the existence of electromagnetic radiations of dif-
ferent wavelengths, in 1888 the German physi-
cist, Heinrich Rudolph Hertz, while setting up an 
oscillating electric current in a rectangular wire, 
accidentally discovered a new kind of radiation. 
These rays called radiowaves lay far beyond the 
infrared radiation and could have wavelengths of 
anywhere between a few centimeters to kilome-
ters. Subsequently, electromagnetic radiations, 
such as X-rays and γ rays, far beyond the ultravi-
olet X-rays were discovered with wavelengths 
exceedingly smaller than that of visible light, 
thus confirming Maxwells’ electromagnetic 
theory.

2.4   Thermodynamics

The scientific study of heat started with the con-
struction of the first thermometer in an attempt 
to express the amount of heat in quantitative 
terms. In 1592, Galileo first invented an instru-
ment known as thermoscope to measure the tem-
perature; however, he did not introduce 
temperature scale. The first thermometer using 
mercury was built in Italy around 1650 by the 
Accademia del Cimento. In 1714, the German 
physicist Daniel Gabriel Fahrenheit assumed 
that the temperature of a mixture of ice and salt 
is zero degree, while the body temperature is set 
at 96 degrees. On this Fahrenheit scale, water 
has a freezing point of 32 degrees and a boiling 
point of 212 degress. In 1743, the Swedish 
astronomer Anders Celsius introduced a Celsius 

or centigrade scale and showed that the freezing 
point of water is 0  °C and the boiling point is 
100  °C.  Both these scales are based on the 
assumption that the expansion coefficient of 
mercury is relatively constant.

While working on the mechanical properties 
and the compressibility of air and other gases, 
Boyle discovered that the volume of a gas at a 
constant temperature is inversely proportional to 
its pressure. Almost a century later, it was discov-
ered that gases expand at higher temperature. In 
1791, the expansion coefficient for air at constant 
pressure was measured by Volta and was found to 
be 1/273 on the Celsius scale. Around 1800, two 
French chemists Joseph Gay-Lussac and Jacques 
Charles observed that this expansion coefficient 
is the same for all gases regardless of the chemi-
cal nature of the gas. Similarly, the pressure of 
any gas at a constant volume increases at a con-
stant rate, 1/273 of its initial volume at 0 °C for 
each degree of increase in temperature. Thus, at 
−273 °C, the pressure and volume of any gas are 
expected to drop to zero value.

2.4.1   Heat, Energy, 
and Temperature

Two different doctrines developed in the eigh-
teenth century helped to explain the nature of 
heat and to establish units for the quantity of heat, 
separate from that of temperature. According to 
one theory heat is a substance with or without 
mass (or weight) while the other theory suggests 
that heat is a type of motion or vibration. The 
Scotch physician Joseph Black regarded heat as a 
substance and called it calor. He defined the unit 
of heat as the amount necessary to raise the tem-
perature of 1  lb of water by 1 °F. In the Metric 
system, 1  cal is the amount of heat needed to 
raise 1  g of water by 1  °C.  In 1799, Benjamin 
Thompson (also known as Count Rumford) pre-
sented some data which suggested that heat is a 
type of motion and not a material substance. In 
1842, the ideas of Count Rumford were further 
developed by the German physician Julius Robert 
Meyer who tried to establish a relationship 
between heat production and mechanical work, 
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and in the process discovered the law of conser-
vation of energy. In the 1840s, the Englishman 
James Prescott Joule performed many experi-
ments to clearly measure the mechanical equiva-
lent of heat and by 1875 he was able to show that 
1 cal is equal to 4.15 J.

The concept of energy is rather difficult to 
explain precisely; however, energy can be defined 
as the capacity to do work or to produce heat. In 
1738, Daniel Bernoulli was one of the first scien-
tists to show, mathematically, that the pressure of 
a gas depends on the mass, the number of mole-
cules in a given volume of gas, and the average 
velocity of the gas molecules. However, he could 
not explain the relationship between the velocity 
of molecules and the temperature of gas. The 
Charles and Gay-Lussac law clearly demon-
strated that the pressure of a gas is dependent on 
the temperature. Subsequently, based on Joule’s 
work on the mechanical equivalent of heat, 
Maxwell discovered a statistical law which gov-
erns the velocity distribution in a monoatomic 
gas. More specifically, he found that the number 
of molecules in a given velocity interval is pro-
portional to the density of gas and depends only 
on the temperature of the gas, and the absolute 
mass of the gas molecules. His equations can be 
used to calculate the average kinetic energy of 
gas molecules at any temperature. The British 
scientist, William Thompson (also known as 
Baron or Lord Kelvin), suggested that the kinetic 
energy of gas molecules be used to establish a 
temperature scale. Maxwell’s equation predicts 
that at −273.16 °C, the average kinetic energy of 
gas molecules will have zero kinetic energy. 
Therefore, the temperature of −273.16 °C can be 
regarded as absolute zero based on the Kelvin 
scale of temperature.

2.4.2   Emission of Light

In the beginning of the nineteenth century, the 
German physicist, Joseph von Fraunhofer (1787–
1826) repeated Newton’s experiments on the 
solar spectrum, using prisms of much better qual-
ity. He also invented a device, known as diffrac-
tion grating (a plate of glass or metal on which 

fine and equally spaced scratches or grooves) 
which divided light into its component colors, 
and observed that the spectrum of colors is inter-
sected by a large number of very thin separate 
black lines. Von Frauenhofer recognized that 
these lines correspond to emission lines in sparks 
and flames. The significance of these lines (the 
signals coming from atoms and molecular spe-
cies) was discovered in the 1860s by two German 
scientists Robert Wilhelm von Bunsen and 
Gustav Robert Kirchhoff.

It is well known that metals, such as iron and 
tungsten become luminous or give off visible 
light when heated to sufficiently high tempera-
tures. The color of light varies with the tempera-
ture of the metal, going from red to yellow to 
white as it becomes hotter and hotter, while other 
frequencies of electromagnetic radiation that are 
invisible are also emitted. At room temperature, 
most of the radiation emitted is in the infrared 
range of the spectrum. Thus, at a high tempera-
ture, the emitted radiation has a high frequency 
and rapidly becomes more intense. In contrast, if 
we look through a prism at the light emitted by a 
hot gas, we see a continuous spectrum from red 
to violet. In a Bunsen burner however, the gas 
becomes very hot and emits very little of bluish 
light only. Bunsen discovered that when pure 
sodium or potassium is introduced into the 
Bunsen flame, the corresponding spectra contain 
only yellow or red colors. With the use of a spec-
troscope, Bunsen and Kirchhoff quickly realized 
that the dark lines in the solar spectrum corre-
spond to the emission lines of specific hot gas-
eous elements. The law that all substances absorb 
the same light frequencies which they can emit 
was discovered by Kirchhoff, in 1860. The spec-
tral analysis was soon utilized to discover new 
elements, such as Ce, Rb, Tl, In, and Ga.

2.5   Major Discoveries

2.5.1   Cathode Rays

Faraday’s electrolysis experiments demonstrated 
the existence of ions, charged atoms, and mole-
cules. In order to detect the particles of electricity 
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that are not associated with atoms or molecules, 
investigations were initiated to pass an electric 
current through a good vacuum. In 1838, Faraday 
was the first to actually force an electric current 
through a vacuum, however, since the vacuum 
was not good enough the observations lacked any 
significance.

In 1858, the German glassblower Johann 
Heinrich Wilhelm Geissler and the German phys-
icist Julius Plucker developed a glass tube with 
two electrodes with very good vacuum (known as 
Geissler tubes). When the electrodes were con-
nected to a source of electric current, a greenish 
luminescence appeared on the glass tube near the 
cathode. It was soon realized that the position of 
the glow does not depend on the anode, the nature 
of the gas molecules in the tube, or the kind of 
metal used to make the cathode. Instead, some-
thing from the cathode appeared to be moving 
straight and hitting the glass before being col-
lected by the anode. The German physicist 
Johann Wilhelm Hittorf suggested that objects 
placed in front of a cathode cast shadows. The 
German physicist Eugen Goldstein, however, 
maintained that the glow is associated with the 
current itself and in 1876 introduced a name for 
this mysterious phenomenon: Cathodenstrahlen, 
or cathode rays. In 1878, the British physicist 
William Crookes devised vacuum tubes that pro-
duced cathode rays which clearly moved in 
straight lines and which were better than the cath-
ode rays produced in Geissler tubes. The investi-
gations on the nature of cathode rays with the 
Hittorf and Crookes vacuum tubes ultimately led 
to the discovery of X-rays and electron.

2.5.2   X-Rays

In 1895, the German physicist Wilhelm Röntgen, 
while investigating the effects of cathode rays in 
a discharge tube, accidentally, discovered a new 
form of penetrating radiation, which he called 
X-rays. He observed that when cathode rays 
(negatively charged particles) strike the atoms of 
a glass vacuum tube, they produce penetrating 
rays that cause salt (barium platinocyanide) to 

glow. Soon thereafter, it was realized that X-rays 
are (1) more penetrating than the cathode rays 
and (2) not prone to deflection by a magnetic 
field and physicists started to discuss what these 
mysterious X-rays might be.

The true nature of X-rays was discovered in 
1912 when the German physicist Max von 
Laue, using crystals as a type of three-dimen-
sional grating, discovered that X-rays do not 
behave like particles, but instead have the wave-
like characteristics of an electromagnetic radia-
tion. An accelerated electric charge will radiate 
electromagnetic waves. As the fast-moving 
cathode rays approach the positive charge in the 
nucleus of glass atoms, electrons are brought to 
rest (accelerated) and the kinetic energy of the 
electrons is converted to electromagnetic 
waves. Radiation produced under these circum-
stances has been given the name bremsstrah-
lung (breaking radiation). It was also 
discovered, that when denser more massive 
atoms in a metal are used to stop the acceler-
ated electrons, X-rays of higher energies can be 
generated. In 1911, the British physicist Charles 
Barkla noticed that each metal produced X-rays 
of a particular wavelength, called characteristic 
X-rays of a particular metal, and called the 
more penetrating beam K X-rays and, the less 
penetrating beam L X-rays. Subsequently, it 
was discovered that these characteristic X-rays 
emitted by metals are due to the deexcitation of 
electrons in the atomic shells.

2.5.3   Electron

Following the discovery of cathode rays and 
radiowaves, the Dutch physicist Hendrick Antoon 
Lorentz refined Maxwell’s equations and devel-
oped a new theory, called electron theory. More 
specifically, Lorentz proposed that microscopic 
particles, each of which carry an electric charge, 
must be contained in all atoms and that these 
charged particles generate electric, and magnetic 
fields. He also proposed that oscillations of these 
charged particles inside the atoms are the source 
of light.
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In 1895, the French physicist Jean Baptiste 
Perrin demonstrated that cathode rays, emitted 
from the cathode of a discharge tube, are nega-
tively charged particles. In 1896, Lorentz deduced 
a value for the charge-to-mass ratio (e/m) for 
charged particles inside the atom. As a result of 
Lorentz’s electron theory, it was presumed that a 
magnetic field would affect the electron oscilla-
tions and thereby the frequencies of the light 
emitted. In 1896, Pieter Zeeman observed such a 
broadening of the spectral lines by the magnetic 
field. Based on the Zeeman effect, Lorentz and 
Zeeman were, subsequently, able to estimate the 
e/m ratio and predict that the charge of the parti-
cles within the atom is negative.

In 1897, the British physicist Joseph John 
Thompson confirmed Perrin’s observations and 
obtained a precise value for the e/m ratio of 
cathode rays. The ratio turned out to be over a 
thousand times greater than that of a hydrogen 
ion. Thompson also demonstrated that the cath-
ode rays could be deflected by both magnetic 
and electric fields. He also discovered that cath-
ode rays are negatively charged particles, which 
he initially called corpuscles. He later changed 
the name and called them electrons; the name 
first suggested by Johnstone G. Stoney in 1894. 
Thompson’s measurement of an electron’s mass 
and charge confirmed that cathode rays (elec-
trons) are the same particles within the atom are 
also responsible for the emission of light by the 
atom. In 1911, the American physicist Robert 
Andrews Milikan succeeded in measuring quite 
accurately, the minimum electric charge that 
could be carried by a particle and found that if 
this charge were carried by an electron, it would 
have to be only 1/1837 as massive as a hydro-
gen atom.

In 1899, Philipp Lenard, while investigating 
the interaction of cathode rays with in metal 
plates, discovered that electrons are ejected when 
ultraviolet light strikes metal surfaces. He also 
discovered that the emission of electrons is 
dependent on the frequency of light but not on the 
intensity of light. This phenomenon, known as 
the photoelectric effect, was later explained by 
Albert Einstein and is based on the light quantum 
hypothesis proposed by Max Plank, in 1900.

2.5.4   Radioactivity

Henry Becquerel, professor of physics at the Ecole 
Polytechnique in Paris, heard about the discovery 
of X-rays and immediately thought of a possible 
connection between X-rays and fluorescence. He 
quickly initiated a series of experiments testing 
whether fluorescent substances emitted X-rays. In 
February 1896 he was exploring the possibility 
that sunlight might cause crystals to emit penetrat-
ing rays like the X-rays. As luck would have it, he 
used uranium–potassium bisulfate (uranium salts 
were known to be phosphorescent). These crystals 
were placed next to a photographic plate wrapped 
in dark paper. If sunlight causes the crystals to 
emit penetrating rays, then these rays might pene-
trate the dark paper and darken the plate. Since the 
weather was cloudy, Becquerel placed the 
unwrapped plates in the drawer of a cabinet leav-
ing the crystals on the cabinet. Much to his sur-
prise, a couple of days later, when he developed 
the plates, he found intense darkening of the plate, 
due to exposure to some intense radiation. 
Becquerel quickly concluded that invisible rays 
from uranium had penetrated the cabinet and the 
dark paper covering the plate and finally exposed 
the photographic plate. For a few years, these rays 
were known as “Becquerel rays” or rayons ura-
nique. In 1898, Maria Sklodowska Curie and 
Pierre Curie (Fig. 2.3) discovered that the element 
thorium also emitted such rays. That year, the 
Curies coined the name radioactivity to describe 
the phenomenon of penetrating radiation emitted 
by uranium and thorium.

In the following years, other new radioactive 
phenomena were discovered. For example, in 
1900 the French chemist, Paul Villard discovered 
an extremely penetrating form of radiation coming 
from radioactive sources. However, it was Ernest 
Rutherford (Fig. 2.2) at the Cavendish Laboratory 
in England who played a major role in the study of 
radioactivity. Rutherford and his colleagues identi-
fied three different components in the radiations 
from radioactive elements based on their behavior 
in electric and magnetic fields. He called them, 
α-rays, β-rays, and γ-rays and these components 
were eventually identified as being helium nuclei, 
electrons, and high-energy photons, respectively. 

2.5  Major Discoveries
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Fig. 2.2 Ernest Rutherford (on left), an English physicist, and the winner of the Nobel prize in chemistry. Niels Henrik 
David Bohr (on right), a Danish physicist, and the winner of the Nobel prize in physics

In 1903, Rutherford and Soddy sought to explain 
the cause and nature of radioactivity. They pro-
posed a disintegration theory, which defined 
radioactivity as a change of one chemical element 
into another with the emission of alpha or beta par-
ticles. An unstable element reaches stability spon-
taneously by undergoing radioactive decay 
involving transmutation of elements and emission 
of energy; however, in the 1930s it was discovered 
that radioactive elements can also emit positively 
charged electrons or positrons.

2.5.5   Light Quantum

The classical theory of matter assumes that mat-
ter in general can absorb or emit any quantity of 
energy. It also predicts that the radiation profile 
of the emission spectrum has no maximum and 
goes to infinite intensity, at shorter wavelengths 

(or higher frequencies). This effect is called 
ultraviolet catastrophe. An ideal material body, 
known as the black body, is one that can absorb 
all radiations incident. Therefore, since it can 
absorb all radiations, it should also emit radia-
tions of all frequencies. The experimental evi-
dence, however, indicated that when a piece of 
metal is heated to incandescence, the profile of 
radiation emitted shows that the maximum (peak) 
shifts to shorter wavelengths as the temperature 
is increased. The question is why does the inten-
sity of radiation drop gradually as the frequency 
of radiation increases? In 1901, the German 
physicist Max Planck’s postulated that the energy 
of radiation can be absorbed or emitted by bodies 
only in specific packets or amounts and called of 
these small packets of energy a quantum. The 
energy (E) of each quantum is a product of the 
frequency of radiation (n) and a constant, h 
(known as Plank’s constant). The value of h was 
determined to be 6.626 × 10−34 J. Hz-1.

2 Science of Atomism: A Brief History
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2.6   Reality of Atoms

2.6.1   Avogadro’s Number

Avogadro’s number is the calculated value of the 
number of atoms (or molecules) in a gram mole 
of any chemical substance. Although, as early as 
the seventeenth century, Boyle had attempted to 
estimate the size of atoms, it was not until 1865 
that the first successful attempt was made by the 
Austrian physicist and schoolteacher Josef 
Loschmidt. Based on Avogadro’s hypothesis, the 
atomic weights of several gaseous elements were 
accurately determined in 1860 by the Italian 
chemist Stanislao Cannizzaro. Subsequently, in 
1865, using the new Kinetic Molecular Theory, 
developed by Maxwell and Clausius, Loschmidt 
found the number of atoms in 1 cm3 of gaseous 
substance, under ordinary conditions of tem-
perature and pressure, to be somewhere around 
2.6  ×  1019  atoms  cm−3 (this is known as 
Loschmidt’s Constant). Since 1 mol of any gas 
occupies 22.4 L at STP, the number of atoms 
in 1 mol is approximately equal to 5.8 × 1023 
atoms.

2.6.2   Brownian Motion

In 1827, Robert Brown observed the random 
movement of pollen particles in a liquid. This 
phenomenon, known as Brownian motion, states 
that microscopic particles in a liquid are never at 
rest; they are in perpetual movement even under 
conditions of perfect external equilibrium or con-
stant temperature. The only irrefutable explana-
tion for this phenomenon ascribes the movements 
of the particles to the shocks produced by the 
atoms and molecules of the liquid themselves. A 
mathematical theory of this phenomenon was 
developed by Einstein, in 1905, and a theoretical 
estimate of Avogadro’s number was given to be 
6.2 × 1023 particles. The first experimental proof 
of this theory was provided by Jean Baptiste Jean 
Perrin in France around 1908. More specifically, 
Perrin determined that the number of atoms in 
1 mol is approximately 6.8 × 1023. The work of 
Einstein and Perrin provided some of the first 
concrete evidence for the existence of atoms. The 
current experimental value of 6.022 140 76 × 1023 
atoms per mole is the average for measurements 
using the best methods (Fig. 2.3).

Fig. 2.3 Antoine Henri Becquerel (on right), Pierre Curie (middle), and Marie Curie nèe Sklodowska (on right) 
received the Nobel Prize in Physics in 1903 for the discovery of spontaneous radioactivity and radiation phenomena

2.6  Reality of Atoms
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2.7   Atomic Structure

2.7.1   Nuclear Atom

Since 1890, various discoveries have shown that 
the atom is not indivisible (as Dalton supposed) 
but is really composed of parts. The discovery of 
radioactivity, the interaction of electricity with 
matter, and the discovery of free electrons have 
all contributed to the discovery of the subatomic 
structure of atoms. In 1910, Rutherford (Fig. 2.2) 
presented a model of an atomic structure, known 
as nuclear atom. According to this nuclear model, 
atoms consist of a massive, compact, positively 
charged core, or nucleus, surrounded by a diffuse 
cloud of relatively light, negatively charged elec-
trons. In 1913, Moseley formulated the property 
of atomic number (Z), which is the number of 
positive charges in the nucleus. Moseley showed 
that the sequence of elements in the periodic 
table is, in fact, a sequence of elements that are 
arranged in order of their atomic numbers and not 
their atomic weight. In 1914, Rutherford named 
this positively charged particle in the nucleus, 
proton (from the Greek word “first”). A proton 
has an electrical charge exactly equal to that of an 
electron but, positive, and a mass 1836 times that 
of an electron. Incidentally, the nucleus of a 
hydrogen atom is known as the proton. In the 
electrically neutral atom, the number of orbiting 
electrons is sufficient to exactly balance the num-
ber of positive protons. In 1920s, Rutherford 
speculated that a neutral particle (one that is the 
same size as a proton) within the nucleus accounts 
for the total mass of the atom. Such a neutral par-
ticle was discovered by James Chadwick, in 
1932. Heisenberg soon proposed that nuclei of 
different elements consist of protons and neu-
trons which are held together by strong exchange 
forces, known as nuclear forces. The total num-
ber of protons and neutrons within the nucleus is 
called the mass number (A), which is very close 
to the atomic weight of an element. The mass 
number (A) of 12C nuclide is 12 and its atomic 
mass is considered as 12 atomic mass units 
(AMU or u). The atomic weight of natural carbon 

is 12.011 since it is a mixture of 12C (98.89%) and 
13C (1.11%) nuclides or isotopes.

2.7.2   Bohr’s Model of Atom

The atom consists of an extremely dense, low 
positively charged nucleus surrounded by a cloud 
of electrons with small size and mass, with each 
electron carrying a single negative charge equal 
but opposite to that of a proton in the nucleus. 
Because the number of electrons and protons in 
an atom are the same, the whole atom is electri-
cally neutral. The atomic volume (10−8 cm diam-
eter) with the cloud of electrons is significantly 
much larger compared to the volume of the 
nucleus (10−13  cm diameter). Based on 
Rutherford’s discovery of atomic nucleus and 
Plank’s discovery of energy quantum (E  =  hn), 
Neils Bohr (Fig. 2.2) developed the first quantum 
model of an atom (Fig. 3.4 in Chap. 3), in 1913. 
According to this model, an electron in a hydro-
gen atom rotates around the nucleus at high 
speeds in closed circular orbits associated with a 
characteristic quantum number (n). The electron 
in general exists in a low energy orbit (ground 
state). The gain or loss of a quantum of energy 
occurs only when an electron moves from one 
orbital to one of greater or lesser energy. As a 
result, an atom can absorb or emit energy in dis-
crete units or quanta.

In 1916, Arnold Sommerfeld suggested that 
the electron orbits can also be elliptical and at dif-
ferent degrees. Subsequently, the orbital quantum 
number (l) was introduced, which assumes the 
circular and elliptical orbits are in a single plane. 
When atoms are in a magnetic field, however, the 
orbits may be tipped and can be best represented 
in a three-dimensional spherical space around the 
nucleus. To account for this magnetic effect, a 
magnetic quantum number (m) was introduced. 
Subsequently, Wolfgang Pauli introduced the 
spin quantum number (s) to represent the direc-
tion of the electron spin (clockwise or anti-clock-
wise). The arrangement of electrons around the 
nucleus in an atom can be described based on the 

2 Science of Atomism: A Brief History
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four quantum numbers. A more detailed example 
of electron orbits based on quantum mechanics is 
provided in Chap. 7.

2.7.3  Isotopes

Dalton assumed that all the atoms of a given ele-
ment have the same atomic weight or atomic 
mass. By 1914, it was realized that atoms of the 
same element can vary in weight but may have 
the same chemical properties. The word isotope 
was coined by Frederick Soddy to represent 
atoms of an element that have different weights 
but still can be placed in the same place in the 
periodic table. An isotope can be stable or unsta-
ble (radioactive). Some of the elements in nature 
such as Na, F, Al, and Bi have no isotopes, while 
81 of the elements listed in the periodic table 
have at least one stable isotope. Further, all ele-
ments heavier than Bi are unstable; no stable iso-
tope exists for these elements. In 1947, the 
American chemist Truman Paul Kohman sug-
gested that the word nuclide is a more appropri-
ate term to represent both the stable and unstable 
atoms (or radionuclide), of an element.

For any given element, the percentage of each 
isotope found in nature is called the isotope’s iso-
topic abundance. Natural carbon exists in two 
stable isotopic forms (12C and 13C); the isotopic 
abundance of 12C is 98.9% while the abundance 
of 13C is very small—only 1.1%. Since the atomic 
mass of an element is expressed as an average of 
all the naturally occurring isotopes, the average 
atomic mass of carbon is 12.011. Similarly, the 
average atomic mass of copper is 63.545, since it 
has two stable isotopes: 63Cu (69.2%) and 65Cu 
(30.8%).

In nature, 92 elements (hydrogen to uranium) 
have been observed. Technetium and prome-
thium, and all elements with atomic numbers 
greater than 82 have isotopes that are known to 
decompose through radioactive decay. Stable ele-
ments are 82, however, 252 isotopes (nuclides) 
are stable. In addition, >3000 nuclides are known 
to be radioactive.

2.7.4   Quantum Atom

At first Bohr’s model appeared to be very promis-
ing but, by the mid-1920s, it became clear that 
Bohr’s model needed refinement. The wave 
mechanics or quantum mechanics developed by 
Werner Heisenberg, Louis deBroglie, and Edwin 
Schrodinger finally provided a wave or quantum 
mechanical description of an atom. Quantum 
theory describes matter (electrons and electro-
magnetic radiation) as acting both as a particle 
and as a wave. This characteristic is called wave- 
particle duality. According to this model, the 
electron bound to the nucleus is similar to a 
standing or stationary wave, while the circumfer-
ence of a particular orbit corresponds to a whole 
number of wavelengths. Schrodinger’s famous 
wave equation (Hy = Ey) describes an electron in 
an atom, where y called the wave function, is a 
function of the coordinates (x, y, and z) of the 
electron’s position in three-dimensional space 
and H represents a set of mathematical instruc-
tions called an operator. When this equation is 
analyzed, many solutions are found. Each solu-
tion consists of a wave function y that is charac-
terized by a particular value of energy, E. A 
specific wave function for a given electron is 
often called an orbital. An orbital, however, is not 
a Bohr’s orbit; the orbitals differ from each other 
in size, angular momentum, and magnetic prop-
erties. The wave function corresponding to the 
lowest energy of a hydrogen atom is called 1 s 
orbital. Quantum mechanics only provides the 
probability of an electron’s position around the 
nucleus but, not the electron’s motion around the 
nucleus. Also, each electron in an atom has a 
unique set of quantum numbers. In a given atom, 
no two electrons can have the same set of four 
quantum numbers (n, l, me, ms). This is called the 
Pauli Exclusion Principle, which can also be 
stated as follows: An orbital can hold only two 
electrons and they must have opposite spins.

The atom’s electron cloud—that is the 
arrangement of electrons around the nucleus in 
an atom—determines most of the atom’s physical 
and chemical properties. The electrons in the out-

2.7  Atomic Structure
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ermost shell, in particular, determine the chemi-
cal properties of an atom. Atoms bond with other 
atoms by donating or sharing electrons in order to 
fill their shells. It requires less energy to exist in 
this bonded state; atoms always seek to exist in 
the lowest energy state possible.

2.7.5   Discovery of Antimatter

In particle physics, antimatter is an extension of 
the concept of antiparticle to matter, where anti-
matter is composed of antiparticles (such as anti-
electron and antiproton) in the same way that 
normal matter is composed of particles (electrons 
and protons). In 1928, Paul Adrien Maurice Dirac, 
a physicist at Cambridge, combined relativity, and 
quantum mechanics in order to derive an equation 
that provides a complete description of the elec-
tron. Surprisingly, this theory not only described 
electrons but the particles we call positrons or 
antielectrons, as well. Dirac’s theory predicted 
that when an electron encounters a positron, the 
two charges cancel each other out, and the pair 
annihilates, with the combined mass transforming 
into high-energy radiation of a pair of annihilation 
photons (511 keV). This conversion of mass into 
energy is the most dramatic expression of 
Einstein’s celebrated equation E = mc2. The the-
ory also predicted that high-energy photons could 
rematerialize as matter and antimatter in a process 
known as the pair production. In 1932, positrons 
were first discovered by Carl D. Anderson, who 
gave the positron its name. More specifically, the 
positron was discovered by passing cosmic rays 
through a cloud chamber. In 1934, Irène Curie 
and Frédéric Joliot confirmed the existence of the 
positron by bombarding aluminum with alpha 
particles. This resulted in the artificial production 
of radionuclide 30P, which quickly decayed to sta-
ble silicon by emitting positrons. Dirac, Anderson, 
Curie, and Joliot all received Nobel prizes for 
their pioneering discoveries. Subsequently in 
1955, Emilio Segre and Owen Chamberlain dis-
covered the antiproton using high-energy protons 
(6.5 billion eV) generated in a Bevatron accelera-
tor at the Lawrence Berkeley Radiation 
Laboratory, in California.

2.8   The Elementary Particles

In particle physics, an elementary particle or a 
fundamental particle is a subatomic particle 
that is not composed of other particles. The 
notion that the atom is the ultimate building 
block of all matter in the universe is no longer 
valid. In the 1930s, it seemed that protons (with 
positive charge), neutrons (with no charge), and 
electrons (with negative charge) were the small-
est objects into which matter could be divided. 
As a result, these three particles were regarded 
as the elementary particles or fundamental 
particles.

The Standard Model of particle physics is the 
theory classifying all known elementary parti-
cles, as well describing the three of the four 
known fundamental forces (electromagnetic, 
weak, and strong nuclear forces) in the universe. 
In particle physics, an elementary particle is a 
particle without a substructure; that is, it is not 
made up of smaller particles. The current 
accepted “Standard Model” of physics, which 
describes the interactions of particles and almost 
all forces in nature, recognizes 17 (seventeen) 
elementary particles. All elementary particles are 
either fermions or bosons; particles normally 
associated with matter (such as proton, neutron, 
and electron) are fermions, while elementary 
bosons (such as photon) are force carriers that 
function as the “glue” holding matter together. 
Among the bosons, only the photon is the most 
realistic elementary energy particle (Table 2.1).

In 1968, it was discovered that the proton con-
tained much smaller, point-like objects and was, 
therefore, not an elementary particle. The objects 
in the proton were identified as up and down 
quarks. The up quark has a fractional negative 
positive charge (+2

3
e), while the down quark has 

a fractional negative charge (− 13e). Quarks are 
the fundamental constituents of protons and neu-
trons. Quarks are thought to have no internal 
structure, meaning that they exist as 
 zero- dimensional points that take up no space. 
Individual quarks are never found in nature; how-
ever, quarks always bind together to form com-
posite particles—the hadrons. The up quark and 
the down quark are generally stable, and they are 
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Table 2.1 Physical properties of elementary particlesa

Particle Charge Mass (MeV/c2) Mass (kg) Charge radius (m) Spin Mean lifetime
Photon (γ) 0 0 0 – 1 Stable

Electron (e−, β−) −1 0.511 9.109 × 10−31 – 1/2 Stable

Positron (e+, β+) 1 0.511 9.109 × 10−31 – 1/2 Stable

Up Quark (u) +2/3 e 2.2 – 10−18 1/2 Stable in proton

Down Quark (d) −1/3 e 4.7 – 10−18 1/2 Stable in proton

Proton or uud (p+ or H+) 1 938.272 1.672 × 10−27 <10−15 1/2 >1030 years

Neutron or ddu (n, n0) 0 939.565 1.674 × 10−27 <10−15 1/2 879.6 s
a The above values are from Wikipedia

a b

Fig. 2.4 Helium atom (a) with nucleus in the center with 2 protons and 2 neutrons. Proton (b) consists of 2 up quarks 
and 1 down quark, while neutron (c) consists of 2 down quarks and 1 up quark (b)

found in protons and neutrons. A proton is com-
posed of two up quarks and, one down quark, 
while a neutron is composed of one up quark and 
two down quarks (Fig. 2.4). In the radioactive β− 
process, a neutron “splits” into a proton, an elec-
tron, and an antineutrino. This process occurs 
when one of the down quarks in the neutron (udd) 
decays into an up quark by emitting a W− boson, 
transforming the neutron into a proton (uud). The 
W− boson then decays into an electron (e−) and 
an electron antineutrino (νe).

Quarks are one of the primary building 
blocks of matter in the universe. The Nobel lau-
reates Murray Gell-Mann and George Zweig 
first proposed the quark model, in 1964. It was 
also discovered that there are six flavors of 
quarks; the three positively charged quarks are 
called up-type quarks (Up, Charm, and Top) and 
the three negatively charged quarks are called 
Down-type quarks (Down, Strange, and Bottom). 
The more massive quarks produced in particle 
accelerators and cosmic rays are unstable and 
rapidly decay.

Because quarks cannot exist independently, 
the elementary particles in nature representing 
fermions are protons, neutrons, and electrons. It 
is the combination of these three subatomic par-
ticles that resulted in the formation of chemical 
elements, billions of years ago.
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3Atoms and Radiation

Concerning matter, we have been all wrong. What 
we have called matter is ENERGY, whose vibra-
tion has been so lowered as to be perceptible to the 
senses. There is no matter. (Albert Einstein)

3.1  Matter and Energy

Everything in this universe is made up of matter 
and energy. Matter is anything that has mass 
(such as atoms and subatomic particles) and 
occupies space by having volume. In contrast, 
light and heat are forms of energy. The concept of 
mass is central to the discussion of matter and 
energy. The mass of an object depends on the 
quantity of matter in the object, while the mass of 
a body (material object) is directly associated 
with its weight. On earth, the weight of a body is 
the pull of the earth on the body, which is propor-
tional to its mass and depends on the distance of 

the body from the center of the earth. Energy is 
the ability to produce change or the capacity to 
do work. Energy occurs in many forms such as 
electrical energy, mechanical energy, chemical 
energy, and nuclear energy. In addition, energy 
can also be potential energy (energy due to posi-
tion) or kinetic energy (energy due to motion). 
The units for the quantities of mass and energy 
are shown in Table 3.1.

3.1.1  Mass–Energy Relationship

The most famous relationship Einstein derived 
from the postulates of special relativity—con-
cerns mass (m) and energy or the rest energy (E0).

 E m c
0 0

2=  (3.1)

Table 3.1 Primary and derived units of quantities based on Système Internationale (SI)

Quantity Unit Symbol Equivalent
Mass kilogram kg 1 kg = 1000 g
Amount Mole mol 1 mol = Avogadro’s constant, 6.02 × 1023 particles (atoms or molecules)
Length Meter m Distance light travels in exactly 

1/299,792,458 s.1.m = 100 cm = 1.0 × 1010 Å
Time Second s Duration of 9,192,631,770 cycles of microwave radiation produced by 

Cs-133 atoms
Temperature Kelvin K °C + 273.16
Current Ampere A 1 C s−1

Energy Joule J 4.184 J = 1 cal
Electric 
potential

Volt V 1 eV = 1.60269 × 10−19 J
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In nonrelativistic physics, kinetic energy (KE) 
of an object of rest mass m0 and speed v is given 
by

 
KE =

1

2
0

2m v
 

(3.2)

In relativistic physics, if the mass is moving, 
the total energy (E) is

 

E mc
m c

v c
= =

−
2 0

2

2 2
1 /  

(3.3)

The mass of a body moving at the speed v 
relative to an observer is larger than its mass 
when at rest relative to the observer by the fac-
tor, 1

2 2− v c/  where “c” is the velocity of 
light. Relativistic mass increases are significant 
only at speeds approaching that of light. For 
particulate radiation, relativistic effects are sig-
nificant. Since mass and energy are not inde-
pendent entities, according to the principle of 
conservation of mass energy, mass can be cre-
ated or destroyed. When this happens, an equiv-
alent amount of energy simultaneously vanishes 
or comes into being, and vice versa. Mass and 
energy are different aspects of the same thing. 
This mass–energy relationship is key for the 
estimation of nuclear binding energies and for 
the explanation of the liberation of enormous 
amounts of energy during the radioactive trans-
formation of nuclides.

3.2  Radiation

The term radiation simply refers to energy in 
transit. There are two specific forms of 
radiation:

• Particulate radiation (nonpenetrating): mass 
(subatomic particles such as protons, neu-
trons, electrons) in motion carrying kinetic 
energy of particles

• Electromagnetic radiation: oscillating electric 
and magnetic fields carrying energy and trav-
eling through space with a constant velocity

3.2.1  Electromagnetic Radiation

Visible light is the most familiar form of electro-
magnetic radiation. Ultraviolet, infrared, micro-
wave, radio waves, X-rays, γ rays, and 
annihilation radiation are all different types of 
electromagnetic radiation. All types of electro-
magnetic radiations exhibit “wave-like” behavior 
in their interactions with matter. The wavelength 
(λ) and frequency (ν) of the oscillating fields of 
electromagnetic radiation (Fig.  3.1) are related 
by

 λν = c  (3.4)

where c is the velocity of light in free space 
(2.998 × 108 m/s).

Maxwell was able to show that the speed “c” 
of electromagnetic waves in vacuum can be 
deduced mathematically by

 

c = = ×
1

2 99 10

0 0

8

ε µ
. /m s

 

(3.5)

where ε0 is the electric permittivity of free space 
(8.854 × 10−12 c2/N m2) and μ0 is its magnetic per-
meability (4π × 10−7 T m/A).

According to quantum theory, electromag-
netic radiation, however, behaves as discrete 
packets of energy (with no mass or charge), 
called quanta or photons. The energy of the pho-
ton is related to the frequency of the electromag-
netic radiation by

 E h= ν  (3.6)

where h is known as Planck’s constant whose 
value is 6.626 × 10−34 J s.

De Broglie suggested that a photon, an energy 
particle, behaves in certain ways as though it has 
a wave nature. The wavelength of a photon is 
therefore specified by its momentum

 
λ

ρ
=

h

 
(3.7)

where the momentum

 
ρ

ν
=
h
c  

(3.8)
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Fig. 3.1 The electric and magnetic fields in an electromagnetic wave are perpendicular to each other and to the direc-
tion of the wave

Fig. 3.2 The spectrum of electromagnetic radiation, the visible light (light waves) spans only a brief frequency interval 
from 4.3 × 1014 Hz for red light to approximately 7.4 × 1014 Hz for violet light

since

 λν = c  (3.9)

Different types of electromagnetic radiation 
and their corresponding photon energies, wave-
lengths, and frequencies are shown in Fig. 3.2.

3.3  Classification of Matter

Based on the composition of matter as a basis 
for classification, matter may be regarded as a 
pure substance or as a mixture of substances. 

There are two kinds of substances: elements 
and compounds. An element or a chemical ele-
ment is a substance that cannot be broken down 
to simpler substances by ordinary chemical 
means. Compounds are substances consisting 
of two or more elements (sometimes also 
called molecules) combined in definite propor-
tions by mass, having properties different from 
that of any of its constituent elements. A mix-
ture consists of two or more substances and 
there are two kinds of  mixtures: homogenous 
mixtures (also called solutions) and heteroge-
neous mixtures.

3.3  Classification of Matter
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Fig. 3.3 The modern standard periodic table showing 18 groups

3.3.1  Chemical Element

All matter in nature is made up of pure substances, 
known as chemical elements. In the periodic table 
(Fig. 3.3), 118 chemical elements have been listed; 
90 elements occur in nature and the rest of these 
elements have been produced artificially. Oxygen 
is the most abundant element in the earth’s crust. 
Air is mostly a mixture of nitrogen (78%) and oxy-
gen (21%). Since ancient times, the following ten 
elements have been known to be pure substances 
(carbon, sulfur, copper, silver, gold, iron, tin, mer-
cury, tin, and antimony). The rest of the elements 
were discovered by man. In 1869, based on the 
chemical properties and relative atomic weights of 
approximately 70 natural elements, Mendeleyev, a 
Russian chemist, arranged the  elements in a table 
of groups and periods, known as the periodic table. 
The long form of the modern periodic table with 
all the 118 elements is shown in Fig. 3.3.

3.4  Atoms

In 1804, John Dalton proposed the existence of 
atoms and attributed certain properties to the 
atoms based on experimental studies. Every 

chemical element is composed of individual 
particles, called atoms. An atom by definition is 
the smallest unit into which a chemical element 
can be broken down, without losing its chemical 
identity. Dalton assumed that all the atoms of a 
given element have the same atomic weight or 
atomic mass. By 1914, it was realized that atoms 
of the same element can vary in weight but may 
have the same chemical properties. The word 
isotope was coined by Frederick Soddy to repre-
sent atoms of an element that have different 
weights but, which can still be placed in the 
same position in the periodic table. An isotope 
can be stable or unstable (radioactive).

Some of the elements in nature such as Na, 
F, Al, and Bi have no isotopes, while 81 of the 
elements listed in the periodic table have at 
least one stable isotope. Natural carbon exists 
in two stable isotopic forms (12C and 13C) 
while tin has ten stable isotopes. All elements 
heavier than Bi are unstable; no stable isotope 
exists for these elements. In 1947, the 
American chemist Truman Paul Kohman sug-
gested that the word nuclide is a more appro-
priate term to represent both, stable and 
unstable atoms (or radionuclide) of an 
element.

3 Atoms and Radiation
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3.4.1  Atomic Structure

In 1910, Rutherford presented a model of an 
atomic structure known as nuclear atom. 
According to this nuclear model, atoms consist of 
a massive, compact, positively charged core, or 
nucleus surrounded by a diffuse cloud of rela-
tively light, negatively charged electrons. In 
1913, Moseley formulated the property of atomic 
number (Z), which is the number of positive 
charges in the nucleus. In 1914, Rutherford 
named this positively charged particle in the 
nucleus, proton (from the Greek word first). 
Proton has an electrical charge equal to that of an 
electron; however, a proton is positive and has a 
mass 1836 times that of the electron. In the elec-
trically neutral atom, the number of orbiting elec-
trons is sufficient to balance the number of 
positive protons. In the 1920s, Rutherford sum-
marized that the existence of a neutral particle 
(the same size as a proton) within the nucleus 
accounts for the total mass of the atom. Such a 
neutral particle was, eventually, discovered in 
1932 by James Chadwick. Subsequently, 
Heisenberg proposed that the nuclei of different 
elements consist of protons and neutrons which 
are held together by strong exchange forces 
known as nuclear forces. The total number of 
protons and neutrons within the nucleus is called 
the mass number (A), which is very close to the 
atomic weight of an element. The mass number 
(A) of 12C nuclide is 12 and its atomic mass is 
considered as 12 atomic mass units (AMU or u). 
The atomic weight of natural carbon, however, is 
12.011 since it is a mixture of 12C (98.89%) and 
13C (1.11%) nuclides or isotopes. The mass–
energy relationships of the fundamental sub-
atomic particles are summarized in Table 3.2.

3.4.2  The Bohr Model of an Atom

The atom consists of an extremely dense, small 
positively charged nucleus surrounded by a cloud 
of electrons with small size and mass, each carry-
ing a single negative charge equal but opposite to 
that of a proton in the nucleus. Because the num-
ber of electrons and protons in an atom is the 
same, the whole atom is electrically neutral. The 
atomic volume (10−8 cm diameter) with the cloud 
of electrons is significantly larger than the vol-
ume of the nucleus (10−13 cm diameter). Based on 
Rutherford’s discovery of the atomic nucleus and 
Plank’s discovery of the energy quantum 
(E = hn), Neils Bohr developed the first quantum 
model of an atom in 1913 (Fig. 3.4). According to 
this model, an electron in a hydrogen atom rotates 
around the nucleus at high speeds in closed circu-
lar orbits associated with a characteristic quan-
tum number (n). The electron in general exists in 

Table 3.2 Fundamental particles of matter

Massa Energyb Charge
Particle u kg MeV Elementary Coulombs (C)

Electron, e− 0.0005486 9.11 × 10−31 0.511 −1 −1.602 × 10−19

Positron, e+ 0.0005486 9.11 × 10−31 0.511 +1 +1.602 × 10−19

Proton, p/H+ 1.007825 1.673 × 10−27 938.78 +1 +1.602 × 10−19

Neutron, n° 1.008665 1.675 × 10−27 939.56 0 –
a Mass is expressed in international mass unit (u), which is equal to 1/12th the mass of carbon-12 atom (1.66054 × 10−24 g)
b The energy given here is the rest mass energy of the particle

Fig. 3.4 Schematic representation of the Bohr and 
Sommerfeld model of atom showing circular (K shell) and 
elliptical (L shell) orbits

3.4  Atoms
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a low energy orbit (ground state). Gain or loss of 
a quantum of energy occurs only when an elec-
tron moves from one orbit to one of greater or 
lesser energy. As a result, an atom can absorb or 
emit energy in discrete units or quanta.

In 1916, Arnold Sommerfeld suggested that 
the electron orbits can be elliptical, and to differ-
ent degrees. Consequently, the orbital quantum 
number (l) was introduced. The circular and 
elliptical orbits are assumed to be in a single 
plane. When atoms are in a magnetic field; how-
ever, the orbits may be tipped. These orbits can 
best be represented in a three-dimensional spher-
ical space around the nucleus. To account for this 
magnetic effect, a magnetic quantum number (m) 
was introduced. Subsequently, Wolfgang Pauli 
introduced the spin quantum number (s) to repre-
sent the direction of electron spin (clockwise or 
anticlockwise).

The arrangement of electrons around the 
nucleus (Fig.  3.4) in an atom can be described 
based on the four quantum numbers. A more 
detailed representation of electron orbits based 
on quantum mechanics is described in the chem-
istry section Chap. 7.

3.4.2.1  Electron Binding Energy
When the atom is in a ground state, electrons in 
an atom occupy the innermost shells of an atom. 

In the most stable configuration, electrons are 
most tightly bound to the nucleus. Electrons can 
move to higher energy or higher shells or can 
even be completely removed from the atom by 
providing energy to the electrons. The amount of 
energy required to remove an electron from a 
given shell (and to overcome the force of attrac-
tion of the nucleus), is called the binding energy 
of the shell. The binding energy is greatest for the 
innermost shell (K shell, n = 1) and increases as 
the atomic number (Z) increases (Fig. 3.5). The 
energy required for an electron to jump from a 
lower shell (K shell) to a higher shell (L, M, N, 
etc.) is exactly equal to the difference between 
the shells.

Calculations of the energy levels of electrons 
in an atom involve the following physical princi-
ples. Based on the electron rest mass (m), veloc-
ity (v) and radius of the orbit (r), the angular 
momentum (mvr) of the electron about the 
nucleus is given by

 
mvr n h

=
2π  

(3.10)

where n is the principal quantum number and h is 
Planck’s constant (6.626 × 10−34 J s).

The force experienced by an electron (mv2/r) 
in its orbit is supplied by the Coulomb attraction 
between the electron (−e) and the nuclear charge 
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Fig. 3.5 The electron binding energy level diagram for hydrogen (a) and tungsten (b)
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(+Ze), Therefore, the equation for the motion of 
electron is given by

 

mv
r
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2
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πε  

(3.11)

where ε0 is the permittivity of free space, and 1/4
πε0 = k0 = 8.98755 × 10−9 N m2 C−2.

The total energy of the electron in any orbit 
(nth orbit) is given by the sum of its kinetic and 
potential energy
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The lowest energy occurs when n = 1. For a 
hydrogen atom, the ground state energy or the 
binding energy is −13.6 eV (Fig. 3.5). The energy 
required to remove an electron from its ground 
state is called the ionization potential, which is 
13.6  eV.  In comparison, for lead, the electron 
binding energy of a K shell electron is 88,005 eV.

3.5  Nuclear Structure

3.5.1  Composition and Nuclear 
Families

The size or the diameter of the atomic nucleus is 
very small compared to the diameter of an atom 
(10−13 cm versus 101−8 cm). The nucleus is com-
posed of protons and neutrons and, collectively, 
these elementary particles are known as nucle-

ons. The mass of nucleons is almost 2000 times 
that of electron mass. Therefore, the density of 
the nucleus is very high compared to that of an 
atom.

For a given chemical element, the total num-
ber of protons (Z) and neutrons in the nucleus is 
known as the mass number (A), which is almost 
equal to the atomic weight (AW). The difference 
between A and Z is the neutron number (n).

A nuclide with a life span of greater than 
10−12  s is generally characterized by an exact 
nuclear composition, given by A, Z, and the 
arrangement of nucleons within the nucleus. 
Even though 118 chemical elements are known, 
more than 3000 nuclides have been discovered. 
The physical characteristics of the subatomic 
particles are summarized in Table 3.2.

Different combinations of protons and neu-
trons create different nuclear families. Atomic 
nuclei of the same element have the same number 
of protons (Z) but can have different numbers of 
neutrons (N) and different mass numbers (A). 
Such nuclides of an element are known as iso-
topes of that element. Nuclides with the same A, 
but different Z are called isobars while the 
nuclides with same N, but different A and Z are 
called isotones. Nuclear isomers are nuclides 
with the same A and Z, but different nuclear ener-
gies. Examples of different nuclear families are 
shown below (Fig. 3.6).

3.5.2  Nuclear Binding Energy

In physics and chemistry, binding energy is the 
smallest amount of energy required to remove a 
particle from a system of particles. At the nuclear 
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level, the nuclear binding energy is the energy 
required to disassemble (to overcome the strong 
nuclear force) a nucleus of an atom into its com-
ponent parts (protons and neutrons). Most of the 
binding energy, however, is nuclear binding 
energy, since energy required to remove electrons 
from an atom is relatively small. Mass defect or 
deficiency (Δm) is the difference between the 
mass of the atom and the sum of the masses of 
individual components. Binding energy (EB) is 
the energy equivalent of Δm. For example, in the 
case of 12C atom, the Δm is 0.09906 u, which is 
equal to 92.22  MeV.  The binding energy per 
nucleon (EB/A) for 12C is 7.685 MeV. The binding 
energies of several nuclides as a function of mass 
number are shown in Fig. 3.7.

3.5.3  Nuclear Stability

Protons and neutrons within the nucleus are sub-
ject to two kinds of forces. Since like charges 
repel, electrical forces of repulsion exist between 
protons. In contrast, the strong exchange forces 
(the strong nuclear force), which can operate 
only at small distances (<3 fm), keep the protons 
and neutrons together in the nucleus. The shell 
model of the nucleus suggests that nucleons 
move in orbits about one another, while the 
liquid- drop model suggests that the nucleus is 
more like a drop of liquid.

Why are some combinations of protons and 
neutrons more stable than others? 12C with six 
protons and six neutrons is stable forever, while 
11C with six protons and five neutrons is very 
unstable and decays with a half-life of only 
20 min. In general, elements with a low atomic 
number (Z < 10) contain equal number of protons 
and neutrons and, therefore, are more stable. In 
contrast, as the atomic number Z increases, more 
and more neutrons are needed in the nucleus to 
keep the elements stable (Fig.  3.8). In general, 
nuclides with even number of protons and neu-
trons are more stable than nuclides with an odd 
number of protons and neutrons. The nuclear sta-
bility, therefore, depends on

• Neutron/proton ratio (n/p): Among the iso-
topes of every element, there is an optimal 
ratio favoring stability. The number of neu-
trons required to maintain stability is 
approximately 1.5 Z for heavy elements. All 
elements with Z > 83 and A > 209 are unsta-
ble and spontaneously decay or transform 
into more stable combinations of protons 
and neutrons.

• The binding energy/nucleon (EB/A): The bind-
ing energy is greatest (>8 MeV) for nuclides 
with A ≈ 60. It decreases slowly with increas-
ing A, indicating the tendency toward instabil-
ity for heavy elements.
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The most stable arrangement of nucleons 
within the nucleus is called the ground state. 
Excited states are unstable and have higher ener-
gies. They also have a transient existence (10−12s) 
and tend to transform into stable ground states. 
Metastable states exist longer (>10−12s), but 
eventually, also transform to ground states.

3.6  Atomic and Nuclear 
Emissions

3.6.1  Emissions from Electron 
Shells

When atoms are excited, electrons in the inner 
shells gain energy and jump to higher energy 
outer shells, but with lower electron binding 
energies. When these electrons jump back to 
more stable lower orbits, energy is emitted in 
the form of electromagnetic radiation of all 
types (such as visible, UV, infrared, and radio 
waves), from atomic shells (Fig.  3.9). Also, 
electrons (photoelectrons or Auger electrons) 
are emitted from atoms under certain circum-
stances. The emission of photoelectrons follow-
ing interaction of energetic photons is discussed 
in Chap. 5.

3.6.1.1  X-rays
In the photoelectric effect, photons of light trans-
fer energy to the electrons in an atom. In the 
inverse photoelectric effect, the kinetic energy of 
an electron is converted into a photon. In 1895, 
Röntgen discovered that when cathode rays (neg-
atively charged particles or electrons) strike the 
atoms of a glass vacuum tube, they produce pen-
etrating X-rays that cause a salt (barium platino-
cyanide) to glow. Soon it was realized that X-rays 
are high energy electromagnetic (em) radiation. 
An accelerated electric charge will radiate em 
waves. As the fast-moving cathode rays approach 
the positive charge in the nuclei of atoms in the 
glass, electrons are brought to rest (accelerated), 
and the kinetic energy of electrons is converted to 
em waves. Radiation produced under these cir-
cumstances was given the name bremsstrahlung 
(breaking radiation). It was also realized that 
when denser, more massive atoms in a metal are 

used to stop accelerated electrons, X-rays of 
higher energies can be generated.

3.6.1.2  Characteristic X-rays
In 1911, the British physicist Charles Barkla 
noticed that each metal produces X-rays of a par-
ticular wavelength, depending on the metal 
(Fig. 3.9) and called the more penetrating beam K 
X-rays, and the less penetrating beam L X-rays. 
The wavelength of X-rays decreases (energy 
increases) as the atomic number of elements 
increased. Emissions from transitions >100  eV 
(0.1 keV) are called characteristic or fluorescent 
X-rays. Emission of characteristic X-rays occurs 
when orbital electrons move from an outer shell 
to fill an inner shell vacancy (such as L → K or 
M →  K shell). The energy of the characteristic 
X-rays is the difference in binding energies of 
these shells. For example, de-excitation (e.g., 
M → K transition = Kβ) of a tungsten atom results 
in the emission of characteristic X-rays of 67 keV, 
the difference in binding energy between M and 
K shells. The probability that the electron transi-
tion will result in the emission of characteristic 
X-rays is called fluorescent yield (ω), which is 
essentially zero for elements with low Z (<10) 
and increases as Z increases.

3.6.1.3  Auger Electrons
Just as in the production of characteristic X-rays, 
an electron from the outer shell drops down to fill 
the vacancy in a lower shell and energy is 
released. As an alternative to the emission of 
X-rays, the energy is transferred to another 
orbital electron, which is ejected from the atom 
(Fig.  3.9). The emission of electron from the 
inner shell is known as the Auger effect (or Auger-
Meitner effect), which in turn creates two vacan-
cies in the shell. For example, the deexcitation 
(e.g., M → K transition = Kβ) of a tungsten atom 
results in the emission of an Auger electron with 
64.5  keV: the difference in binding energy 
between M and K shells minus the binding energy 
of another electron in M shell, which is ejected. 
Again, this vacancy is filled by outer electrons 
resulting in characteristic X-rays or Auger elec-
trons. Elements with lower Z are more likely to 
eject Auger electrons, while elements with higher 
Z are more likely to emit characteristic X-rays.

3.6  Atomic and Nuclear Emissions
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3.6.2  Nuclear Emissions

3.6.2.1  Gamma Rays and Subatomic 
Particles

Like an excited atom, an excited nucleus can emit 
electromagnetic radiation in order to come to the 
ground state (Fig. 3.9). The photons emitted by 
the nuclei range in energy up to several MeV and 
are traditionally called γ rays. The energy of a γ 
photon corresponds to the energy difference 
between the various initial and final states in the 
transitions involved. Deexcitation of the excited 
nuclei may emit only γ rays (as in the case of 
nuclear isomers) or emit γ rays in addition to 
nonpenetrating radiation such as β-rays, α-rays, 

protons, and neutrons during the radioactive 
decay process.

3.6.2.2  Internal Conversion
As an alternative to γ rays, an excited nucleus in 
some cases may return to its ground state by 
transferring the excitation energy to one of the 
orbital electrons, which is then ejected from the 
atom. This process of converting nuclear energy 
to eject an orbital electron (Fig.  3.9) is called 
internal conversion, which is analogous to the 
photoelectric effect. The KE of conversion elec-
tron is equal to the difference between the lost 
nuclear excitation energy and the binding energy 
of the electron from the ejected atomic shell.

Fig. 3.9 Atomic emissions: When an electron from an 
outer higher energy shell moves in to fill a vacancy in a 
lower shell, the energy released may appear as electro-
magnetic radiations, such as X-rays or as an alternative, 

the atom may undergo Auger effect and may emit elec-
trons, known as Auger electrons. In contrast, the energy 
from the nucleus may be emitted in the form of γ-rays or 
promote emission of conversion electrons

3 Atoms and Radiation
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4Radioactivity

My experiments proved that the radiation of ura-
nium compounds … is an atomic property of the 
element of uranium. Its intensity is proportional to 
the quantity of uranium contained in the com-
pound, and depends neither on conditions of chem-
ical combination, nor on external circumstances, 
such as light or temperature. The radiation of tho-
rium has an intensity of the same order as that of 
uranium, and is, as in the case of uranium, an 
atomic property of the element.

It was necessary at this point to find a new term 
to define this new property of matter manifested by 
the elements of uranium and thorium. I proposed 
the word radioactivity which has since become 
generally adopted; the radioactive elements have 
been called radio elements. (Marie Sklodowska 
Curie)

4.1  The Discovery

In 1895, Wilhelm Roentgen discovered X-rays 
because of the fluorescence they caused on a 
screen coated with barium platinum cyanide. He 
noticed that X-rays became fluorescent in the 
area where the cathode rays (electrons) interacted 
with the glass.

Two months later, Henry Becquerel, Professor 
of Physics at the Ecole Polytechnique in Paris, 
heard about the discovery of X-rays and immedi-
ately thought of a possible connection between 
X-rays and fluorescence. He quickly initiated a 
series of experiments to test whether fluorescent 
substances emitted X-rays. In February 1896 he 
was exploring the possibility that sunlight might 

cause crystals to emit penetrating rays like the 
X-rays. As luck would have it, he used uranium–
potassium bisulfate (uranium salts were known to 
be phosphorescent). These crystals were placed 
next to a photographic plate that was wrapped in 
dark paper. If sunlight causes the crystals to emit 
penetrating rays, then these rays might penetrate 
the paper and darken the plate. Because the 
weather was cloudy, Becquerel placed the 
unwrapped plate in the drawer of a cabinet but left 
the crystals on the cabinet. When he developed 
the plate a couple of days later, to his surprise he 
found an intense darkening on it, caused by expo-
sure to radiation. He immediately concluded that 
some invisible rays from the uranium had pene-
trated the cabinet and the dark paper covering the 
plate and finally exposed the photographic plate. 
For a few years, these rays were known as 
Becquerel rays or rayons uranique. Becquerel 
soon discovered that the rays from the uranium 
also ionized gases, thus making them conductors. 
A crude and simple gold leafed electroscope was 
used to measure the activity of this radiation.

In 1898, Maria Sklodowska Curie and Pierre 
Curie discovered that thorium also emitted such 
rays. That year, the phenomenon of penetrating 
radiation emitted by uranium and thorium was 
given the name radioactivity by the Curies. Marie 
observed that the uranium ore, pitchblende was 
much more active and discovered that the 
increased activity was due to the presence of two 
new radioactive elements, polonium and radium.
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In 1900, the French chemist Paul Villard dis-
covered a form of radioactive emission that was 
extremely penetrating and was not deflected by a 
magnetic field analogous to X-rays. This radia-
tion was later given the name, gamma rays.

4.2  Nuclear Disintegration

Ernest Rutherford and his coworkers at the 
Cavendish Laboratory in England distinguished 
three components in the radiations from natural 
radioactive elements, which he called α rays, β− 
rays, and γ rays. These components were eventu-
ally identified as helium nuclei, electrons, and 
high-energy photons, respectively (Fig. 4.1).

In 1902, Rutherford and Frederick Soddy 
explained the cause and nature of radioactivity. 
They proposed a nuclear disintegration theory, 
which states that radioactivity is actually the 
changing of one chemical element into another 
through the emission of α or β− particles. 
According to their “Radioactive decay law,” 

radioactivity is an “atomic” phenomenon, which 
is accompanied by “chemical” changes. The law 
of radioactive displacements, also known as 
Fajas’ and Soddy’s law, is a rule governing the 
transmutation of elements during radioactive 
decay. The law describes which chemical element 
is created during a particular type of radioactive 
decay. See Table 4.1, for specific examples.

The existence of isotopes was first suggested 
in 1913 by the radiochemist Frederick Soddy. He 
showed that mesothorium (later shown to be 
228Ra), radium (226Ra), and thorium X (later 
shown to be 224Ra) are impossible to separate. 
Soddy proposed that several types of atoms with 
different atomic weights (differing in radioactive 
properties, but same chemical properties) could 
occupy the same place in the table. The term 
“isotope,” Greek for “at the same place,” was 
suggested to Soddy by Margaret Todd, a Scottish 
physician and family friend, during a conversa-
tion in which Soddy explained his ideas to her. In 
1921, the Nobel Prize in Chemistry was awarded 
to Frederick Soddy for his contributions to our 

Fig. 4.1 The three components of radioactive emissions 
originating from the unstable nuclei of natural radionu-
clides of uranium and thorium: α, β−, and γ, as they were 
called by Rutherford. Subsequently, two other decay 

modes, EC and positron emission were identified. In con-
trast, characteristic X-rays originate from the inner shells 
of electronic orbits
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Table 4.1 Elements with different isotopes showing differences in n/p ratios and the nuclear binding energy/nucleon

Element

Isotope

n/p Ratio

NBE/nucleon % Decay abundance

Z Isotope MeV Stability α β− β+ EC γ
Carbon 6 11C 0.8333 7.645 Radioactive – 99 1 *

12C 1.0 7.680 Stable (98.9%) – – – –
13C 1.1666 7.710 Stable (1.1%) – – – –
14C 1.3333 7.736 Radioactive 100 – – –

Fluorine 9 18F 1.0 7.680 Radioactive – 97 3 –
19F 1.1111 7.701 Stable (100%) – – – –
20F 1.2222 7.719 Radioactive 100 – – *

Copper 29 61Cu 1.1035 7.699 Radioactive – 100 – *
62Cu 1.1379 7.705 Radioactive – 98 2 –
63Cu 1.1724 7.711 Stable (69.17%) – – – –
64Cu 1.2069 7.717 Radioactive 39 19 41 *
65Cu 1.2414 7.722 Stable (30.83%) – – – –
67Cu 1.3103 7.733 Radioactive 100 – – *

Gallium 31 66Ga 1.1290 7.704 Radioactive – 56 43 *
67Ga 1.1613 7.709 Radioactive – – 100 *
68Ga 1.1935 7.715 Radioactive – 90 10 *
69Ga 1.2258 7.720 Stable (60.1%) – – – –
71Ga 1.2903 7.730 Stable (39.9%) – – – –
72Ga 1.3226 7.735 Radioactive 100 – – *

Radium 88 223Ra 1.5340 7.770 Radioactive 100
226Ra 1.5682 7.774 Radioactive 100
228Ra 1.5909 7.776 Radioactive 100

Uranium 92 235U 1.5543 7.564 Radioactive 100
238U 1.5869 7.571 Radioactive 100

knowledge of the chemistry of radioactive sub-
stances, and his investigations into the origin and 
nature of isotopes.

The first evidence for multiple isotopes of a 
stable (nonradioactive) element was found by 
J.J.  Thomson in 1912. He observed that stable 
neon gas exists in two forms: Ne-20 (90.48%) 
and Ne-22 (9.25%). Subsequently, F.W.  Aston 
discovered multiple stable isotopes for numerous 
elements using a mass spectrograph. Aston’s 
whole-number rule for isotopic masses states that 
large deviations of elemental molar masses from 
integers are primarily due to the fact that the ele-
ment is a mixture of isotopes. For example, the 
molar mass of chlorine gas (35.453) is a weighted 
average of the almost integral masses for the two 
isotopes 35Cl (75.77%) and 37Cl (24.23%). The 
Nobel Prize in Chemistry was awarded to Francis 
William Aston in 1922 for his discovery of iso-
topes, in a large number of stable elements, and 
for his enunciation of the whole-number rule.

Nuclear transmutation is a phenomenon in 
which an unstable atomic nucleus disintegrates in 

order to acquire a more stable state, by emitting 
subatomic particles, and/or electromagnetic radi-
ation. This phenomenon is called radioactivity or 
radioactive decay. One of the most important 
points to understand is that the energy liberated 
during the radioactive decay comes from within 
the individual nuclei of a radioactive element 
without any external excitation, unlike in the case 
of atomic radiation.

In 1934, when Frèdèric and Irène Joliot-Curie 
bombarded aluminum (27Al) with α particles, 
they observed that the product nuclide 30P emits 
positrons (β+) identical to those found in cosmic 
rays by Carl Anderson in 1932. The Curies 
termed the phenomenon artificial radioactivity, 
because 30P is a short-lived nuclide which does 
not exist in nature. Frèdèric and Irène Joliot- 
Curie received the Nobel prize in 1935 for the 
discovery of artificial radioactivity, while Carl 
Anderson received the Nobel prize in 1936 for 
the discovery of positrons.

In December 1938, the radiochemists, Otto 
Hahn and Fritz Strassmann bombarded uranium 
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with slow neutrons and observed that barium has 
been produced. The physicists, Lise Meitner and 
Otto Robert Frisch theorized and then proved that 
the uranium nucleus had been split into two lighter 
elements, with the emission of 2–3 neutrons and 
large amount of energy. They named the process 
Fission. Hahn was awarded the 1944 Nobel Prize 
in chemistry for the discovery of fission. With the 
discovery of nuclear fission, scientists realized 
that some unstable nuclides with high atomic 
numbers may also undergo spontaneous fission.

Following the discovery of the proton by 
Rutherford in 1919 and the neutron by Chadwick 
in 1932, it became clear that the neutron/proton 
ratio of any nuclide, and the nuclear binding 
energy per nucleon, NBE/nucleon (Chap. 3) are 
the two most important characteristics of any 
nuclide that would determine the stability of an 
element, and the kind of radioactive decay it 
undergoes in order to attain stability. 56Fe is the 
most stable nuclide with 8.79 MeV NBE/nucleon. 
Table 4.1 shows several elements with different 
isotopes, showing differences in n/p ratios, and 
the nuclear binding energy/nucleon.

4.2.1  Types of Radioactive Decay

Three of the most common types of decay are 
alpha decay (α- decay), beta decay (β- decay), and 
gamma decay (γ- decay), all of which involve 
emitting one or more charged particles or electro-
magnetic radiation. The weak nuclear force is the 
mechanism that is responsible for β decay, while 
the other two are governed by the electromag-

netic and strong nuclear forces. There are 28 
naturally occurring chemical elements on Earth 
that are radioactive, consisting of 34 radionu-
clides (known as primordial nuclides). Another 
50 or so shorter-lived radionuclides, such as 226Ra 
and 227Ac, found on Earth, are the products of 
decay chains that began with the primordial 
nuclides, or are the product of ongoing cosmo-
genic processes, such as the production of 14C 
from stable 14N in the atmosphere by cosmic rays.

The radioactive decay processes fall into two 
categories: one that involves a change in the mass 
number A of a radionuclide, and one in which 
both the parent and the daughter radionuclides 
have the same mass number (isobaric decay). The 
five major types of radioactive decay are shown 
in Table  4.2. The different radioactive decay 
modes are shown in the decay scheme diagram 
(Fig. 4.2).

4.2.1.1  Alpha (α) Decay
Alpha decay (Table 4.2) is generally seen in high 
atomic number elements such as 238U, 230Th, 
226Ra, and 225Ac. The radionuclide ejects an α par-
ticle (two protons and two neutrons) and, because 
it loses two protons, it is converted into a nuclide 
with a lower atomic number. Alpha particles are 
monoenergetic and may have kinetic energies in 
the range of 4–9 MeV. Radionuclides emitting α 
particles may also emit γ photons. Nuclides with 
A > 210 are so large, they need to eject α particles 
to reduce their size and alter the n/p ratio to 
become relatively more stable.

 88
226

86
222

2
4Ra Rn� � � (4.1)

Table 4.2 Radioactive decay modes: nuclear transmutations

Decay mode
Reason for instability of 
parent nucleus Transformation Example n/p ratio change

Alpha decay Too large
Z
A

Z
AX Y� ��
�
2
4

2
4� 88

226
86
222

2
4Ra Rn� � � Increases

Beta decay Neutron rich
Z
A

Z
AX Y� ��

�
1 e 6

14
7
14C N e v� � �� Decreases

Positron emission Neutron deficient
Z
A

Z
AX Y� ��

�
1 e 6

11
5
11C B e v� � �� Increases

Electron capture Neutron deficient
Z
A

Z
AX Y� ��
�e 1 49

111
49
111In e Cd� �� Increases

Isomeric transition Excess energy
Z
A

Z
AX Y� � � � 43

99
43
99mTc Tc� � � � No change

4 Radioactivity

https://en.wikipedia.org/wiki/Alpha_decay
https://en.wikipedia.org/wiki/Beta_decay
https://en.wikipedia.org/wiki/Gamma_ray
https://en.wikipedia.org/wiki/Subatomic_particle
https://en.wikipedia.org/wiki/Weak_force
https://en.wikipedia.org/wiki/Fundamental_interactions
https://en.wikipedia.org/wiki/Electromagnetic_force
https://en.wikipedia.org/wiki/Electromagnetic_force
https://en.wikipedia.org/wiki/Strong_force


53

Stable nuclide

a

a

g
g

Stable nuclide Stable nuclide

Radionuclide

EC IT

b+

b–

b–

EC

Stable nuclide

a

g

0.471%
42.63%

17.86%

39.03%

1346 KeV

64
29 Cu (T1/2 = 12.7 h)

64
28 Ni (stable)

64
30 Zn (stable)

EC
EC

b+

b–

b

g g

Fig. 4.2 The radioactive decay scheme diagram (a) 
shows the major decay modes. The parent radionuclide is 
shown above while the lines to the right represent β− 
decay and the lines to the left represent α, β+, or EC decay 
modes. Gamma emission is represented by the perpen-

dicular lines. The lines at the bottom represent the ground 
state energy of the stable nuclide. The decay scheme (b) 
of 64Cu shows three different decay modes: α decay, β− 
decay, and β+ decay

As shown in Eq. (4.1), 226Ra (T½ = 1620 years) 
decays to 222Rn gas with the emission of a 
4.78 MeV α particle and 0.186 MeV gamma pho-
tons. 222Rn (T½ = 3.82 days) is also unstable and 
decays to unstable 218Po. In fact, 226Ra 
(n/p = 1.5682) goes through a decay series (Sect. 
4.2.2) to finally become stable 206Pb 
(n/p = 1.5122).

4.2.1.2  Beta (β−) Decay
In beta decay, neutron (n)-rich nuclides decay by 
emitting an electron or β− rays. In an unstable 
nucleus, a neutron is converted into a proton (p), 
an electron, and an antineutrino (ν). Since only 
the electron and antineutrino are ejected, the 
daughter is the next element in the periodic table, 
with Z + 1 protons, compared to the parent.

4.2  Nuclear Disintegration
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 n p e v� � ��

 (4.2)

The electron and proton do not exist in the 
neutron; they, together with the neutrino, are 
 created at the moment of decay. The kinetic ener-
gies of electrons ejected in the beta decay vary 
continuously from 0 to a maximum value of 
KEmax ( Eβ

max ), characteristic of the radionuclide 
(Fig. 4.3a). In an attempt to explain the continu-
ous spectrum of β particle energies, Wolfgang 
Pauli in 1930, proposed that a neutral particle 
with zero or a very small undetectable mass 
would carry off some of the energy equal to the 
difference between KEmax and the actual kinetic 
energy of the electron. This hypothetical particle 
was later called neutrino by Enrico Fermi and 
was eventually detected in the 1950s by Reines 
and Cowan. Typically, the average kinetic energy 
of the β particle ( Eβ ) is about one third of Eβ

max . 
With certain β- emitting radionuclides, the 
daughter nuclide is in an excited state, which 
promptly reaches ground state by the emission of 
γ rays. For example, in case of 131I, 81% of the 
daughter 131Xe atoms are in an excited state and 
emit γ photons (364 keV). Since the emission of 
γ photons follows almost immediately after the 
beta emission, this sequential decay process is 
referred to as a β, γ decay.

4.2.1.3  Positron (β+) Decay
Nuclides that are deficient in neutrons are unsta-
ble and decrease the number of positive charges 
in the nucleus (i.e., protons) by decaying either 
through positron emission or electron capture 
(EC). These two decay modes are regarded as 
inverse beta decay. They are alternatives to reach 
the ground state when an unstable nucleus is 
neutron- deficient. Positron emission may be 
more common in elements with a lower atomic 
number, while electron capture is seen mostly in 
elements with high atomic numbers.

A positron is an antiparticle of an ordinary 
electron. In a proton-rich nuclide, a proton in the 
nucleus is transformed into a neutron, positron, 
and a neutrino (conversion of a proton into a neu-
tron can only happen inside a nucleus).

 p n e v� � ��

 (4.3)

In 1928, Paul Adrien Maurice Dirac predicted 
the existence of an antielectron or positron. This 
prediction was unexpectedly confirmed in 1932 
by the American physicist Carl Anderson, who 
detected high-energy positrons in cosmic 
radiation.

In 1934, Irene Curie and Frederick Joliot 
reported the discovery of artificial radioactivity. 
More specifically, when natural stable 27Al was 
bombarded with alpha particles, 30P (T½ = 3 min) 
was produced, following which positron emis-
sion decayed to stable 30Si, as shown below.

 13
27

2
4

15
30Al P n� � ��  (4.4)

 15
30

14
30P Si e v� � ��

 (4.5)

Positron emission leads to a daughter nucleus 
of a lower atomic number (Z  −  1), leaving the 
mass number unchanged. Just as in β− decay, the 
positron (β+) emission spectrum is continuous 
(Fig. 4.2), with positron energies ranging from 0 
to Eβ

max . The average energy of the positron is 
one-third of the maximum. The difference 
between the maximum energy and the actual 
energy of a positron is carried off by the neutrino. 
One of the consequences of positron emission is 
annihilation radiation, which is discussed in 
more detail in Chap. 5. Just as in β− decay, the 
daughter nuclide may be in an excited state and 
as a result, the sequential β+, γ decay process 
involves emission of gamma photons from the 
daughter nucleus. 11C, 18F, 64Cu, 68Ga, and 124I, 
used in developing molecular imaging radiophar-
maceuticals for PET, are the most important 
radionuclides that decay by positron emission.

4.2.1.4  Electron Capture (EC)
The unstable neutron-deficient nuclides may also 
reach the ground state by decreasing the positive 
charge in the nucleus by a process in which an 
orbital electron, usually from a K-shell, is cap-
tured by the parent nucleus, resulting in the con-
version of one of the protons into a neutron. Since 
the energy of the parent nuclide is high, a neu-
trino is also produced, taking away some of the 
transition energy.

 p e n v� � ��

 (4.6)
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Fig. 4.3 The continuous β− energy spectrum (a) showing 
the distribution of β− particles (relative number versus 
energy) emitted by 14C. The average energy is denoted by 

Eβ , while the maximum energy is denoted by Eβ
max .  

The spectrum at the bottom (b) shows discrete kinetic 
energy of α particles ejected from the nucleus
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The electron capture (K-capture) decay 
process leads to a daughter nucleus of a lower 
atomic number (Z − 1), leaving the mass number 
unchanged. As a vacancy is created in the K-shell 
of the daughter nuclide, characteristic X-rays 
and/or Auger electrons are ejected from the 
daughter nuclide. Sometimes, the daughter 
nuclide may also be in an excited state due to a 
change in the n/p ratio. As a result, gamma pho-
tons and conversion electrons are emitted from 
the daughter nuclide in a process known as EC, γ 
decay mode. 67Ga, 111In, and 123I are the most 
important radionuclides with EC decay mode 
that are useful for developing molecular imaging 
radiopharmaceuticals for SPECT.

4.2.1.5  Isomeric Transition (IT)
When an unstable decay occurs by any of the 
decay modes described above, the daughter 
nucleus may be in an unstable long-lived meta-
stable state. Transitions or decays of such 
metastable nuclides (exist for >101−12 s) result 
in the emission of gamma photons (Fig.  4.2) 
and leave both Z and A unchanged. The two 
nuclides of an element that differ only in the 
energy content are called isomers (different 
from the concept of isomers in chemistry). The 
metastable states are called “isomeric states” 
(designated with letter m next to A), and the 
decay process is known as “isomeric transi-
tion.” As an alternative, the nucleus of a meta-
stable nucleus may transfer the energy to an 
orbital electron, which then is ejected from the 
atom, and such an electron is also known as a 
conversion electron. In contrast to beta decay, 
conversion electrons do not display a continu-
ous energy spectrum, but show discrete ener-
gies. The most important radionuclide decaying 
by isomeric transition is 99mTc which is very 
useful for developing molecular imaging 
agents for use with SPECT.

4.2.1.6  Multiple Decay Mode
Certain radionuclides decay by a single decay 
mode while some decay by multiple decay modes. 
As mentioned earlier, neutron-deficient radionu-

clides may decay by EC or by positron emission. 
However, for a radionuclide (such as 64Cu) to emit 
both β− and β+ particles, the n/p ratio must be very 
close to that of the stable isotope of that element 
(Table 4.2) and Fig. 4.2b. Every decay mode may 
also involve emission of γ photons.

4.2.2  Radioactive Decay Series

Often an unstable radionuclide, especially one 
with a high atomic number, cannot reach a stable 
ground state through a single decay process. In 
such a case, a decay series or decay chain 
(sequential series of transformations) occurs until 
a stable nuclide is formed. It is also known as a 
“radioactive cascade.” The three main decay 
chains (or families) observed in nature, com-
monly are called the thorium series (A = 4n), the 
radium or uranium series (A = 4n + 2), and the 
actinium series (A = 4n + 3), representing three of 
these four classes, and ending in three different, 
stable isotopes of lead. The mass number of every 
isotope in these chains can be represented as 
A = 4n, A = 4n + 2, and A = 4n + 3, respectively. 
The long-lived starting isotopes of these three 
isotopes, respectively 232Th, 238U, and 235U, have 
existed since the formation of the earth. In 1940s, 
it was discovered that the artificially produced 
radionuclide 237Np exhibits a series decay mode 
(A  =  4n  +  1) in which the parent 237Np after a 
series of transformations final forms the stable 
209B and 205Tl isotopes.

In 1998, Marie and Pierre Curie discovered 
two new elements polonium (210Po) and radium 
(226Ra) in the uranium ore, pitchblende. The ura-
nium decay series (A = 4n + 2) starts with 238U 
and ends with stable 206Pb (Fig. 4.4). During this 
process, eight alpha particles and six beta parti-
cles are emitted before reaching the ground state, 
after losing ten protons and 22 neutrons. Both 
226Ra and 210Po are the intermediate radioactive 
decay products of 238U. Radium-226 is 2.7  million 
times more radioactive than the same molar 
amount of natural uranium. The γ-ray energy 
spectrum of uranium ore (Fig. 4.5) shows several 
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nuclides that are typical of the decay chain of 
238U and have been identified as 226Ra, 214Pb, and 
214Bi.

With some radionuclides, the decay series 
may involve only two or three decays before 
reaching a stable ground state. For example, the 
unstable 99Mo reaches stable 99Ru as shown 
below. The intermediate 99Tc has a long half-life 
(2.1 × 105 year).

 42
99

43
99

43
99

44
99Mo Tc Tc Rum

IT
� � �
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 (4.7)

4.2.3  Nuclear Fission

Nuclear fission is the division or break-up of a 
heavy unstable nucleus into two lighter nuclei in 

order to reduce its size. Spontaneous fission may 
occur in heavy nuclides, but the probability is 
very low. For example, 235U undergoes spontane-
ous fission with a very long half-life 
(2 × 1017 year).

In 1938, Otto Hahn, a German radiochemist, 
discovered that 235U undergoes fission when 
struck by a slow neutron. It is not the impact of 
the neutron that induces fission. Instead, follow-
ing absorption of the neutron, the 236U nucleus is 
so unstable that almost at once it explodes into 
two lighter nuclei known as fission fragments. In 
addition, an enormous amount of energy 
(≈200 MeV) and 2–3 high-energy neutrons, per 
nuclear fission, are also released. Lise Meitner, a 
nuclear physicist, coined the name fission to 
describe the splitting of a uranium atom into two 
lighter elements.
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 (4.8)
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The above processes are only a couple of 
examples of the many fission fragments that 235U 
can produce. In fact, over 200 different radioiso-
topes of 35 different elements have been observed 
among fission products. Most of these fragments 
are neutron rich and decay by beta decay.

4.3  Radioactive Decay Equations

4.3.1  Exponential Decay

Radioactive decay or transformation is a statisti-
cal process that obeys the laws of chance. No 
cause–effect relationship is involved in the decay 
of a radionuclide, only a certain probability per 
unit time.

The activity (A) of a sample of a radionuclide 
is the rate at which the nuclei of its constituent 
atoms (N) decay. Also, the activity or the disinte-
gration rate of a radionuclide at any time is pro-
portional to the total number of radioactive atoms 
present at that time. Mathematically, the rate of 
decay (A) is given by

 
A N

t
N� � �

d
d  

(4.10)

 
A N

t
N� �

d
d

�
 

(4.11)

where N is the number of radioactive atoms and λ 
is the decay constant (or proportionality constant), 
which is defined as the probability of disintegra-
tion per unit time. The minus sign indicates that 
the number of atoms is decreasing with time. The 
above equation for the rate of decay is the rate law 
for a first order process. Upon integration, the for-
mula for “radioactive decay” is given by

 N N e t� �
0

�

 (4.12)

The formula for the time variation of activity 
or activity at any time t is given by

 A A et
t� �

0
�

 (4.13)

The above equations represent the exponential 
decay of any radionuclide in which λ is the decay 
constant of the radionuclide and the factor e−λt is 
known as the decay factor, which is the fraction 
of original activity A0 remaining after time t.
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Fig. 4.6 The decay of radioactivity as a function of time (half-lives) plotted on a linear scale (a) and semilogarithmic 
scale (b)

The decay factor is an exponential function 
of time t. The exponential decay is character-
ized by the transformation of a constant frac-
tion of the number of atoms or activity present 
per unit time interval. When the decay factor, 
number of atoms, or activity is plotted against 
time, it is a curve approaching zero on a linear 
plot but is a straight line in a semilogarithmic 
plot (Fig. 4.6).

4.3.2  Units of Activity

The SI unit of radioactivity is named after 
Becquerel

 1 1 1Becquerel Bq decay s= = /  (4.14)

The traditional unit of activity is the Curie 
(Ci), which was originally defined as the activity 
of 1 g radium, 226Ra. Curie is now defined as

  1 1 3 7 10 3710Curie Ci dps GBq� � � �.  (4.15)

  1 1 3 7 10 377milliCurie mCi dps MBq� � � �.  (4.16)

  1 1 3 7 10 374microCurie dps kBq� � � ��Ci .  (4.17)

4.3.3  Half-Life and Average Lifetime

Every radionuclide has a characteristic half-
life (T½), which is the time required for the 
activity to decay to 50% of its original value. 
That is, A0 is reduced to A0/2  in one half-life, 
A0/22 in 2 half- lives, and A0/2n in “n” half-lives. 
The activity A, of a radionuclide at any time t, 
is given by
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(4.18)

The half-life and the decay constant of a radio-
nuclide are related
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In a given sample of radionuclide, not all 
atoms decay with the same half-life; some atoms 
may have a shorter and some atoms may have a 
longer life span than one half-life. The average, 
or mean life (τ) of a radionuclide is, therefore, 
defined as the average of all individual life times 
of the atoms in a sample of radionuclide 
 experience. The mean life is related to the decay 
constant and half-life.
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4.3.4  Specific Activity

The specific activity (SA) of a radioactive sample 
is defined as its activity per unit mass. The SA is 
the ratio of activity to the total mass of the ele-
ment present. It has units of Ci g−1, Ci mmol−1, or 
GBq mmol−1.

Many elements have several isotopes and 
some of the isotopes of an element can also be 
stable. The element carbon has four isotopes as 
shown below:

 
11 12 13 14
6 6 6 6C, C, C, C  

12C and 13C are stable and, in nature, most of the 
carbon is 12C (99% abundance). 14C 
(T½ = 5760 years) decays by beta decay while 11C 
(T½ = 20 min) decays by positron emission. When 
stable isotopes of an element are present along with 
the radioactive isotope, then the stable isotopes are 
called carrier. When the radioactivity of the sam-
ple is said to be with the carrier, the SA of such a 
radioisotope is low, because the total mass of the 
element includes the mass of radioisotope and also 
that of the carrier. A radioactive sample that does 
not contain the carrier is called carrier-free. The 
highest possible SA of a radionuclide is its carrier-
free SA (CFSA). It is also known as the theoretical 
SA, and may not necessarily be achieved practi-
cally by radionuclide production methods.

CFSA can be calculated since there is a well- 
defined activity–mass relationship based on the 
following mathematical relationships:

• Based on T½, decay constant (λ) can be calcu-
lated as λ = 0.693/T½

• Knowing the activity (Ci or GBq, etc.) and λ, 
the number of atoms (N) in a sample of radio-
activity can be determined based on the activ-
ity law, A = λN

• Based on N, the mass (gram or mole) of a 
radioisotope can be determined because 1 mol 
(gram atomic weight) of any element contains 
6.022 × 1023 atoms (Avogadro’s number).

For a number of radioisotopes, the carrier-free 
SA are shown in Table 4.3. The SA calculations 
for 11C are shown below.

Carrier-Free Specific Activity (CFSA) of 11C
1 mol of 11C (11 g) contains 6.022 × 1023 atoms 
(N). λ Based on the equation. A = N. λ, the num-
ber of atoms in one Ci of C-11 can be calculated. 
since the T½ of 11C = 20 min,
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Table 4.3 Radionuclides for PET and SPECT: Half-life and specific activity (SA)a

Radionuclides for PET Radionuclides for SPECT

Nuclide T½ (min) SA (Ci μmol−1) Nuclide T½ (min) SA (Ci μmol−1)
82Rb 1.20 150,400
15O 2.07 91,730
122I 3.62 51,912
62Cu 9.76 19,310
13N 10.0 18,900
11C 20.4 9220
94mTc 52.0 3614 99mTc 360 522
68Ga 68.3 2766
77Br 96.0 1960
18F 110 1708
66Ga 567 331 67Ga 4320 40
64Cu 768 245
86Y 884 213 111In 4020 47
89Zr 4709 39.9
124I 6048 31.0 123I 780 237

a Maximum theoretical specific activity (SA)
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Activity (Bq) in 1 mol:

Bq � � � � � ��5 775 10 6 022 10 3 478 105 23 19. . .

since 1 Ci = 3.7 × 1010 Bq:
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since 1 GBq = 109 Bq:
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CFSA of 11C  =  9400  Ci  μmol−1 or 
9.4 × 103 Ci μmol−1

A similar calculation shows that CFSA of 
14C = 6.205 × 10−5 Ci μmol−1

4.3.5  Serial Radioactive Decay

When a sample of radioactivity consists of a pair 
of parent and daughter radionuclides, the parent 
activity (Ap) at any time t is given by Eq. (4.13). 
Because the daughter is continuously produced 
by the decay of the parent and at the same time 
the daughter activity is also decaying, estimating 
the daughter activity (Ad) at any time really 
depends on the decay constant or the T½ of the 
daughter radionuclide. The Bateman equation 
describes the parent–daughter relationship and 
provides an estimate of Ad.
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(4.21)

At equilibrium, the parent and daughter activi-
ties appear to decay with the same rate, even if 
the two nuclides have different half-lives. Two 
different equilibrium conditions, however, may 
exit, depending on how short-lived the daughter 
radionuclide is, compared to the parent. If the 
parent is short-lived compared to the daughter, 
then there is no equilibrium at all.

4.3.5.1  Secular Equilibrium
When the daughter radionuclide is very short- 
lived, compared to the parent (T½d ≪ T½p), secu-
lar equilibrium is said to exist. The activity of the 
daughter builds up to that of the parent in about 
seven half-lives of the daughter. At equilibrium, 
Ad = Ap (Fig. 4.7a). The activity of the daughter at 
any time, however, is given by
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(4.22)

Two important examples are 68Ge 
(T½ = 270 days) → 68Ga (T½ = 68 min) generator 
and 82Sr (T½ = 25 days) → 82Rb (T½ = 75 s) gen-
erator. The therapeutic radionuclide, 225Ac 
(T½  =  10  days), a decay product of 229Th 
(T½ = 7340 years) is generally obtained based on 
229Th → 225Ac generator (also known as “thorium 
cow”).
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Fig. 4.7 In a parent–daughter decay, following the buildup of the daughter activity, the parent and daughter activities 
are said to be in secular equilibrium (a) or in transient equilibrium (b)

4.3  Radioactive Decay Equations



62

4.3.5.2  Transient Equilibrium
When the parent half-life is longer than the 
daughter half-life (T½p > T½d), the daughter activ-
ity increases while the parent activity slowly 
decreases. The daughter activity reaches a maxi-
mum and is slightly greater than that of the par-
ent. Once the transient equilibrium is reached 
(~7 T½ of daughter), both radionuclides appear to 
decay with the same rate, the decay rate of the 
parent (Fig. 4.7b). The daughter activity (Ad) at 
any time t is given by

 

A At td p
d

d p
� � � ��

�
�

� �
 

(4.23)

An example of transient equilibrium is 99Mo 
(T½ = 66 h) → 99mTc (T½ = 6 h) generator.
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5Radioactivity Detection: PET 
and SPECT Scanners

What we observe as material bodies and forces are 
nothing but shapes and variations in the structure 
of space. Particles are just schaumkommen 
(appearances). The world is given to me only once, 
not one existing and one perceived. Subject as well 
as object is only one. The barrier between them 
cannot be said to have broken down as a result of 
recent experience in the physical sciences, for this 
barrier does not exist. (Erwin Schrodinger)

5.1  Interaction of Radiation 
with Matter

Radiation emitted by radionuclides can be classi-
fied into electromagnetic (such as X-rays, γ-rays, 
annihilation photons) or particulate (such as β−, 
and β+) radiation. When we speak of the interac-
tion of radiation with matter, we mean its interac-
tion with the electrons, and nucleus of atoms. The 
interaction of radiation, in general, may be classi-
fied as elastic or inelastic. In an elastic interac-
tion, the incident radiation is scattered in a 
different direction, but the total energy of the 
interacting particles is conserved. In contrast, in 
an inelastic interaction, a certain amount of 
energy is lost emitted X-rays.

Ionization occurs when an electron is ejected 
from an atom, producing an ion pair, a free elec-
tron, and a positive atom. High-energy photons 
(X-rays, γ-rays, and annihilation photons) and 
charged particles (β−, β+, H, and α or He2+) are 
regarded as ionizing radiation. If an electron is 
not ejected from the atom but merely raised to 

higher energy levels or outer shells, the process is 
termed excitation, and the atom is said to be 
excited. In certain materials, when the electrons 
in the excited state drop to a lower energy state, 
with the emission of visible light, then that mate-
rial is said to exhibit luminescence. If the produc-
tion of light ceases within 10−8  s of the end of 
irradiation (or interaction), then the process is 
one of fluorescence; if it continues beyond this 
point, then the process is called phosphorescence 
(also known as afterglow).

5.1.1  Interactions of Charged 
Articles

5.1.1.1  Ionization
Charged particles (such as electrons β−, β+, and 
H+) passing an absorbing medium transfer some 
of the energy to electrons of the medium and are 
then deflected. Therefore, they cause++ ionization 
and/or excitation. The probability of scattering 
increases with the atomic number Z of the absorb-
ing medium and decreases rapidly with the 
increasing kinetic energy of the incident electron. 
In a close encounter, an orbital electron may be 
separated from the atom, thus causing ionization. 
The ejected electron may have sufficient energy 
to cause secondary ionization and eject an orbital 
electron, known as delta (δ) rays. The specific 
ionization (SI), the number of primary and sec-
ondary ion pairs produced per centimeter in air, 
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at standard temperature and pressure (STP), can 
be estimated on the basis of the velocity (v) of 
incident electron and the velocity of light (c) 
using the following equation:

 

SI =
( )
45

2v c/
 

(5.1)

A less close encounter of the incident charged 
particle with an atom or molecule may result in 
an orbital electron being raised to an excited 
state, thus causing atomic or molecular excita-
tion. The energy absorbed by the atom is dissi-
pated in the subsequent atomic emission of 
electromagnetic radiation (such as infrared, visi-
ble, or UV).

5.1.1.2  Bremsstrahlung Radiation
When an incident β− particle penetrates the elec-
tron cloud of an atom, it may interact with the 
nucleus and may be deflected with a reduced 
velocity. The energy lost by the incident electron 
will appear as electromagnetic radiation, known 
as bremsstrahlung (breaking radiation) (Fig. 5.1). 
The probability of bremsstrahlung varies with Z2 
of the absorbing medium.

5.1.1.3  Annihilation Radiation
A positron (β+), after expending its kinetic energy 
in inelastic collisions, combines with an electron 
(β−) of the absorbing medium. Both the particles 
are annihilated, and their mass appears as electro-

magnetic radiation (usually two 511-keV pho-
tons), known as annihilation radiation (Fig. 5.1). 
This interaction of β− and β+ particles (matter and 
antimatter) is called pair annihilation.

5.1.1.4  Cerenkov Radiation
Particles normally cannot exceed the velocity of 
light in a vacuum (3.0 × 1010 cm s−1). Light, how-
ever, travels at slower speeds in different materi-
als or media. It is possible for β− rays to travel at 
speeds much higher than that of light in a specific 
medium. When this occurs, visible light, known 
as Cerenkov radiation, is emitted. For example, 
the blue glow seen near the core of a swimming 
pool reactor is due to Cerenkov radiation.

5.1.2  Interaction of High-Energy 
Photons

The interaction of electromagnetic radiation with 
atoms, electrons, and nuclei of different materials 
is generally regarded as a collision involving 
transfer of their energy to matter without neces-
sarily causing ionization directly. However, 
 certain interactions do eject orbital electrons, 
produce ion pairs, and cause ionization effects. 
Therefore, high-energy photons, similar to 
charged particles, are regarded as ionizing radia-
tion. However, unlike charged particles, high- 
energy photons being massless can penetrate 

a b

Fig. 5.1 Interaction of charged particles with matter. 
When high-energy electrons penetrate and approach the 
nucleus, they are decelerated and deflected (a). As a result, 
bremsstrahlung radiation (BR) is produced. The positron 

emitted from the atomic nucleus finally interacts with an 
electron and annihilates it (b). As a result, annihilation 
radiation (AR) is produced in which two photons with a 
minimum of 511 keV energy travel in opposite directions

5 Radioactivity Detection: PET and SPECT Scanners
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soft-tissue thickness of >10 cm in vivo and are 
considered to be highly penetrating radiation.

The high-energy photons of X-rays, γ-rays, 
and annihilation radiation associated with radio-
tracers in nuclear medicine undergo inelastic 
interactions by means of several mechanisms. 
The photoelectric effect and Compton scattering 
are important in radiation detection and measure-
ment. Pair production and photodisintegration 
have a high-energy threshold (>1 MeV) and are 
not relevant to the photon energies normally 
encountered in nuclear medicine.

5.1.2.1  Photoelectric Effect
When a metal is exposed to electromagnetic radi-
ation, electrons are ejected from the metal 
(Fig. 5.2). These electrons are called photoelec-
trons. Light with shorter wavelengths (such as 
UV) ejects electrons with greater speed. Thus, 
the kinetic energy of photoelectrons is dependent 
on the frequency; however, the number of elec-
trons ejected depends on the intensity of the elec-
tromagnetic radiation. Different metals have 
different threshold values for the frequency. 
Depending on the Z of the element, electrons 
may be held more loosely or tightly. Einstein was 
able to show that photons with higher energy 

eject electrons with greater kinetic energy. This 
phenomenon of the photoelectric effect is very 
important for the interaction of radiation with 
matter and for developing radiation detectors. 
The photoelectric effect should obey the follow-
ing relationship:

 hv = +KE
max

ϕ  (5.2)

Where

 ϕ = hv0  (5.3)

Also, v0 is the critical frequency below which 
no photoelectric effect occurs and φ (or ϕ) is the 
minimum energy (called the work function of the 
metal) needed for the electron to escape from a 
metal surface. The photoelectric effect is an 
atomic absorption process in which an atom 
totally absorbs the energy of the incident photon. 
It is an interaction of photons with orbital elec-
trons in an atom, mostly the inner-shell electrons, 
in which the photon transfers all of its energy to 
the electron, which is then ejected. Some of the 
energy of the incident photon is used to overcome 
the binding energy of the electron, and the 
remaining energy is given to the photoelectron, 
as kinetic energy. Since the ejection of a photo-
electron creates a vacancy in the inner shell, the 

a b

Fig. 5.2 Interaction of high-energy photons with matter. 
In the photoelectric effect (a), an incident photon transfers 
all its energy to an orbital electron, which leaves the atom 
and is known as a photoelectron. In Compton scattering 

(b), the incident photon transfers only part of its energy to 
an orbital electron, which is then ejected (recoil electron). 
The scattered photon is then deflected in a different angle 
(θ, the scattering angle)

5.1  Interaction of Radiation with Matter
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photoelectric effect is usually accompanied by 
the emission of characteristic X-rays and/or 
Auger electrons.

The probability of a photoelectric interaction 
occurring at a particular shell depends on the 
energy of the incident photon and the binding 
energy of the shell (in other words, on Z). The 
probability is zero when the energy of the photon 
is less than the binding energy of the electron; it 
is greatest when the photon energy is equal to the 
binding energy of the electron and thereafter 
decreases rapidly with increasing photon energy. 
Following the injection of radiotracers, the pho-
toelectric effect plays a minor role with soft tis-
sue. In radiation detectors, such as scintillation 
detectors, however, the photoelectric effect is the 
predominant mode of interaction of photons.

5.1.2.2  Compton Scattering
Compton scattering is a collision between a pho-
ton and a loosely bound outer orbital electron. 
After the interaction, the scattered photon under-
goes a change in direction and the recoil electron 
is ejected from the atom (Fig. 5.2). The scattered 
photon is deflected through an angle (θC) propor-
tional to the amount of energy lost. The maxi-
mum energy loss occurs when the θC is 180° or 
when the photon is backscattered. For example, 
the annihilation photon (511 keV) after backscat-
ter will have an energy of 170 keV. The energy 
lost by the scattered photon is divided between 
the small binding energy of the orbital electron 
and the kinetic energy of the recoil electron. The 
relative probability of Compton scattering 
increases slightly as the energy of the incident 
photon increases and as the effective atomic 
number (Zeff) of the interacting medium decreases. 
Following administration of radiotracers, the 
most important and significant mode of interac-
tion of photons with soft tissue is Compton 
scattering.

5.1.2.3  Pair Production
When a high-energy photon interacts with an 
electric field of a charged particle (atomic nucleus 
or even an electron), the incident photon may 
completely disappear and its energy is used to 
create a β− and β+ pair, known as pair production. 

Since the rest mass (energy) of the electron is 
511 keV, the incident photon must have a mini-
mum energy of 1.022  MeV.  The difference 
between the incident photon energy and 
1.022  MeV is imparted to the electron pair as 
kinetic energy.

5.1.3  Attenuation

If we measure the intensity of the radiation before 
(I0) and after it interacts with a given medium (Ix) 
of particular thickness x, we find that the inten-
sity of the radiation after passing through the 
medium has reduced; the beam of radiation is 
said to have been attenuated. By the processes of 
absorption and scattering in a medium, a beam of 
radiation undergoes attenuation. The atoms in the 
medium act as targets, which, if hit, will attenuate 
a photon from the primary radiation beam. The 
probability of an interaction with a particular 
atom is low, but the very large number of atoms 
in a small volume of a solid increases the proba-
bility of attenuation, significantly. A parallel 
beam of monoenergetic electromagnetic radia-
tion will undergo exponential attenuation as it 
passes through a uniform medium.

 I I ex
x= −

0
µ

 (5.4)

where μ is the total linear attenuation coefficient, 
which can be defined as the fraction of photons 
removed from a beam of radiation per unit thick-
ness of the attenuating medium. The parameter μ 
is a property of both the photon energy and the 
nature of the medium. It increases (i.e., photons 
become less penetrating) for low photon energies 
and low mass density. In a given thickness of 
medium, the number of atoms (N) may be the 
same for different materials, but the density (ρ) 
may vary. Therefore, the total mass attenuation 
coefficient μ/ρ is the fraction of photons removed 
from a beam of radiation of unit cross-sectional 
area by unit mass of the medium. For photons 
with <1 MeV energy, the parameters μ and μ/ρ are 
largely made up of components due to photoelec-
tric absorption (τ) and Compton scattering (σ).

Other important parameters derived from m 
are half-value thickness (HVT) or half-value 
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Table 5.1 Linear attenuation coefficient and HVL values of photons for different materials

Material

Density (ρ) 140-keV Photon 511-keV Photon

(g cm−3) μ (cm−1) HVL μ (cm−1) HVL
Water 1.0 0.15 4.62 0.095 7.29
Adipose tissue 0.95 0.142 4.88 0.090 7.70
Cortical bone 1.92 0.284 2.44 0.178 3.89
Pyrex glass 2.23 0.307 2.26 0.194 3.57
Lucite 1.19 0.173 4.01 0.112 6.19
NaI (Tl) 3.67 2.23 0.31 0.34 2.04
Bismuth germinate 7.13 ~5.5 0.95 0.73
Lead 11.35 40.8 0.018 1.75 0.42
Tungsten 2.59 0.29

layer (HVL), tenth value layer (TVL), and the 
mean free path (MFP), which is the distance a 
photon (or a particle) travels before interacting. 
All these parameters are related mathematically 
as shown in the following equations:

 µ = 0 693. / HVL  (5.5)

 MFP HVL=1 44.  (5.6)

With radiation, the three most important 
media of interest are the tissue, radiation detector 
material (the crystal), and the type of shielding 
(lead, tungsten). For various materials, the linear 
attenuation coefficient and HVL values for pho-
tons of two different energies, 140 and 511 keV, 
are shown in Table 5.1. For 511-keV photons, the 
primary interaction is Compton scattering; there-
fore, correction for attenuation and scattering is 
essential for PET imaging studies.

5.2  Radiation Detectors

Radiation detectors have been developed over the 
years on the basis of the two major consequences 
of interaction of radiation with matter: ionization 
and excitation. Radiation detectors are generally 
categorized as either ionization detectors or scin-
tillation detectors.

5.2.1  Ionization Detectors

These detectors respond to radiation by means of 
ionization, which induces tiny electrical currents 
that can be detected and measured. The ioniza-

tion detectors can be either gas-filled (also known 
as ionization chambers) or semiconductor 
detectors.

5.2.1.1  Gas-Filled Detectors
Most gas-filled detectors are made up of a cham-
ber, which contains a volume of gas (mostly air 
or an inert gas) between two electrodes with a 
voltage difference between them. Under normal 
circumstances, the gas is an insulator and no cur-
rent flows between the electrodes. When the gas 
is ionized following an interaction with radiation, 
electrons are attracted to the anode and positive 
ionized atoms are attracted to the cathode, pro-
ducing a small current. When gas-filled chambers 
operate at the saturation voltage (300–600 V), to 
ensure complete collection of ions at the elec-
trodes, they are called ionization chambers. If the 
detector is calibrated to express the measured 
current as an exposure rate (R h−1, mR h−1), it is 
called a survey meter; if it collects the total charge 
over a period of time, it is called a pocket dosim-
eter; and, finally, if the measured current is used 
to assay the activity (mCi, MBq, etc.), it is called 
a dose calibrator.

Ionization chambers are quite inefficient as 
detectors for X-rays and γ-rays. Their response to 
photons changes with photon energy, but the 
energy discrimination, especially in the case of 
dose calibrators, is achieved only by the use of 
precalibrated amplifiers, one for each radionu-
clide of interest.

If an ionization chamber is maintained 
between 900 and 1200 V, the electrons generated 
by the interaction of radiation will accelerate and 
cause additional ionization. This process is 
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known as gas amplification of the charge, and the 
factor by which the ionization is amplified is 
called the gas amplification factor (GAF). A 
Geiger–Muler (GM) counter is a gas-filled detec-
tor designed to have GAF as high as 1010. In a 
GM counter, the size of the electrical signal out-
put is relatively constant and independent of the 
energy of radiation. Because of their high sensi-
tivity, GM counters are mainly used as survey 
meters to detect ambient radiation levels and 
radioactive contamination.

5.2.1.2  Semiconductor Detectors
Semiconductor detectors are essentially solid- 
state analogs of gas-filled detectors [1]. 
Semiconductor materials, such as Si and Ge, 
when doped with Li, can function as solid ioniza-
tion chambers, and are also called solid-state 
detectors. In order to create an ion pair in air, the 
energy needed is 34  eV per ionization. In con-
trast, the energy needed to create an ion pair is 
only 2.5 eV in Si(Li) and 3.0 eV in Ge(Li) detec-
tors. When a small voltage is applied across a 
semiconductor detector, a high-energy photon 
will interact with the detector and liberate elec-
trons leaving a positive hole in the lattice struc-
ture. Under an applied electric field, both the 
electron and the positive hole will move toward 
opposite electrodes inducing an electric current. 
Since the size of the electrical signal is relatively 
large and proportional to the radiation energy 
absorbed, semiconductor detectors are useful for 
energy-selective radiation counting.

Both, Ge- and Si-based semiconductors con-
duct a significant amount of thermally induced 
electrical current at room temperature. Therefore, 
it is necessary to operate and maintain these 
detectors at relatively low temperatures. High- 
purity germanium (HPGe), however, needs to be 
cooled to low temperatures, while others such as 
cadmium telluride (CdTe) and cadmium zinc tel-
luride (CZT) operate at room temperature. Ge(Li) 
and Si(Li) detectors are relatively inefficient for 
detecting high-energy gamma photons. Both, 
CdTe and CZT have stopping powers similar to 
NaI(Tl) scintillation detectors. Even denser semi-
conductors, such as lead iodide (PbI) and thal-
lium bromide (TlBr), are currently under 

development and may be useful for detecting 
high-energy photons. CdTe and CZT are also 
available as pixelated detector arrays with a typi-
cal intrinsic spatial resolution of 2.4 mm.

5.2.2  Scintillation Detectors

When high-energy photons interact with the 
atoms of a scintillation crystal, the electrons are 
raised from a valence band or an orbital to a for-
bidden, unfilled conduction band of a higher 
energy state. The excited atoms quickly return to 
the ground state emitting a visible light in a pro-
cess known as luminescence. The number of 
electrons raised to a higher energy level, and the 
consequent number of visible light photons emit-
ted by the crystal, depends on the energy of the 
incident photon. The photoelectric effect is the 
primary mode of interaction of photons with the 
atoms in the crystal. The visible light emitted by 
the crystal is usually in the ultraviolet range. For 
the crystal to emit light in the visible range (400–
500 nm), an alkali halide crystal, with an impu-
rity of (<1%), such as thallium iodide, must be 
activated (or doped). The scintillation photons 
produced by the luminescence are emitted isotro-
pically (in all directions) from the point of inter-
action. The most important scintillators used in 
PET and SPECT scanners are the following:

• Sodium iodide doped with thallium iodide 
(NaI(Tl))

• Bismuth germinate, Bi4Ge3O12 (BGO)
• Lutetium oxyorthosilicate doped with cerium, 

Lu2SiO5:Ce (LSO)
• Yttrium oxyorthosilicate doped with cerium, 

Y2SiO5:Ce (YSO)
• Gadolinium oxyorthosilicate doped with 

cerium, Gd2SiO5:Ce (GSO)
• Barium fluoride (BaF2)
• Lutetium yttrium oxyorthosilicate (LYSO)

The physical properties of several scintillators 
are compared in Table 5.2. The most important 
properties of a detector are stopping power, light 
output, signal decay time, and the intrinsic energy 
resolution of the crystal. The following points 
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Table 5.2 Physical properties of scintillators

NaI (Tl) YSO BaF2 LYSO GSO BGO LSO

Density (g cm−2) 3.67 4.53 4.89 5.31 6.71 7.13 7.4

Effective Z 50.6 34.2 52.2 54 58.6 74.2 65.5
Light output (photons/keV) 38 46 2 30 10 6 29
Relative light output (%) 100 118 5 76 25 15 75

Wavelength, λ (nm) 410 420 220 420 440 480 420

Decay time (ns) 230 70 0.6 53 60 300 40

Attenuation, μ (cm−1) at 511 keV 0.3411 0.3875 0.4545 – 0.6978 0.9496 0.8586

Attenuation length (1/μ) 2.93 2.58 2.20 2.0 1.433 1.053 1.169

Photoelectric/Compton ratio 0.22 – 0.24 – 0.35 0.78 0.52

may be noted: (1) The stopping power is charac-
terized by the MFP or attenuation length, which 
depends on the density (ρ) and effective atomic 
number (Zeff) of the crystal. A crystal with shorter 
attenuation length will have higher efficiency and 
sensitivity. (2) A crystal with high light output 
(photons keV−1 absorbed) will have good energy 
resolution. (3) A short decay time of the crystal 
can help process each pulse separately at higher 
counting rates with minimum dead time. (4) A 
crystal with better energy resolution can reject 
scattered photons more effectively. The overall 
scanner spatial resolution, however, depends on 
several other factors.

With NaI(Tl) crystal, the detection efficiency 
for 140-keV photons is >90%, but for 511-keV 
photons, the efficiency drops to <10%. The 
intrinsic energy resolution of the crystal is more 
important for SPECT scanners, while the stop-
ping power of the crystal is one of the main con-
siderations in the choice of the crystal that can 
interact with 511-keV photons in PET scanners. 
With the current PET scanners, BGO and LSO 
are the preferred crystals, while NaI(Tl) is the 
only crystal that is used in all the major clinical 
SPECT scanners. A number of other scintillators 
such as CsI(Tl) and CsI(na) are also under evalu-
ation. The technology of PET and SPECT scan-
ners is continuously evolving and is dependent 
on many other factors besides scintillators.

5.2.2.1  Photodetectors
One of the common characteristics of all scintil-
lators is that following interaction with high- 
energy photons they all produce a very weak 
signal of visible light, or a scintillation photon. 

The purpose of a photodetector is to convert a 
scintillation photon with 3–4 eV energy into an 
electrical current. The probability of converting a 
photon into an electron is called quantum effi-
ciency. The two categories of photodetectors 
used are photomultiplier tubes (PMTs) and 
semiconductor- based photodiodes.

A PMT is a vacuum tube that consists of an 
entrance window, photocathode, followed by a 
series of dynodes (electrodes), each of which is 
held at a greater voltage with a resistor chain. The 
scintillation photon strikes the photocathode and 
release photoelectrons, which are then acceler-
ated to the first dynode and release even more 
electrons, which are then accelerated to the next 
dynode. After passing a series of dynodes, the 
number of electrons is amplified to >106, produc-
ing a sizeable current in the milliampere range at 
the anode. Despite their bulkiness, almost all 
commercial PET and SPECT scanners use PMTs 
because of their high gain or amplification, rug-
gedness, and stability. The quantum efficiency of 
the photocathode in PMTs is about 15–25%. In 
order to improve this efficiency, more advanced 
PMTs, known as position-sensitive (PS) PMTs 
and multichannel (MC) PMTs, are under devel-
opment and evaluation.

A photodiode consists of a thin piece of doped 
silicon wafer (a couple of 100  μm thick). The 
principle of operation is the same as that of a 
semiconductor. The quantum efficiency (60–
80%) of photodiodes is much better than that of 
PMTs, but the signal of the electrical current is 
very weak because photodiodes do not have 
internal amplification or gain. In order to improve 
the signal-to-noise ratio (SNR), a new type of 
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photodiode known as avalanche photodiode 
(APD) has been developed, which has an internal 
amplification; however, it is still not as good as 
that of PMTs.

5.2.2.2  Radiation Detector 
Performance

Spectroscopy is the study of the energy distribu-
tion of a radiation field. Most spectrometers are 
operated in the pulse mode and the amplitude of 
each pulse is proportional to the energy deposited 
by the interaction of the photon with the crystal. 
The amplitude, however, may not be proportional 
to the total energy of the incident photon. A pulse 
height spectrum (Figs. 5.3 and 5.4) represents the 
number of interactions or counts per minute 
(cpm) as a function of the energy of the photon, 
but it is not the same as the actual energy spec-
trum of the incident radiation. The performance 
characteristics of radiation detectors can be 
expressed quantitatively using parameters, such 
as sensitivity and energy resolution.

Sensitivity (or efficiency) is the detected count 
rate per unit of radioactivity. Geometric sensitiv-
ity of a detector is the fraction of emitted photons 
that reach the detector, whereas the intrinsic sen-
sitivity or the quantum detection efficiency (QDE) 
is the fraction of those photons that reach the 
detector which are actually detected. For exam-

ple, 1 μCi of 99mT has 2.2 × 106 disintegrations per 
minute (dpm), and each decaying atom produces 
one 140-keV photon. If the detector can detect 
1.0  ×  105 photons, then the sensitivity of the 
detector is 10%. As discussed previously, various 
physical characteristics of the crystal (Table 5.2) 
can affect the sensitivity of the scintillator.

Many radionuclides emit a number of photons 
(X-rays and γ-rays) of discrete energies. The 
electrical signal output from a detector–photodi-
ode combination, however, appears as though it 
is coming from a range of energies due to the 
absorption and scattering of the incident photons. 
Energy resolution quantifies the ability of a spe-
cific crystal to differentiate or discriminate pho-
tons of different energies. It is expressed 
quantitatively as a percent of full width at half- 
maximum (FWHM = ΔE) of an energy spectrum 
(counts detected vs. energy (keV)) of a radionu-
clide with a specific photopeak energy (Eγ).

 

FWHM %( ) = ×
∆

γ

E
E

100

 

(5.7)

For energy-selective detection (as in Anger 
cameras), the FWHM determines the resolution 
of the detector. The sensitivity can be increased 
by increasing the value of ΔE, but that would 
degrade the resolution.
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Fig. 5.3 Pulse height spectra of several radionuclides using NaI or CZT detector. The energy resolution with CZT 
detectors is much higher compared to that with NaI detector
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Fig. 5.4 Gamma spectrum of Analytics mixed standard using high-purity germanium (HPGe) detector. Analytic’s 
mixed gamma standard utilizes the basic eight radionuclides which show minimal spectral interference

5.3  Radionuclide Imaging 
Systems

The purpose of radionuclide imaging is to obtain 
an image of the in vivo distribution of a radio-
tracer on the basis of the external detection of 
high-energy photons emitted by the radionuclide. 
In the 1940s, attempts were made to detect the 
distribution of radioactivity in  vivo, but it was 
only in the 1950s, that in vivo radionuclide imag-
ing became a practical clinical modality, due to 
the introduction of the rectilinear scanner, by Ben 
Cassen. In the 1950s, Hal Anger developed the 
first γ-ray camera using a single, large-area 
NaI(Tl) scintillation crystal coupled to PMTs. 
This camera, subsequently, called the Anger scin-
tillation camera, has become the predominant 
molecular imaging device in nuclear medicine. 
Since then, many refinements and modifications 
have been made to improve the image quality of 
this camera.

Conventional Anger camera images compress 
the three-dimensional (3D) distribution of the 
radiotracer into a two-dimensional (2D) image. 
As a result, the contrast between areas of interest 
and the surrounding territory is often signifi-
cantly reduced. In planar imaging systems, the 
radiation from a source (patient) is collected and 
the data are presented as though all photons are 
coming from a single plane. In a patient, images 
of a specific area of interest at one depth are 
obscured by images of structures above and 
below the area of interest. Tomography simply 
means an image of a slice. Tomographic images 
are 2D representations of structures lying within 
a selected plane or depth in a 3D object. Computed 
tomography (CT) techniques are based on rigor-
ous mathematical algorithms initially developed 
by Radon, in 1917. The introduction of CT, in the 
1970s, helped to implement CT techniques to the 
radionuclide imaging methods. X-ray CT is a 
transmission CT since X-rays from an external 
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source are transmitted through the patient to a 
detector. With radiotracers, high-energy photons 
are emitted from the patient; this technique is 
called emission computed tomography (ECT). 
While single photon emission computed tomog-
raphy (SPECT) is based on radionuclides (such 
as 99mTc, 123I, and 111In) that directly emit single 
high-energy photons, positron emission tomogra-
phy (PET) is based on positron-emitting radionu-
clides, and detection of high-energy (511  keV) 
photon pairs resulting from an annihilation pro-
cess of positrons and electrons. The detection 
concepts used in the PET scanners make PET 
about 10–100 times more sensitive than SPECT 
and at the same time provide clinical PET images 
with higher spatial resolution.

PET and SPECT provide functional images of 
radiotracer distribution. In order to localize the 
tracer distribution, PET and SPECT are usually 
combined with structural imaging modalities that 
offer anatomical information with high spatial 
resolution, such as computed tomography (CT) 
and magnetic resonance imaging (MRI). These 
so-called hybrid-imaging modalities, PET/CT, 
PET/MRI, and SPECT/CT nowadays are stan-
dard in most nuclear medicine facilities. Also, CT 
and MRI are also used to improve the quantifica-
tion of PET and SPECT.  Several reviews 
described the technical developments of the 
hybrid scanners in greater detail [2–6].

5.3.1  SPECT/CT Scanner

Functional nuclear medicine imaging with 
SPECT/CT has been commercially available 
since the beginning of this century. Most of the 
SPECT systems available are based on the well- 
known Anger camera principle with NaI(Tl) as a 
scintillation material, parallel-hole collimators, 
and multiple photomultiplier tubes, which, from 
the centroid of the scintillation light, determine 
the position of an event. Recently, solid-state 
detectors using cadmium–zinc–telluride (CZT) 
became available and clinical SPECT cameras 
employing multiple pinhole collimators have 
been developed and introduced in the market. 
Quantitative studies with SPECT are still work in 

progress; however, significant improvements 
have been made with CZT-based SPECT scan-
ners. Most commercial SPECT/CT systems with 
dual-head or ring detectors (Fig 5.5), offered by 
General Electric (GE) Healthcare, Siemens 
Medical Solutions, Philips Healthcare, and 
Mediso Medical Systems all offer high- resolution 
diagnostic CT units as part of their SPECT/CT 
systems. Mediso even offers a complete SPECT/
CT/PET with high-resolution LYSO detector 
technology as part of their AnyScan family of 
systems [2].

5.3.1.1  SPECT Based on NaI(Tl) Crystal
The principles of SPECT imaging with the com-
monly used scintillation camera based on the 
Anger camera design [7] consists of a single rect-
angular NaI(Tl) crystal (~50–60 cm in area) opti-
cally coupled to a large number of PMTs 
(typically 37–91). While the thickness may vary 
from 0.25 in. (~6 mm) to 1 in. (~25 mm), most 
cameras are made up of a 3/8 in. (~10 mm) crys-
tal for optimum performance of radionuclides 
with energies between 120- and 200-keV pho-
tons. A collimator (usually made of lead) with 
holes (round, square, rectangular, or hexagonal) 
allows high-energy photons coming from the 
patient in a specific direction to enter and interact 
with the crystal. The walls, called septa, around 
the holes in the collimator absorb photons (~99% 
of photons reaching the collimator) that are trav-
eling in an oblique angle to the axes of the holes. 
In other words, the collimator controls the direc-
tion of the photons entering the crystal. The 
thickness of the collimator and septa as well as 
the number of holes determines the overall sensi-
tivity and resolution of the Anger camera. Most 
cameras have a wide choice of parallel-hole col-
limators such as “low-energy high sensitivity,” 
“low-energy all purpose (LEAP),” “low-energy 
high resolution,” medium-energy, high-energy, 
and ultrahigh-energy collimators, each designed 
to optimize a specific imaging study. With all 
parallel-hole collimators, the spatial resolution 
degrades rapidly as the distance (space) between 
the patient and the collimator increases. A pin-
hole collimator consists of a small hole (3–5 mm 
in diameter) in a piece of lead or tungsten and is 
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GE StarGuide SPECT/CT

Spectrum Dynamics D-SPECT
Spectrum Dynamics
Veriton SPECT/CT

Siemens Symbia Inteva SPECT/CT

Fig. 5.5 SPECT/CT systems in routine clinical use. GE 
Healthcare StarGuide, the most advanced SPECT/CT fea-
turing advanced Cadmium Zinc Telluride (CZT) technol-
ogy. Spectrum Dynamics CZT based digital systems 

include D-SPECT for cardiac applications and Veriton 
series for 360° total-body digital SPECT/CT.  Siemens 
Healthineers Symbia Intevo dual-head SPECT/CT with 
high sensitivity

commonly used to produce magnified views of 
small objects. The magnification and sensitivity, 
however, decrease as an object is moved away 
from the pinhole. Following interaction of pho-
tons with the crystal, the emitted light photons 
induce electrical signals in the PMTs. In a NaI(Tl) 
crystal, approximately one visible photon is emit-
ted for every 25  eV of energy deposited. For 
example, when a 140-keV photon deposits all of 
its energy in the crystal, it will generate 5600 vis-
ible light photons, of which only 20–25% may 
eject electrons from the photocathode and con-
tribute to the signal from the PMT.  The PMTs 
closest to the scintillation even in the crystal 
receive more light than those that are most distant 
and as a result produce a larger electrical signal. 
The relative amplitude of these pulses determines 
the location of the interaction in the crystal and 

the exact location of the origin of the photons 
coming from the patient. The electrical pulses 
from PMTs pass through preamplifiers and ADCs 
(analog-to-digital converter). The digital X, Y, 
and Z signals are corrected using correction cir-
cuits, followed by energy discrimination using 
SCAs (single-channel analyzers). The signals are 
finally converted into digital images in a com-
puter. The measures of performance of a scintil-
lation detector or camera alone are called intrinsic 
measurements, while the measures with the col-
limator are called extrinsic or system measure-
ments; these measurements give the best 
indication or clinical performance.

With many of the Anger scintillation cameras, 
the intrinsic spatial resolution (Ri) for 140-keV 
photons of 99mTc is between 2.7 and 4.0  mm. 
With a parallel-hole collimator, however, the sys-

5.3  Radionuclide Imaging Systems



74

tem resolution (Rs) could dramatically decrease 
to 8–12 mm at a distance of 10–20 cm from the 
collimator surface. Also, the system resolution is 
not the same in the entire field of view.

5.3.1.2  SPECT Based on CZT Detector
Unlike the original SPECT technology based on 
Anger gamma camera, which relied on the pair-
ing of scintillators to photomultiplier tubes, the 
commercial SPECT systems based on cadmium–
zinc–telluride (CdZnTe or simply CZT) were 
introduced more than a decade ago [8, 9].

CZT is a semiconductor-based solid-state 
detector material with a density of 5.78 g cm−3 
that generates signals from the collection of 
induced charge created by the ionizations from 
photoelectric interactions or Compton scattering. 
When the photons interact with the CZT in the 
semiconductor, the incident γ-rays create elec-
tron pairs, and an electrical signal is produced. 
The direct conversion of energy in the CZT 
detectors is characterized by good energy resolu-
tion (Fig.  5.3), and in clinical applications, the 
energy resolution is reported to be better than 6% 
at 140 keV. Unlike other detectors (e.g., germa-
nium), CZT operates at room temperature due to 
the large size of the band gap in the CZT detector 
[10]. The high atomic number of CZT assists in 
efficient photoelectric absorption, leading to an 
improved system sensitivity compared with that 
of the sodium iodine (NaI) detector [11]. The 
major advantages of these new CZT modules are 
the small size of the CZT module and the absence 
of PMTs, which allows for a compact camera but 
still with multiple detectors. This means that it is 
possible to increase the overall system sensitivity 
significantly as compared with traditional SPECT 
systems. The improvement in sensitivity can be 
used to reduce the acquisition time of a given 
administered activity or decrease the amount of 
radioactivity dose injected.

The first clinical system, introduced in the 
market, was the D-SPECT (Spectrum Dynamics, 
Caesarea, Israel) and this was followed later by 
the Discovery NM 530c (GE Healthcare, Haifa, 
Israel). Both systems have a C-shaped gantry that 
contains multiple detectors. The number of detec-
tors is, however, different between the systems. 

The GE Discovery NM 530c has 19 stationary 
detectors equipped with pinhole collimators 
while the D-SPECT has ten CZT detectors where 
each is equipped with a parallel-hole square hole 
collimator, made of tungsten, and where each 
detector swivels around its own axis to acquire an 
optimized number of projection angles. The 
advantage of these SPECT scanners is the ability 
to perform fast dynamic SPECT with both these 
systems since all projections are acquired simul-
taneously. The first clinical CZT devices that 
were introduced were anatomically specific for 
cardiac examinations [12]. However, the general- 
purpose device continues to have the well-known 
design with a gantry and multiple detector heads. 
The first example of a general-purpose CZT 
device, coupled with a CT, was introduced by GE 
Healthcare (NM/CT 870 CZT DIGITAL SPECT/
CT). Several clinical studies using this device 
have been reported, covering different aspects 
including the reduced radiation burden due to 
higher sensitivity, verification of dual- 
radionuclide imaging, and short time acquisition 
using Tc-99m and I-123  in myocardial blood 
flow tests [13]. Spectrum Dynamics (Shanghai, 
China) and GE Healthcare presented a different 
approach with their Veriton and StarGuide sys-
tems, respectively. While conventional SPECT 
devices have detector heads attached to a rotating 
gantry, and their tomography image acquisition is 
obtained by positioning the heads at different 
angles, the ring-shaped SPECT uses the same 
design as PET.  The detectors are positioned in 
fixed positions (12 dedicated positions for both 
devices) around the ring, and the acquisition is 
obtained using these fixed positions.

5.3.1.3  Absolute Quantitation 
of SPECT Data

A major image-degrading process in SPECT is 
the scatter and resultant attenuation of photons as 
they traverse through the tissue before they reach 
the detector. Reliable attenuation and scatter 
compensation (ASC) is a pre-requisite for quanti-
fication tasks, such as quantifying biomarkers 
from SPECT images or performing SPECT- 
based dosimetry. Methods for absolute quantita-
tion of SPECT images provide an estimate of the 
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activity uptakes in various organs and tissues in 
units of mBq or mCi/mL. Clinically valid semi- 
quantitative measure is the standard uptake value 
(SUV), also known as standardized uptake value 
or the dose uptake ratio (DUR). As the name sug-
gests, it is a mathematically derived ratio of tis-
sue radioactivity concentration at a point in time 
C(T) and the injected dose of radioactivity per 
kilogram of the patient’s body weight [14]. 
Because SPECT images generally are hampered 
by several physical and camera-specific effects, 
accurate and precise compensation methods are 
required. The most important effects such as pho-
ton attenuation in the patient, contribution of 
events from photons scattered in the patient and 
the collimator but accepted by the energy win-
dow, the effect of the collimator response func-
tion that degrades the image quality because of 
the relatively poor spatial resolution. All these 
effects can reduce the accuracy and precision in 
the activity concentration estimate. In addition to 
these compensation methods, a careful and con-
sistent calibration is needed to translate counts in 
the image that corresponds to a location in the 
patent to activity, or activity concentration [3]. 
Based on xSPECT Quant™ technology and 
Symbia Intevo SPECT CT (Siemens 
Healthineers), the potential utility of quantitative 
SPECT was evaluated by the determination of 
standard uptake values (SUVmax and SUVmean)  
with several SPECT radiopharmaceuticals [15]. 
While the results do show some clinical value, 
absolute quantitation in SPECT is still work in 
progress. In combination with iterative recon-
struction methods with proper modeling of pho-
ton attenuation, scatter and collimator resolution 
degradation, SPECT/CT systems will be very 
useful for studies requiring patient-specific 
dosimetry or dose planning and longitudinal 
studies, especially when longer half-life radionu-
clides such as 89Zr may not be ideal to develop 
targeted radiopharmaceuticals for PET.

5.3.2  PET Scanners

PET scanners were designed to obtain in  vivo 
images of the distribution and uptake of radio-

tracers on the basis of β+ emitting radionuclides, 
and the ability to detect, and localize the positron- 
emitting nuclei by using coincidence counting to 
capture the paired annihilation of high-energy 
photons (511  keV) emitted following positron 
annihilation with an electron. The sensitivity of 
PET is the ability to detect low molecular mass of 
the radiopharmaceutical, which depends on the 
ability of the radiochemistry to produce labeled 
compounds with high specific activity (GBq or 
mCi/μmol). The power of the technique lies in 
the availability of more PET radionuclides than 
SPECT radionuclides and the wide range of 
available radiotracers that produce image con-
trast directly related to underlying physiology, 
metabolic pathways, or molecular targets. Using 
today’s advanced PET scanners, radiotracers can 
readily be detected at trace mass levels (nanomo-
lar concentrations or less) and using a dynamic 
sequence of images and the principles of tracer 
kinetic modeling, parameters related to the trans-
port, metabolism, or binding of the tracer can be 
quantitatively derived [16].

One of the first positron imaging devices, the 
positron camera was developed in 1969 by Dr. 
Brownell and his team at Massachusetts  General 
Hospital (MGH) in Boston [17]. That device con-
sisted of only two planar arrays of crystals. Over 
the course of the last 50 years, coincidence detec-
tion of positron-emitting radionuclides has 
evolved from single pairs of detectors for planar 
imaging to current PET scanners with arrays of 
detector elements covering typically 25  cm or 
more, in axial length that contain on the order of 
35,000 individual detector elements. Currently, 
the first total-body PET scanner, the EXPLORER, 
is which is 2  m in axial length and contains 
560,000 individual detector elements [18, 19]. 
Developments have centered on improvements in 
the scintillator crystal and photodetector combi-
nation, the acquisition electronics and advances 
in data processing, reconstruction, and image 
analysis. Moreover, the introduction of digital 
PET offers the possibility to reduce radiation 
dose and scan times which may facilitate the 
implementation of PET to address unmet clinical 
needs [20]. In the last two decades, PET was suc-
cessfully integrated, in 2000, with CT and subse-
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quently with MRI, to create powerful 
hybrid-imaging systems that can interrogate 
structure, and function in the same imaging 
examination.

A typical PET scanner consists of many rings 
of scintillation detectors which surround the 
subject. The PET scanner uses the annihilation 
coincidence detection (ACD) method to obtain 
projection images of the radiotracer distribu-
tion. The images are first corrected for attenua-
tion, scatter, etc., and then mathematically 
processed, as in the case of CT and SPECT, to 
obtain transverse images of several slices of the 
body in a given field of view (FOV). A number 
of reviews have been published, describing the 
historical development of the PET technology 
[16, 19–22].

5.3.2.1  Positron Annihilation 
and Coincidence Detection

A positron ejected by a radionuclide travels a 
very short distance in a tissue, dissipating its 
kinetic energy in collisions with electrons, and 
finally combines with an electron to form a posi-
tronium, a state which lasts for a very short time 
(10−10 s). The subsequent positron–electron anni-
hilation results in the emission of two 511-keV 
photons, 180° apart. A PET scanner is designed 
to detect this pair of annihilation photons almost 
simultaneously on the basis of a process known 
as ACD, which establishes the trajectories of 
detected photons or lines of response (LOR). 
ACD only establishes the location of an annihila-
tion event within the LOR; the exact location of a 
positron-emitting radionuclide, however, is deter-
mined mostly using the CT techniques, based on 
mathematical processing of millions of LOR to 
generate a computed tomogram of the PET tracer 
distribution. In a different approach, known as 
time-of-flight (TOF) method, measuring the dif-
ference in arrival time of the two annihilation 
photons at the opposite detectors helps to deter-
mine the exact location d of the annihilation 
event along the LOR.

Positron Range and Noncolinearity
Determining the exact LOR along which a 
positron- emitting radionuclide can be found is 

one of the major factors that determine the spatial 
resolution of a PET scanner. Positron range and 
noncolinearity are two effects that may lead to 
errors in determining the LOR.

Positron-emitting radionuclides differ in the 
kinetic energy of the emitted positrons. For 
example, the energy of positrons emitted by 18F 
(Emax = 0.63 MeV) is almost one-fifth that of a 
positron emitted by 62Cu (Emax = 2.93 MeV). The 
positron range (is similar to the beta particle 
range in tissue) is the direct distance traveled by 
the positron from the decaying atom to the exact 
location of the annihilation event. The positron 
range is a function of the kinetic energy of the 
positron (Fig. 5.6). The mean positron range may 
vary from a fraction of a millimeter to 4–6 mm, 
depending on the radionuclide. The error due to 
the positron range may be significant and, there-
fore, this range limits the ultimate resolution 
attainable by PET. It is very important to appreci-
ate the fact that the SPECT technique inherently 
offers no limitation in spatial resolution due to 
photon energy, while the PET technique has a 
theoretical limit in terms of spatial resolution.

In contrast to the positron range, noncolinear-
ity is independent of the positron-emitting radio-
nuclide. The positron and electron are not exactly 
at rest when the annihilation occurs. As a result, 
the two annihilation photons differ in their 
momentum and are not emitted exactly at 180° 
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apart (they may be emitted with a distribution of 
angles around 180° (typically ±0.25°)). For a 
given PET scanner with diameter D, this blurring 
effect, due to noncolinearity (Δnc), can be esti-
mated as follows:

 
∆

nc
inmm= × ( )0 0022. D

 
(5.8)

With most clinical PET/scanners that have a 
ring diameter of ~80  cm, the blurring due to a 
noncolinearity error may be 1.76 mm. However, 
in MicroPET, this effect is somewhat less 
significant.

Coincidence Event Types
A true coincidence is the simultaneous interac-
tion of a pair of photons (511 keV) resulting from 
the annihilation of a positron-electron pair 
(Fig.  5.7). A random coincidence occurs when 
two 511-keV photons from separate annihilation 
events, that occurred as a result of the decay of 
different atoms, strike the opposite detectors, 
simultaneously. In the tissue, the 511-keV pho-
tons undergo scatter and lose some energy. A 
scatter coincidence occurs when one or both of 
the 511-keV photons from a single annihilation 
event are scattered but, simultaneously detected, 
by the opposite detectors. The total number of 
events (true, random, and scatter) detected by the 
coincidence circuit in a PET scanner is referred 
to as prompt coincidences. Also, when 511-keV 

photons or the scattered photons are detected, 
they are referred to as “singles.” Since photons 
travel at the speed of light (30 cm ns−1), the detec-
tion times of a pair of photons by the coincidence 
circuit can be between 2 and 3  ns. Typically, a 
coincidence timing window (τ) of 6–12 ns is used 
to account for statistical fluctuations in timing the 
detection events.

5.3.2.2  Pet Scanner Design
Since the early 1970s, several different PET 
detector configurations have been developed. In 
most dedicated PET scanners, pixilated or multi-
crystal detectors are arranged in rings or polygo-
nal arrays completely encircling the patient. In 
addition, two or three planar large-area detectors 
(as in Anger camera) are also used to configure 
the PET scanner. The majority of current clinical 
PET and MicroPET scanners, however, are based 
on the full-ring configuration (Fig.  5.8). 
Scintillation crystals coupled to PMTs are used 
as detectors. Compared to full-ring detectors, the 
efficiency of other detector configurations for 
coincidence detection is significantly poor 
(<30%). A PET scanner typically consists of sev-
eral components:

• Detector consisting of a scintillator coupled to 
PMTs

• Collimator

True
coincidence

Scatter
coincidence

Random
coincidence

PatientPatient Patient

Fig. 5.7 In a PET scanner, the 511 keV photons from the 
patients are detected by coincidence counting. True counts 
are due to one annihilation and the photon path is straight 
in opposite directions. In random coincidence, photons 

from different annihilations will be detected, simultane-
ously. Scatter counts represent detection of scatter pho-
tons, simultaneously
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Fig. 5.8 The typical PET scanner with ring detector configuration

• Signal processing electronics
• Coincidence circuit
• Data acquisition computer
• Reconstruction, display, and image analysis 

systems

The basic principles of a PET detector and 
collimation are discussed below. The electronics 
associated with the signal processing and the 
computer hardware needed for data acquisition, 

image processing, etc. are highly technical, and 
are discussed in detail in many other publications 
[21, 23, 24].

PET Detector Crystals
There are several ways in which the choice of 
PET scintillating detector material affects image 
quality [5]. The denser the material, the higher its 
photoelectric fraction, or its ability to stop the 
incoming 511-keV radiation completely on the 
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first interaction. Also, high luminosity or light 
yield (expressed as the number of light photons 
emitted for each MeV of energy absorbed) is 
desirable for signal-to-noise considerations. 
Finally, the speed at which a detector emits light 
after absorbing a 511-keV γ-ray is directly pro-
portional to its count rate capability, which is 
important in 3D acquisitions. The decay time is 
defined as the time needed for the detector’s light 
output pulse to decrease to 36.7% of its 
maximum- amplitude value and a low decay time 
is virtually essential for TOF imaging. Table 5.2 
shows the characteristics of several PET scintilla-
tor materials, such as BGO, LSO, and LYSO. 
Most commercial PET scanners use detectors, 
typically 18- to 25-mm-thick crystals of LYSO or 
BGO scintillators that result in detection efficien-
cies of 80–90%, and time-of-flight capabilities of 
~400  ps or better with lutetium-based scintilla-
tors [16].

Block Detector
In early PET scanners, each scintillation crystal 
was coupled to a single PMT and the size of the 
crystal largely determined the spatial resolution 
of the PET scanner. Smaller crystals were needed 
to improve the resolution. Since the size of PMT 
is relatively large, it was difficult to couple one 

PMT for each of the small crystals. In the 1980s, 
a multicrystal, two-dimensional BGO block 
detector system was developed [21]. The major-
ity of dedicated clinical PET scanners in use 
today are based on the block detector design. A 
schematic of the block detector is shown in 
Fig. 5.9.

A block of scintillation detectors is made by 
segmenting (cutting or channeling) a relatively 
large block of crystal. The size of the individual 
elements in a matrix (block) PET detector ranges 
from 4 × 4 × 20 mm3 of LSO to 6.3 × 6.3 × 30 mm3 
of BGO [5]. The channels are filled with a light- 
reflective material to prevent conduction of light 
from each crystal element to the next in the block. 
The scintillator block is then coupled to four 
PMTs and requires a high voltage (1600–1800 V) 
supply. Most PET scanners consist of 144–288 
block detectors and contain 10,000–20,000 
detector elements. With block detectors, Anger 
logic must be employed to estimate the location 
of the photon’s original impact, limiting further 
improvement of spatial resolution in PET imag-
ing. Although this still allows for high spatial 
resolution of 4–5 mm at the center of the field of 
view (FOV), great improvements have been 
achieved in the way detectors interface with the 
scanner’s front-end electronics [5].

a b

Fig. 5.9 The “block” detector (a), and Crystal arrays (b) used in the construction of MicroPET scanners [25]
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Digital PET
Recent PET scanner designs feature smaller sili-
con digital photomultipliers (SiPM) or avalanche 
photodiodes [26]. The introduction of SiPMs as 
an alternative to standard PMTs used in analog 
PET scanners with block detectors. SiPMs, the 
basis for the so-called digital PET/CT systems, 
are smaller than standard PMTs (enabling higher 
spatial resolution) and provide up to 100% cover-
age of the crystal area, as well as high sensitivity, 
low noise, and fast timing resolution. Also, 
SiPMs in combination with optimized acquisi-
tion and reconstruction parameters improve the 
localization of the annihilation events, provide 
high-definition PET images, and offer higher 
sensitivity, and higher diagnostic performance 
[20]. This novel technology is actually used in 
different PET devices manufactured by different 
vendors, including Philips Healthcare (Vereos 
PET/CT), GE Healthcare (Discovery MI PET/
CT), and Siemens Healthineers (Biograph Vision 
PET/CT system). The design of the digital sys-
tem of different vendors, however, may have 
variations in the number of detector modules and 
the size of crystals. In principle, since each scin-
tillation crystal is coupled to a single SiPM (1:1 
coupling), there is an enhancement of the TOF 
and a reduction of the dead time, as well as an 
improvement in spatial, and timing resolution. 
Based on many clinical studies, it was concluded 
that Digital PET opens new perspectives in the 
quantification and characterization of small 
lesions, which are mostly undetectable using ana-
log PET systems, potentially changing patient 
management, and improving outcomes in onco-
logical, and nononcological diseases [20].

5.3.2.3  PET Data Acquisition
In order to obtain PET images of a radiotracer 
distribution, the data acquisition involves obtain-
ing two different scans; a transmission and emis-
sion scan, while the patient is in the scanner. In 
addition, two other scans, called blank scan and 
normalization scan, are necessary to process, and 
reformat the PET projection data into a quantita-
tive PET scan, with multiple slices.

Attenuation Correction Based on CT
Attenuation correction (AC) for the 511  keV 
photons originating from different parts of the 
body has been used in PET imaging ever since 
the introduction of the first PET scanners but, 
was originally based on radionuclide transmis-
sion rod sources circling around the patient to 
collect photon attenuation maps. With older PET 
scanners and several MicroPET devices, a trans-
mission scan is first obtained by using external 
rod sources of radiation. The most common rod 
source is based on long-lived 68Ge (T½ = 270 days), 
which decays by EC to 68Ga, which in turn,  
decays by positron emission.

With the current PET/CT scanners, the most 
common method for attenuation correction is 
based on the CT scan. The maximum number of 
detector rows for the CT scanner component of a 
PET/CT is 128 although a CT scanner of 16 
detector rows may be adequate for most clinical 
studies. A nondiagnostic CT scan can be used as 
a transmission scan. Since the CT scan is based 
on lower energy (~60-keV) X-ray photons, the 
CT scan can be performed either before or after 
the administration of a PET radiotracer. In addi-
tion, a CT scan for attenuation correction takes 
only 0.5–2 min.

A blank scan (with no object in the FOV) must 
be completely noise free and is generally per-
formed for 1 h or, at least 10 times the duration 
for which the emission scan is obtained. The 
blank scan is obtained using a rod source or CT 
scan depending on the technique used for the 
attenuation correction (Fig. 5.10).

2D vs. 3D PET
There are two kinds of collimation used in PET: 
one to direct the photons to the detector and the 
other to select the detected events. Thick lead 
rings are used to define the external axial FOV, 
while thin lead or tungsten rings (1–5 mm thick) 
(usually referred to as septa) are employed to 
define the individual imaging planes. These septa 
can be positioned to define the slices during 2D 
PET studies, but can be retracted during 3D PET 
acquisition, to increase sensitivity.

5 Radioactivity Detection: PET and SPECT Scanners
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GE Discovery
IQ Gen 2

Siemens Biograph Vision Quandra

Explorer While-body PET Scanner

Philips Vereos
Digital PET/CT

Fig. 5.10 PET/CT scanners: GE Discovery IQ Gen 2 is 
the next generation of our high-performance PET/CT sys-
tem with faster scan times, with Motion-Free image clar-
ity. Siemens Biograph Vision Quandra has a large axial 
PET field of view. To cover dynamically from vertex to 

thighs, Philips Vereos is the world’s first and only fully 
digital, clinically proven, PET/CT scanner. The Explorer 
whole body PET scanner was developed by UC Davis sci-
entists and approved by the FDA

The electronic circuit of ACD provides the 
electronic collimation by selecting only those 
counts that are simultaneously detected by the 
opposite detectors, during the coincidence timing 
window. Typically, electronic collimation selects 
only 1% of the singles as prompt events for fur-
ther processing, while the remaining 99% are 
rejected. The use of newer detector materials 
with digital technology and techniques has 
allowed all modern PET and PET/CT systems to 
operate in 3D mode, with substantial improve-
ments in photon sensitivity, compared with 2D 
PET. Therefore, a recent trend in PET imaging is 
3D mode operation, without the interplane septa, 
which results in improved photon sensitivity by a 
factor of 4–6, as compared with the 2D mode [5].

PET Imaging Modes
Following the administration of a PET radio-
tracer into a subject, imaging can be performed in 
three different modes.

A dynamic emission scan is used to obtain 
PET images in order to study the time–activity 
distribution of a radiotracer in a specific tissue or 
organ of interest. Dynamic scans are performed 
using a series of imaging frames, which get lon-
ger as the study progresses. Measurement of 
blood flow and receptor imaging studies are often 
performed using dynamic scans. These studies, 
however, may require arterial or venous sampling 
to provide an input function to estimate quantita-
tive parameters, based on pharmacokinetic mod-
eling of radiotracer distribution.

5.3  Radionuclide Imaging Systems
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A static emission scan is normally obtained 
only when the radiotracer distribution is fairly 
stable or reaches an equilibrium state. The static 
scan is acquired in a single frame and it is 
assumed that the tracer concentration in a given 
tissue is constant, except for the physical decay. 
Most PET scans are performed 1–2  h post- 
administration of the dose. Whole-body emission 
scan represents a series of static scans performed 
at different segments or portions of the whole 
body. The studies are performed in several bed 
positions by acquiring a static scan for a specific 
time and then moving the patient (the bed) by a 
distance that is less than the axial FOV.  Most 
clinical PET scanners have a FOV of 15–20 cm. 
Typically, five to seven bed positions, each 
requiring 3–5 min, will complete a whole-body 
emission scan from head to midthighs in 
15–35 min. The data collected at each bed posi-
tion are subsequently reconstructed into a whole- 
body volume and can be reoriented into 
transaxial, coronal, and sagittal views.

Continuous bed motion (CBM) PET/CT scan-
ner has been introduced by Siemens. Unlike the 
conventional scanning coverage where a tech-
nologist has to decide if an additional bed is 
needed or not, the CBM allows for a flexible 
selection of the start and finish locations for each 
body region in the PET scan coverage. It also 
allows a variable motion speed and consequently 
the collection of optimal photon counts for each 
region of the body, to optimize local sensitivity.

PET Scan Reconstruction Techniques
Most current PET/CT systems employ a fully 3D 
iterative PET reconstruction, which allows the 
incorporation of CT attenuation maps as well as 

corrections for scatter, random events, spatial 
system response, and dead time. An accelerated 
type of iterative reconstruction, 3D ordered sub-
set expectation maximization, can be imple-
mented on all systems to reduce reconstruction 
time. Despite such implementation, 3D iterative 
reconstruction can still pose significant limita-
tions with respect to processing speed in standard 
workstations, particularly for cardiac PET imag-
ing using dynamic and gated protocols. More 
detailed discussion on PET image data correction 
and PET image reconstruction is beyond the 
scope of this chapter.

5.3.3  Small-Animal Imaging 
Systems

Clinical imaging systems have relatively coarse 
spatial resolution that is insufficient for imaging 
structures in small animals, which requires high 
spatial resolution (on the order of 1–2 mm or bet-
ter). To achieve this, scanners must use higher 
resolution detectors and achieve finer spatial 
sampling (e.g., using smaller detector elements) 
while maintaining as high a sensitivity as possi-
ble [27–30]. Molecular imaging can be obtained 
by imaging techniques such as optical imaging, 
nuclear imaging, magnetic resonance imaging 
(MRI), ultrasound imaging, and computed 
tomography (CT) (Table 5.1). Molecular imaging 
techniques such as PET and SPECT provide the 
3D distribution of radiopharmaceuticals and have 
excellent sensitivity and high resolution with 
excellent tissue penetration depth as shown in 
Table 5.3.

Technique Resolution Depth Sensitivity
mm Moles of label detected

CT 0.05 No limit 10−6–10−3

Ultrasound 0.05 mm 10−8–10−6

MRI 0.01–0.10 No limit 10−9–10−6

Optical 1.0 <10 cm 10−12–10−11

SPECT 1–2 No limit 10−14–10−10

PET 1–2 No limit 10−15–10−12

Table modified from Jang [28]

Table 5.3 Small imaging 
techniques for drug 
discovery and development
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In the late 1990s, several groups began mak-
ing significant progress in the development of 
high-resolution small-animal PET and SPECT 
scanners for the study of molecular imaging 
techniques in several rodent disease models 
[31–33]. For both clinical and animal scanners, 
for a given size of the detector and field of view 
(FOV), there is a tradeoff between the resolu-
tion and the sensitivity. For example, MicroPET 
scanners typically have at least 10 times greater 
sensitivity than the microSPECT scanners. 
Some of the commercial animal scanners are 
listed in Table 5.4. Among the existing imaging 
modalities PET and SPECT are particularly 
suited for molecular imaging because there are 
hundreds of potential molecular imaging tar-
gets and a variety of radiolabeled probes have 
been developed and are currently under devel-
opment. While conventional imaging yields 
anatomical maps or a rendering of physiologic 
functions, molecular imaging provides addi-
tional information on the distribution and (in 
some cases) amount or activity of specific 
molecular markers in  vivo and will, thus, 
expand the emphasis of radiological imaging 
beyond the anatomical and functional level, to a 
molecular one.

The first animal PET tomographs designed for 
imaging nonhuman subjects were the SHR-2000 
developed by Hamamatsu (Japan) and the ECAT- 
713 developed by CTI PET Systems Inc. 
(Knoxville, TN). The first PET system developed 
specifically for rodent imaging was the RATPET 
scanner developed by Hammersmith Hospital in 
collaboration with CTI PET Systems Inc. The 
measured spatial resolution of this scanner was 
found to be 2.4 mm transaxially by 4.6 mm axi-
ally, giving a volumetric resolution of 0.026 cm3. 
The 3D data acquisition of that system and the 
high detector efficiency provided a relatively 
high absolute sensitivity of 4.3%. Based on the 
UCLA MicroPET system, Concorde 
Microsystems Inc. introduced the commercial 
MicroPET systems for primates (P4) and rodents 

(R4) based on a new generation of electronics 
designed to take full advantage of the fast decay 
time of the LSO detector. Since then, several 
other scintillator/PMT-based animal PET sys-
tems have been introduced. The Inveon, the last 
design of the MicroPET series, is a trimodality 
platform offering the largest axial extension 
(127  mm), up to threefold higher sensitivity 
(6.27%) in comparison to its predecessors There 
has been a significant improvement in the design 
of microSPECT systems for small-animal imag-
ing studies. Because in microSPECT devices the 
required FOV is very small, it is possible to 
achieve a much higher resolution than with clini-
cal SPECT scanners. A number of commercial 
systems are now available with a spatial resolu-
tion <2 mm. Some of these devices even report 
submillimeter resolution for specific organs and 
tissues that may accumulate significant amounts 
of radioactivity. For most of the animal SPECT 
scanners, the detection efficiency for high-energy 
photons (<200 keV) is <0.1%. As a result, it is 
necessary to inject radiotracers at dose levels that 
are hundreds of times more than the clinical 
doses. Many of these devices are based on a wide 
variety of detection instrumentation, including 
conventional scintillation cameras, pixelated 
detectors with PSPMTs or APDs, and semicon-
ductor gamma cameras.

5.3.3.1  State-of-the-Art Preclinical PET 
Scanners

The remarkable improvements in system designs 
and overall performance introduced by the differ-
ent vendors resulted in the current generation 
preclinical PET scanners surpassing the previous 
generations in many aspects. Today, high-end 
state-of-the-art technologies approach submilli-
meter spatial resolution, breaking a barrier that 
could open the door to more specific applications 
and more accurate quantification by eliminating 
the partial volume issue [27]. A brief summary of 
different commercial scanners is shown in 
Table 5.4 and Fig. 5.11.
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Siemens Inveon
PET/SPECT/CT

MILabs U-SPECT

Ravcan Trans
PET/CT X5

Sofie GNexrPET/CT Inviscan IRIS XL PET/CT

MILabs U-PET
Mediso MultiScanTM

LFER150 PET/CT

Brucker Albira SI
PET/SPECT/CT

Molecules
b cube PET

Fig. 5.11 Commercial PET, SPECT, and CT scanners for molecular imaging studies in small animals
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6Chemistry: Basic Principles

The internal machinery of life, the chemistry of 
parts is something beautiful. And it turns out that 
all life is interconnected with all other life. 
(Richards Feynman)

6.1  Chemical Elements

In general, chemistry is the study of matter and 
energy, and the interaction between them. More 
specifically, chemistry is the study of matter, 
including its composition, properties, structure, 
the changes which matter undergoes, and the 
laws governing those changes. Chemical ele-
ments are the building blocks of all types of mat-
ter in the universe and, at present, 118 elements 
are known to exist. In nature, however, 94 ele-
ments have been discovered. Some elements are 
only present in trace amounts while some are 
manmade or artificially produced. From the point 
of view of chemistry, the smallest unit of an ele-
ment is the atom, representing the chemical iden-
tity of that element. Among the elements that 
exist in nature, hydrogen is the lightest (Z = 1, 
A = 1) atom, while uranium is the heaviest atom 
(Z = 92, A = 238).

Chemical reactions take place between atoms 
of the same element or atoms of different ele-
ments to form molecules of compounds. 
Chemical interactions involve only the electrons 
in the outer orbits, while protons and neutrons of 
an atom do not participate in any chemical reac-

tions. The chemical properties of an element are 
determined only by the number of electrons in an 
atom, which is equal to the number of protons in 
the nucleus (Z).

6.1.1  Chemistry and Radioactivity

Radioactivity is a process which primarily involves 
the decay of the unstable nucleus of an element 
but, all the chemical reactions of an element 
involve the outermost orbital electrons. Atoms of 
different isotopes of an element, both stable and 
radioactive, will have a similar chemistry, regard-
less of the radioactive emissions from an unstable 
nucleus. Similarly, the chemistry of an atom does 
not, in any way, affect the radioactive decay char-
acteristics of an atom. In nuclear medicine, tracer 
principle is based on the fact that the chemistry 
and physiological behavior of radioisotopes of an 
element is identical to the corresponding naturally 
occurring stable isotopes of that element. Because 
the mass of different isotopes of an element is 
slightly different, there may be some differences in 
the chemistry among the isotopes of an element. 
This effect known as isotope effect is only signifi-
cant if the mass difference is substantial, as in the 
case of hydrogen isotopes, where the mass differ-
ence of the three isotopes is 200–300%. In con-
trast, the isotopes of iodine have only about 3% 
difference in their mass.
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6.1.2  Periodic Table

The periodic table (Fig. 3.3) is a listing of the ele-
ments in the order of increasing atomic number 
(Z). More specifically, elements with similar 
chemical properties are aligned vertically in col-
umns (called groups or families). It must be noted 
that in the modern periodic table, this order is 
based only on the atomic number and not the 
atomic weight. The horizontal series of elements 
are referred to as periods; the first two periods are 
short periods and consist of eight groups, while 
the remaining periods are called long periods, 
consisting of 18 groups. The position of an ele-
ment in the periodic table explains the general 
chemical behavior of an element.

Most of the elements found in nature are met-
als and are shown in the periodic table as alkali 

metals (Group-1), alkaline earth metals 
(Group- 2), and transition metals including lan-
thanides and actinides (Groups 3–12). Elements 
in groups 13–16 are regarded as metals or metal-
loids; elements in Group 17 are known as halo-
gens; and elements in Group 18 are known as 
inert or noble gases. Some of the important ele-
ments and their radioisotopes, useful for PET and 
SPECT, are listed in Table 6.1.

6.1.2.1  Electronic Structure of Atom
The atom consists of an extremely dense, small, 
positively charged nucleus surrounded by a cloud 
of electrons with small size and mass, each 
 carrying a single negative charge equal but oppo-
site to that of a proton in the nucleus. Because the 
number of electrons and protons in an atom is the 
same, the whole atom is electrically neutral. The 

Table 6.1 Important elements and their useful radioisotopes for imaging and therapy

Element Atomic number Stable isotope Natural abundance (%) Useful radioisotopes Decay mode
Carbon 6 12C 98.9 11C β+

13C 1.10 14C β−

Nitrogen 7 14N 99.634 13N β+

15N 0.366
Oxygen 8 16O 99.762 15O β+

17O 0.038
18O 0.200

Fluorine 9 19F 100 18F β+

Copper 29 63Cu 69.17 62Cu β+

63Cu 30.83 64Cu β+, β−, EC
67Cu β−, γ

Gallium 31 69Ga 60.1 66Ga β+, EC, γ
69Ga 39.9 67Ga EC, γ

68Ga β+, EC, γ
Rubidium 37 85Rb 72.165 82Rb β+

87Rb 27.845
Yttrium 39 89Y 100 86Y β+, EC, γ

90Y β−

Technetium 43 – – 94Tc β+

99mTc IT, γ
Indium 49 113In 4.3 111In EC, γ

115In 95.7
Iodine 53 127I 100 123I EC, γ

124I β+, EC, γ
131I β−, γ

Lutetium 71 175Lu 97.0 177Lu β−, γ
Radium 86 – – 223Ra A
Actinium 89 – – 225Ac A
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atomic volume (10−8 cm diameter) with the cloud 
of electrons is significantly larger than the vol-
ume of the nucleus (10−13  cm diameter). 
According to Bohr’s model of atom, an electron 
in a hydrogen atom rotates around the nucleus at 
high speeds in closed circular orbits associated 
with a characteristic quantum number. The elec-
tron, in general, exists in a low energy orbit 
(ground state). Gain or loss of a quantum of 
energy occurs only when an electron moves from 
one orbital to another of greater or lesser energy. 
As a result, an atom can absorb or emit energy in 
discrete units or quanta.

6.1.2.2  Quantum Model of Atom
At first, Bohr’s model appeared to be very prom-
ising. By the mid-1920s, however, it had become 
apparent that this model needed refinement. The 
wave mechanics or quantum mechanics devel-
oped by Werner Heisenberg, Louis de Broglie, 
and Edwin Schrodinger finally provided a wave 
or quantum mechanical description of an atom. 
According to this model, the electron bound to 
the nucleus is similar to a standing or stationary 
wave. The circumference of a particular orbit 
corresponds to a whole number of wavelengths. 
Schrodinger’s famous wave equation (Hψ = Eψ) 
describes an electron in an atom, where ψ, called 
the wave function, is a function of the coordi-
nates (x, y, and z) of the electron’s position, in 
three-dimensional space, and H represents a set 
of mathematical instructions, called an operator. 
When this equation is analyzed, many solutions 
are found. Each solution consists of a wave func-
tion ψ, that is characterized by a particular value 
of energy, E. A specific wave function for a given 
electron is often called an orbital (an orbital is 
not a Bohr’s orbit). The wave function corre-
sponding to the lowest energy of an hydrogen 
atom is called 1s orbital. The theory of quantum 
mechanics only provides the probable position of 
the electrons around the nucleus but, not the elec-
trons motions around the nucleus.

Schrodinger’s equation for the hydrogen atom 
or other multielectron atoms has many solutions 
with many wave functions or orbitals character-
ized by a set of quantum numbers. In order to 
describe a given electron in atom, a set of four 

quantum numbers are needed. The values and the 
physical meaning of these quantum numbers can 
be described as follows:

The principal quantum number (n), which can 
have integral values (such as 1, 2, 3, 4 …), is 
related to the size and energy of the orbital. As n 
increases, the orbital size and the energy 
increases. The value of n, or the shell number, is 
represented by K, L, M, N, … (old terminology).

The angular momentum quantum number (l) 
relates to the ellipticity of the orbital or the angu-
lar momentum of an electron in a given orbital. It 
can have integral values of 0 to n −  1, and for 
each value of n, the value of l determines the 
shape of the orbital (such as s, p, d, f, …). These 
orbitals are also called subshells.

The magnetic quantum number (me), which 
can have integral values between l, and −l includ-
ing 0. The value of me relates to the orientation in 
space of the angular momentum associated with 
the orbital.

The electron spin quantum number (ms), 
which has values of +½ and −½. The value of ms 
represents the direction of the electron spin.

Each electron in an atom has a unique set of 
quantum numbers. In a given atom, no two elec-
trons can have the same set of four quantum num-
bers (n, l, me, ms). This is called the Pauli 
Exclusion Principle, which can also be stated as 
follows: An orbital can hold only two electrons 
and they must have opposite spins.

The electrons in atoms other than hydrogen 
and helium also occupy various energy levels or 
shells. The maximum number of electrons that 
can occupy a given energy level or shell (n) is 
2n2. For example, if n = 2, then the total number 
of electrons in the second shell (L) is eight. The 
number of orbitals (l) in second shell is two since 
l can have values of 0 (called s) and 1 (called p). 
These two orbitals in the second shell are called 
2s and 2p. Since the number of electrons in each 
orbital is 2(2l + 1), a 2s orbital can hold two elec-
trons while a 2p orbital can have six electrons. 
Further, because me can have values between l, 
and −l including 0, the 2p orbital has three orien-
tations in space (2px, 2py, 2pz), and each one of 
them, in turn, can only hold a maximum of two 
electrons (since ms has only two values +½ and 
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Table 6.2 Electron configuration of some of the elements

K L M N O P
Element 1s 2s 2p 3s 3p 3d 4s 4p 4d 4f 5s 5p 5d 5f 6s 6p 6d 6f 7s 7p
H 1
He 2
Li 2 1
C 2 2 2
N 2 2 3
O 2 2 4
F 2 2 5
Ne 2 2 6
Na 2 2 6 1
K 2 2 6 2 6 1
Cu 2 2 6 2 6 10 1
Ga 2 2 6 2 6 2 1
Kr 2 2 6 2 6 10 2 6
Rb 2 2 6 2 6 10 2 6 1
Y 2 2 6 2 6 10 2 6 1 2
Tc 2 2 6 2 6 10 2 6 5 2
In 2 2 6 2 6 10 2 6 10 2 1
I 2 2 6 2 6 10 2 6 10 2 5
Xe 2 2 6 2 6 10 2 6 10 2 6
Lu 2 2 6 2 6 10 2 6 10 14 2 6 1 2
U 2 2 6 2 6 10 2 6 10 14 2 6 10 3 2 6 1 2

½). The electron configuration in different energy 
levels and the possible quantum numbers are 
shown in Table 6.2.

6.1.2.3  Arrangement of Electrons 
in Orbitals

Since the chemical properties of an element are 
determined by the electrons, it is important to 
understand how these electrons are arranged in 
the orbitals (Fig. 6.1). According to the Aufbau 
principle, as protons are added one by one to the 
atomic orbitals to build elements, electrons are 
added one by one to the nucleus to build up the 
elements. In the ground state, the lowest energy 
orbitals contain the electrons. The high-energy 
orbitals, however, are filled only after the lower- 
energy orbitals are filled. The various orbitals 
arranged in order of increasing energy are as 
follows:

1s, 2s, 2p, 3s, 3p, 4s, 4p, 5p, 6s, 4f, 5d, 6p, 7s, 5f, 
6d.

It is important to note that the 3d orbital is not 
filled until after the 4s is filled, the 4d until after 
the 5s, the 4f until after the 6s, and the 5d until the 

4f orbital is filled. The series of elements in which 
the d orbital is being filled are called transition 
metals.

In a group of elements (Z = 57–70) known as 
lanthanides (elements that are also transition ele-
ments), each of the elements differs from the 
other element only in the number of electrons in 
the 4f orbital, while the 5s, 5p, and 6s orbital are 
completely filled. Similarly, in actinides 
(Z = 89–102), 5f electrons are being filled, while 
the 6s, 6p, and 7s orbitals are completely filled.

Pauli’s exclusion principle requires that only 
two electrons with opposite spin occupy any given 
subshell. Hund’s rule states that the lowest energy 
configuration for an atom is the one having the 
maximum number of unpaired electrons in a par-
ticular set of degenerate orbitals (orbitals with the 
same energy level), such as p, d, and f. The elec-
tron configuration of several elements, shown in 
Table 6.5, clearly illustrates Hund’s rule.

Valence Electrons and Stable Octet
The electrons in the outermost principal quantum 
level of an atom are known as valence electrons and 
the shell is frequently referred to as valence shell. 
These electrons are the most important elements in 
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Fig. 6.1 The tetrahedral structure of methane (a) can be 
described in terms of carbon atom using a sp3 hybrid set of 
orbitals to bond to the four hydrogen atoms. In case of 
acetylene, the carbon can be described as sp2 hybridized 
(c), in which the C–C bond is formed by sharing an elec-

tron pair between sp2 orbitals, while the π bond is formed 
by sharing a pair of electrons between p orbitals. As a 
result, the free rotation of the two CH2 group is prevented. 
However, with ethane (b) the free rotation of two CH3 
groups is possible

chemistry because they are involved in the forma-
tion of chemical bonds. The inner electrons are 
known as core electrons and generally do not par-
ticipate in forming of chemical bonds. The elements 
listed in the same group of the periodic table (Chap. 
3, Table 3.3) have the same electron configuration 
and, therefore, have similar chemical behavior.

The elements listed in Group-18 of the peri-
odic table are known as noble or inert gases 
because they lack chemical reactivity; in general 
they form very few chemical compounds. The 
outer electron configuration for the inert gases 
(except for He) has eight electrons in the s and p 
orbitals. Based on this observation, the theory of 
chemical compound formation postulates that the 
stable electron configuration for the outer elec-
tron shell is eight electrons. More specifically, the 
stable octet rule postulates that compounds are 
formed between atoms of the same or different 

elements as a result of the loss, gain, or sharing of 
electrons so that each atom attains a stable octet 
electron configuration.

The valency of an element is determined by 
the number of electrons in the outermost shell 
(Table  6.3) that can participate in a chemical 
reaction. For example, the valency of hydrogen 
and fluorine is 1, while the valency for nitrogen is 
3 or 5, and 4 for carbon.

6.1.3  Chemical Bonding

John Dalton was probably the first to recognize that 
chemical compounds are a collection of atoms. 
Only in the twentieth century, however, was it real-
ized that electrons participate in the bonding of one 
atom to another atom. The forces that hold the 
atoms together in compounds are called chemical 
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Table 6.3 Valence electrons of elements in the eight 
groups of the periodic table

K L
Element 1s 2s 2px 2py 2pz
H ↑
He ↑↓
Li ↑↓ ↑
Be ↑↓ ↑↓
B ↑↓ ↑↓ ↑
C ↑↓ ↑↓ ↑ ↑
N ↑↓ ↑↓ ↑ ↑ ↑
O ↑↓ ↑↓ ↑↓ ↑ ↑
F ↑↓ ↑↓ ↑↓ ↑↓ ↑
Ne ↑↓ ↑↓ ↑↓ ↑↓ ↑↓

bonds. The driving force behind the bond forma-
tion of any two atoms is the decreased overall 
energy state of the individual atoms.

6.1.3.1  Ionic or Electrovalent Bonds
Atoms are electrically neutral. An ion is an atom 
or a group of atoms that has a net positive (cat-
ion) or negative (anion) charge. The force of 
attraction between oppositely charged ions is 
called ionic or electrovalent bond. Ionic com-
pounds are formed when a metal reacts with a 
nonmetal. Alkali and alkaline earth metals have 
one or two electrons in the outer shell. In order to 
reach a stable octet electron configuration, they 
can easily donate the valence electrons and 
become positively charged ions. Nonmetals, such 
as halogens, need only one electron to reach a 
stable octet configuration and so are willing to 
receive or gain an electron and form a negatively 
charged ion. The ionic bond is formed when an 
atom that looses electrons easily interacts with an 
atom that has a high affinity for electrons. The ion 
pair has lower energy than the separated ions. 
For a mole of Na+ and Cl− ions, the energy of 
interaction is −504 kJ mol−1.

NaCl, NaF, NaI, CaO, and CaCl2 are all known 
as ionic compounds or salts. When these 
 compounds are dissolved in water, the ionic com-
pound dissociates resulting in the regeneration of 
ions. Ionic compounds, however, are very sturdy 
materials; they have great thermal stability and 
high melting points. For example, NaCl crystal 
has a melting point of about 800 °C. Ionic com-
pounds conduct electricity in the solid state as 

well as in the liquid state. Solutions of ionic com-
pounds are known as electrolytes.

6.1.3.2  Covalent Bond
When atoms of the same element or different 
elements share a pair of electrons, a covalent 
bond is formed. The covalent bonding results 
from the mutual attraction of the two nuclei for 
the shared electron pair. The total energy of the 
molecule is less than that of the individual 
atoms. In the diatomic H2 molecule, both hydro-
gen atoms share a pair of electrons so that the 1s 
orbital has the maximum of two electrons 
needed for stability. Sometimes it is necessary 
for two atoms to share more than one pair of 
electrons to reach stable octet configuration. 
Based on the number of pairs of electrons 
shared, covalent bonds may be called a single 
bond, double bond, or triple bond. In the O2 
molecule, the two oxygen atoms share two pairs 
of electrons while in the N2 molecule, the two 
nitrogen atoms share three pairs of electrons. 
Also, molecules such as H2O, NH3, and CH4 
contain covalent bonds. Covalent bonds are 
most common between carbon atoms in organic 
compounds. Molecules containing covalent 
bonds are nonionic and are poor conductors of 
electricity because the pair of electrons is nor-
mally shared equally by each atom participating 
in the bond formation. When the electron shar-
ing by the two atoms is unequal, polar covalent 
bonds are formed. For example, in the HF mol-
ecule, the electron pair is drawn more toward 
fluorine nucleus. As a result, the H atom has a 
fractional positive charge (δ+) and the F atom 
has a fractional negative charge (δ−).

Coordinate Covalent Bond
In a covalent bond, the pair of electrons required 
for sharing is donated equally by the two atoms. 
In contrast, in a coordinate covalent bond, the 
pair of electrons required for bond formation is 
provided by an atom to another atom, which can 
accommodate the pair in octet formation. These 
bonds are also called semipolar bonds because 
the donor atom has a partial positive charge, 
while the acceptor atom has a partial negative 
charge, just like in polar covalent bonds. Some 
donor atoms, such as N, O, and S, have a lone 
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pair of electrons, and these atoms form coordi-
nate covalent bonds with metal ions to form 
metal complexes that can be cationic, anionic, or 
neutral, and which are very stable.

6.1.3.3  Hydrogen Bond
Molecules that contain hydrogen atoms bonded 
covalently to very electronegative atoms, such as F, 
O, and N, also form another chemical bond called 
a hydrogen bond. The strong electronegative atom 
has greater attraction for the pair of electrons and, 
as a result, acquires a partial negative charge (δ−). 
Therefore, a hydrogen atom has a partial positive 
charge (δ+). Now there is an electrostatic attraction 
between the partial opposite charges of the hydro-
gen atom of one molecule and the electronegative 
atom of another molecule. Such bonds between the 
partial opposite charges of hydrogen and the elec-
tronegative atoms are known as hydrogen bonds. 
Although hydrogen bonds are weak chemical 
bonds, they are important for the solvent properties 
of water and for the stability of the Deoxyribonucleic 
acid (DNA) structure.

6.1.3.4  Electronegativity
Different atoms have different affinities for the 
electrons that are being shared in a chemical 
bond. Electronegativity is a property, which 
describes the ability of an atom in a molecule to 
attract shared electrons. Linus Pauling developed 
a scale for electronegativity of different elements. 
In the periodic table of elements, electronegativ-
ity generally increases across a period and 
decreases down a group. For example, the value 
for Li is only 1.0 compared to a value of 4.0 for F 
(the most electronegative atom). In a chemical 
bond, the electronegativity difference between 
two identical atoms is zero and, therefore, no 
polarity occurs and covalent bonds are formed. 
When two atoms with widely differing electro-
negativities interact, ionic bonds are formed 
while unequal electron sharing results in polar 
covalent bonds.

6.1.3.5  Lewis Structures
In 1902, Gilbert Lewis conceived the octet rule. 
The Lewis structure of a molecule represents the 
arrangement of valence electrons among the 

atoms in a molecule. In a covalent bond forma-
tion, the pair of electrons found in the space 
between atoms are called bonding pairs while 
those pairs of electrons localized on an atom are 
called lone pairs.

In ionic compounds, such as NaCl, the Lewis 
structure shows all eight electrons on the Cl− ion 
while the Na+ ion has no valence electrons.
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In molecules with covalent bonds, the Lewis 
structures show the bonding electron pairs in the 
place between the two sharing atoms.
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Sometimes more than one valid structure is pos-
sible for a given molecule. Resonance occurs 
when more than one Lewis structure can be writ-
ten for a molecule and the electron structure rep-
resents an average of the resonance structures. For 
example, the nitrate ion is represented by a reso-
nance structure. In reality, however, the electrons 
are delocalized or move around the entire mole-
cule. Resonance is an exception to the general 
Lewis representation of electron configuration.

6.1.3.6  Formulas of Compounds
The formula of a compound indicates the num-
bers of atoms in the compound. An empirical for-
mula represents the whole-number ratio of the 
various types of atoms in a compound. However, 
sometimes different compounds have the same 
ratio of moles of atoms of the same element. For 
example, the compounds acetylene (C2H2) and 
benzene (C6H6), each has 1:1 ratios of moles of 
carbon atoms to moles of hydrogen atoms. For 
both these compounds, the empirical formula is 
CH, and it will not be able to establish the iden-
tity of a given molecule. The molecular formula, 
however, is a formula which gives all the infor-
mation that the empirical formula does, plus 
information about the number of atoms present in 
each molecule. For an unknown compound, the 
molecular formula can be determined from the 
empirical formula, if the molar mass is known.

6.1  Chemical Elements



94

In organic chemistry, a structural formula is 
very important to establish the real identity of a 
specific molecule or substance. For example, the 
molecular formula C6H12O6 may represent sev-
eral different sugar molecules. The structural for-
mula provides a detailed orientation of different 
atoms of a molecule in a 3-dimensional space.

6.1.3.7  Stoichiometry
All chemical reactions are dependent on the mass 
of the reactants. Therefore, it is essential to mea-
sure the absolute quantities of materials con-
sumed and produced in chemical reactions. This 
area of study is called chemical stoichiometry.

The modern system of atomic masses, insti-
tuted in 1961, is based on 12C as the standard and 
was assigned a mass of exactly 12 atomic mass 
units (amu). The masses of all other atoms are 
given relative to this standard. Mass spectrometer 
is used to determine the exact mass of atoms. The 
atomic mass of every element is shown in the 
periodic table as atomic weight. It is important to 
note that the atomic weight of every element is 
the average mass of all stable isotopes of an ele-
ment, present in nature. For example, the atomic 
weight of carbon is given as 12.01 amu since the 
natural carbon is a mixture of 12C (98.89%) and 
13C (1.11%). Similarly, the atomic weight of cop-
per is 63.55 since the natural copper is a mixture 
of 69.09% of 63Cu (62.93  amu) and 30.91% of 
65Cu (64.93 amu).

The Mole
Mole (mol) is generally defined as the number 
equal to the number of carbon atoms in exactly 
12 g of pure 12C atoms. The number of atoms in 
1 mol of 12C was determined to be 6.022137 × 1023 
(also known as Avogadro’s number). Since the 
atomic mass of natural carbon is 12.011  amu, 
12.011 g of a carbon element will have exactly 
6.022137  ×  1023 atoms. Thus, m the mass of 
1 mol of an element is equal to its atomic mass, 
expressed in grams.

Molar Mass (Molecular Weight)
A chemical molecule, compound, or substance is 
also a collection of atoms. For example, a mole-
cule of methane (CH4) contains 1 atom of carbon 
and 4 atoms of hydrogen. The mass of 1 mol of 

CH4 contains 1  mol of carbon (12.011  g) and 
4 mol of atomic hydrogen (4 × 1.008 g), or 2 mol 
of H2 molecule (2.016  g). Therefore, the molar 
mass of CH4 gas is 16.043 g. The term molecular 
weight was traditionally used to describe the molar 
mass of a substance. Thus, 1 mol of any substance 
is equal to the molecular weight or molar mass of 
that substance, expressed in grams. In case of salts 
and ionic compounds, such as NaCl or K2CO3, the 
term formula weight is used instead of the term 
molar mass or molecular weight.

It is often useful to know a compound’s com-
position in terms of masses of its elements. For 
example, the molar mass of glucose (C6H12O6) is 
181.122 g. In a glucose molecule, the mass per-
cent (or weight percent) of carbon is 39.79%, of 
oxygen it is 53%, and of hydrogen it is 6.68%.

6.1.3.8  Solutions
Solutions are described in terms of the type of 
substance or solute that is dissolved in a medium 
known as the solvent. Both the solute and solvent 
may be solid, liquid, or gas. The solvent, how-
ever, is mostly chosen based on the chemical 
properties of the solute, compatibility, and physi-
ologic conditions.

An ionic solution (also known as an electro-
lyte) is one that contains charged or ionic species, 
surrounded by solvent molecules. For example, 
in a NaCl solution, Na+ and Cl− ions are solvated 
by the water molecules that are dipolar. In molec-
ular solutions, such as a glucose solution, the 
individual glucose molecule with covalent bonds 
retains its integrity and does not dissociate.

The amount or mass of a solute in a given sol-
vent determines the strength or concentration of a 
solution.

Molarity and Normality
The term molarity (M) is defined as the number 
of moles of a substance (solute) per liter of a sol-
vent and is a measure of the number of molecules 
per unit volume.

 
Molarity M moles m volume v( ) = ( ) ( )/

 

Different dilutions of a molar solution can 
also be expressed as millimolar (mM), micromo-
lar (μM), etc. These concentration terms are very 
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important in chemical equations and reactions, 
since these terms specify the number of atoms or 
molecules in a given volume. For example, 1 M 
glucose solution contains 6.022 × 1023 molecules 
of glucose in 1 L, 6.022 × 1020 molecules in mL, 
and 6.022 × 1017 molecules in 1 μL.

In chemical reactions it is, sometimes, very 
important to know the number of reactive groups 
rather than the molecule itself. Normality (N) indi-
cates the number of reactive groups (equivalents), 
such as proton (H+), hydroxide (OH−), or electron 
units per unit volume. For example, 1 M HCl is also 
equivalent to 1N HCl since HCl has only one acidic 
hydrogen ion (H+). In contrast, 1 MH2SO4 is equiva-
lent to 2 NH2SO4 solution since it has two H+ ions.

Volume Percent
Solutions can be prepared using certain mass, g 
(w) dissolved in 100 g of a solvent or in 100 mL 
(v) of a solvent. Generally, solutions are prepared 
on the w/v basis. For example, the 0.9% NaCl 
solution (physiological saline) and the 5% dex-
trose solution are quite common in a clinic. It is 
important to recognize that in chemistry solu-
tions prepared on w/v basis are not useful for bal-
ancing chemical reactions and must be expressed 
in terms of molar concentrations. For example, a 
0.9% NaCl solution represents a 0.15 M solution 
of sodium chloride.

Radioactive Concentration
With radioactive solutions, it is quite common to 
express the concentration in units of activity/vol-
ume, such as mCi/ml or mBq/ml, etc. These radio-
active concentration terms are mistakenly applied 
to SA, which really is an expression of activity per 
mass of the radionuclide or radiotracer.

6.2  Chemical Reactions

In a chemical reaction, one or more substances, 
called reactants or reagents, are allowed to react 
to form one or more other substances, called prod-
ucts. A chemical change involves reorganization 
of the atoms in the reactants to form the product 
(bonds have been broken and new ones have been 
formed). This process is represented by a chemi-

cal equation. For example, methane gas reacts 
with oxygen to produce carbon dioxide and water.

 CH O CO H O4 2 2 2+ ® +  (6.3)

The law of conservation of mass dictates that in a 
chemical reaction, atoms are neither created nor 
destroyed. All atoms in the reactants must be 
accounted for among the products. To show the 
quantitative relationships, the chemical equation 
must be balanced. Coefficients are, therefore, used 
before the molecular formula of each compound to 
represent the number of moles of the reactant or 
the product. The above equation is not balanced 
and is not correct. A balanced chemical equation 
of the above reaction is written as follows:

 CH O CO H O4 2 2 22 2+ ® +  (6.4)

In the above reaction, 2  mol of oxygen interact 
with 1 mol of methane to produce 1 mol of carbon 
dioxide and 2 mol of water. Stoichiometric calcu-
lations of chemical reactions are very important 
for determining the number of reactants required 
to form a specific amount of a product.

6.2.1  Types of Chemical Reactions

In order to balance a chemical reaction, it is nec-
essary to know the molecular and structural for-
mulas of reactants and products. Also, one must 
be able to predict the products from the reactants. 
Simple chemical reactions are generally classi-
fied into five types. In a Combination reaction, 
two or more reactants combine to form one prod-
uct. In a decomposition reaction, the reactant 
decomposes into its component elements or a 
simpler compound. Different elements have 
varying abilities to combine. In reactions involv-
ing several reactants, the possible product forma-
tion depends on the relative affinities, valency, 
and electronegativities of elements. Substitution 
(single or double) or replacement reactions 
involve the exchange of different elements based 
on their relative reactivities. In combustion reac-
tions, compounds containing C, H, O, S, and N 
atoms involve burning with the liberation of 
energy and heat.
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There are millions of reactions described in 
chemistry (both inorganic and organic). Most of 
these reactions occur among substances dis-
solved in water. Certain organic compounds are 
relatively nonpolar and do not dissolve in water. 
As a result, chemical reactions are performed in 
organic solvents. Both aqueous and nonaqueous 
chemical reactions can be categorized into three 
groups: precipitation reactions, acid–base reac-
tions, and oxidation–reduction reactions.

 1. Precipitation reactions: When two solutions 
are mixed, an insoluble substance (a solid) 

sometimes forms and separates from the solu-
tion. Such a reaction is called a precipitation 
reaction and the solid that is formed is called 
a precipitate. For example, when a solution of 
barium chloride and a solution of sodium sul-
fate are mixed, a white, solid barium sulfate is 
formed, which can be separated from the 
sodium chloride solution simply by filtration. 
When ions combine to form a solid com-
pound, the compound has to be neutral and 
not soluble in the solvent. The balanced equa-
tion can be written as a molecular equation or 
as a complete ionic equation.

  
BaCl Na SO BaSO s NaCl2 2 4 4 2+ ® ( ) +  

(6.5)

  Ba Cl Na SO BaSo s Na Cl2
4
2

42 2 2 2+ - + - + -+ + + ® ( ) + +  
(6.6)

 2. Acid–Base reactions: Acids (from Latin word 
acidus) were first recognized as a class of sub-
stances that taste sour. In contrast, bases or 
alkalis are characterized by their bitter taste 
and slippery feel. In the 1880s, Savante 
Arrhenius proposed that in a solution, an acid 
is a substance that produces a proton, H+ ions, 
while bases produce hydroxide OH− ions. 
Since this concept applies only to aqueous 
solutions, Bronsted and Lowry, in 1923, 
defined an acid to be a proton donor, and a 
base to be a proton acceptor. In the 1920s, 
Lewis suggested a general definition for acid–
base behavior in terms of electron pairs. An 
acid is an electron pair acceptor and a base is 
an electron pair donor.

 3. Acids react with bases (and vice versa) to pro-
duce salts. Such a reaction is called a neutral-
ization reaction, resulting in the formation of 
a salt and water, as shown in the examples 
below. The hydrolysis of salts in turn can 
regenerate H+ ions.

 HCl KOH KCl H O+ ® + 2  (6.7)

 H SO NaOH Na SO H O2 4 2 4 22+ ® +  (6.8)

Strong acids, such as HCl, H2SO4, and HClO4 
(per-chloric acid), dissociate completely in 
aqueous solution, forming hydronium, H3O+ 
ion. In solvents other than water, however, the 

dissociation can only be partial. For example, 
hydrogen cyanide molecule may dissociate to 
form.

 HCN H CN« ++ - (6.9)

 NH H NH3 4+ «+ +

 (6.10)

Based on the Brønsted–Lowry definition, 
HCN is an acid since it can donate a proton 
and CN is a base since it can accept a proton. 
These two ions are called a conjugate acid–
base pair. Similarly, ammonia is a base since 
it can accept a proton. A proton does not gen-
erally exist by itself; therefore, the Brønsted–
Lowry equations usually show two sets of 
conjugate acid–base pairs and no protons, as 
shown in the example below.

 HCN NH NH Cl+ ® ++ -
3 4  (6.11)

When HCl reacts with a CN− ion, HCN is 
formed because a cyanide ion is a stronger 
base than a chloride ion and HCl is a stronger 
acid than HCN.

 HCl CN HCN Cl+ ® +- - (6.12)

Arrhenius acids and bases deal with a H3O+ 
ion and a OH− ion in aqueous solutions, while 
Brønsted–Lowry acids and bases deal with 
only protons or H+ ions in nonaqueous sol-
vents. Lewis acids and bases deal with a pair 
of electrons in coordinate covalent bonds. A 
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Lewis base can be an electron-rich negative 
ion such as OH− and HSO4

−, or a molecule, 
such as NH3, where the nitrogen atom has a 
lone pair of electrons to donate. Lewis acids 
include positive ions, such as H+, Ag+, and 
Al3+, or a molecule, such as BF3 and SO3, 
with an atom that can accept a pair of elec-
trons. The reaction between NH3 and BF3 
forming NH3BF3 is a good example of an 
acid–base reaction, as shown below, there are 
covalent bonds between N and hydrogen and 
coordinate covalent bond between N and B 
atoms.

 NH BF H N BF3 3 3 3+ ® :  (6.13)

 4. Oxidation–Reduction reactions: Chemical 
reactions in which one or more electrons are 
transferred are called oxidation–reduction 
reactions or redox reactions. Many impor-
tant reactions, such as combustion and oxi-
dation of sugars and fats, involve redox 
reactions. Oxidation is the loss of electron(s) 
from the electron configuration of an atom 
or ion, while reduction is the gain of 
electron(s) by the electron configuration of 
an atom or ion. In some of these reactions, 
the transfer of electrons occurs in a literal 
sense to form ions, as in the case of NaCl 
formation, while in the combustion of meth-
ane by oxygen transfer occurs in a formal 
sense by covalent bond breaking and new 
bond formation. In the oxidation of meth-
ane, none of the reactants and products are 
ionic (as one would expect when electrons 
are transferred); however, the  reaction is 
still assumed to involve transfer of electrons 
from carbon to oxygen.

 
2 22Na s Cl g NaCl s( ) + ( ) ® ( )  

(6.14)

 
CH O CO g H O g4 2 2 22 2+ ® ( ) + ( )  

(6.15)

The concept of oxidation states or oxidation 
numbers provides a way to keep track of elec-
trons in redox reactions. In the reaction of 
methane with oxygen, the carbon undergoes a 
change in oxidation state from −4 in CH4 to 
+4  in CO2. Such a change can be accounted 

for by a loss of eight electrons. Because each 
of the oxygen atoms has gained two electrons 
in CO2 and H2O molecules, the oxidation rate 
of oxygen changes from 0 in O2 to −2 in CO2 
and H2O molecules. Based on this example, 
the oxidation number is defined as the number 
of valence electrons in the free atom minus 
the number “controlled” by the atom in the 
compound. In any molecule with a covalent 
bond, the nonmetals with the highest attrac-
tion for shared electrons are F, O, N, and Cl. 
The relative electronegativity of these atoms 
is F ≫ O > N ≈ Cl.

CH4

–4 +4 –2 –2–1 0 +1

2O2 CO2
2H20+ +  

(6.16)
 

In the above reaction, carbon is oxidized as it 
loses electrons and the oxidation state is 
increased, while the oxygen is reduced 
because it gains electrons, and the oxidation 
state is decreased. In addition, because oxy-
gen looses electrons, it is called the reducing 
agent, while methane is called the oxidizing 
agent since it gains electrons. It is important 
to remember that in a covalent bond, electrons 
are shared between the atoms. However, in 
redox reactions, the shared electrons are 
drawn more toward the more electronegative 
atoms and, therefore, the atom has a net gain 
of the shared electrons.

6.2.2  Chemical Equilibrium

Many chemical reactions proceed to completion 
until one of the reactants is completely consumed 
and the product formation is finished. For example, 
sodium metal and chlorine gas combine to form 
NaCl salt, which can decompose only when it is 
electrolyzed. On the other hand, many other reac-
tions stop far short of completion since such reac-
tions can be reversible. The products formed react 
to give back the original reactants, even as the reac-
tants are forming more products. In fact, the system 
(the chemical reaction) has reached chemical equi-
librium, when the concentration of all reactants and 
products remains constant with time.

6.2  Chemical Reactions



98

When nitrogen and hydrogen gases react with 
each other at 500 °C and high pressure, ammonia 
is formed. Under the same conditions, ammonia 
is also decomposed. This situation, where two 
opposing reactions (forward and backward) 
occur at the same time, leads to a state known as 
chemical equilibrium.

 3 22 2 3H N NH+   (6.17)

Some reactions proceed slowly, while other reac-
tions can proceed very fast. The rate of a reaction 
is defined as the change in the concentration of 
any of its reactants or products per unit time. The 
nature and concentration of reactants, tempera-
ture, presence of a catalyst, pressure, and the size 
of solid reactants all contribute to the changes in 
the rate of a chemical reaction.

Le Chatelier’s principle states that if a stress 
(such as change in concentration, temperature, 
pressure, or addition of a catalyst) is applied to 
the system at equilibrium, then the equilibrium 
will shift in order to reduce that stress. The reac-
tion may shift to the right (product formation) or 
to the left (product decomposition). Soon, how-
ever, the system will reach a new equilibrium at 
the new set of conditions. Le Chatelier’s princi-
ple, however, cannot predict how much an equi-
librium will shift under different conditions of 
stress.

Based on empirical data, Guldberg and Waage, 
in 1864, proposed the law of mass action as a 
 general description of equilibrium condition. For 
a chemical reaction in general,

 a b c d
k k

A B C D+ « +
1 2,

 (6.18)

 

K
c d

a beq

C D

A B
=
[ ] [ ]
[ ] [ ]  

(6.19)

In the above equation, k1 and k2 are the forward 
and backward rate constants, while Keq, is a con-
stant called equilibrium constant. The square 
brackets indicate the concentration (in moles) of 
products and reactants at equilibrium and the 

coefficients represent the number of moles in the 
balanced chemical equation. The value of Keq for 
a given reaction system can be calculated from 
the observed concentrations of reactants and 
products at equilibrium. For example, in the syn-
thesis of ammonia, described above, under the 
conditions specified, Keq = 6.0 × 10−2 L2 mol−2. 
The higher the value of Keq, the more likely the 
reaction will shift to the right with a net increase 
in the product concentration or formation. There 
is only one value for Keq for a particular system, 
and at a particular temperature but, there are an 
infinite number of equilibrium positions.

6.2.2.1  Ionic Equilibria
Various salts, acids and bases, and their dissoci-
ated ions in solution also exist in equilibrium. 
The equation for the equilibrium constant is the 
same for any of the chemical reactions discussed 
above. Certain salts, such as NaCl and KCl, ion-
ize completely in a solution. For very slightly 
soluble salts, the equilibrium constant is called 
solubility product constant, Ksp, because most of 
the salt concentration is relatively constant. For 
example, for very slightly soluble silver bromide 
(AgBr) salt,

 
Ksp Ag Br= éë ùû éë ùû

+ -

 
(6.20)

The ionic equilibrium constant may be Ka (acid-
ity constant) if it represents the dissociation of an 
acid or Kb if it represents the dissociation of a 
base. A strong acid (or base) is a strong electro-
lyte that dissociates completely into its ions in 
aqueous solution. A weak acid (or base) is a weak 
electrolyte that dissociates only partially in aque-
ous solution. The stronger the acid or base, the 
higher the Ka or Kb value.

6.2.2.2  Dissociation of Water
Water is said to be amphoteric because it can 
behave as either an acid or a base. Pure water 
behaves like a weak electrolyte. As a result of 
the autoionization of a very small extent of 
water, H3O+ and OH− exist in water at 
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25 °C. The concentration of each of these ions 
is 10−7 M.

 H O H O OH2 2

+ -+  (6.21)

  
Ki

H O OH

H O

M M

M
=
éë ùû éë ùû =

´éë ùû ´éë ùû
+ - - -

3

2

7 71 10 1 10

55 6.  
(6.22)

Since the water concentration is relatively 
unchanged, Ki of water is the ion product of 
water, Kw = 1 × 10−14 M2. At neutrality, the con-
centration of H3O+ and OH− ions is the same and 
is equal to 1 × 10−7 M.

The pH Scale
The acidity of a solution depends on the hydrogen 
(H+) ion or hydronium (H3O+) ion concentration. 
Because the hydrogen ion concentration is typically 
very small, the pH scale provides a convenient way 
to represent the acidity of an aqueous solution.

 
pH H= - éë ùû

+log
 

(6.23)

Thus, for a solution in which

 
H M+ -éë ùû = ´1 0 10 7.

 
(6.24)

 
pH = - -( ) =7 0 7 0. .

 
(6.25)

The hydrogen ion concentration of an aqueous 
solution can be as high as 1.0 M and as low as 
1 × 10−14 M. Therefore, the pH scale (Fig. 6.2) 
ranges from 0 to 14.
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Fig. 6.2 Arrangement of electrons in orbitals. In the ground state, the lowest energy orbitals contain the electrons. The 
high-energy orbitals, however, are filled only after the lower-energy orbitals are filled
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Buffer Systems
A buffer solution is defined as solution that resists 
pH changes when acid or base equivalents are 
added to it. The components of a buffer solution 
are a weak acid and its anion. Similarly, a buffer 
solution can be made from a weak base and its 
salt. The addition of any acid or base to a buffer 
is neutralized by ions in the buffer keeping the 
pH relatively unchanged.

Acetate, citrate, and phosphate buffers are 
some of the most common buffer systems used. 
The pH of a buffer system can be calculated 
based on pKa of the weak acid used (based on the 
Henderson–Hasselbalch equation).

 

pH p
A

HA
= +

éë ùû
[ ]

-

Ka

 

(6.26)

For example, in the preparation of an acetate buf-
fer, the concentrations of the acetic acid and ace-
tate ion are the same and are equal to 0.2 M and 
Ka of the acetic acid is 1.8 × 10−5 M and the pH of 
the acetate buffer is 4.8.

 CH COOH CH COO H3 3« +- +

 (6.27)

 

pH M
M

M
= ´ +

[ ]
[ ]

=-1 8 10
0 2

0 2
4 85.

.

.
.

 

(6.28)

There are several things that must considered 
before selecting an appropriate buffer for a spe-
cific purpose. First, it is important to make sure 
that the buffer does not chemically interfere with 
the chemical reaction. Buffer systems are most 
effective at pH values near the pKa values. 
Further, buffers should be used at relative con-
centrations (>0.1 M) to have a high capacity of 
buffering. Finally, buffers are very important 
physiologically because the pH of blood is main-
tained in a narrow range of 7.3–7.5. Also, the 
enzyme activities within cells and in the plasma 
are pH dependent.

6.3  Organic Chemistry

Historically, the term organic chemistry has been 
associated with the study of compounds, obtained 
from plants and animals. In modern terms, the 

study of carbon-containing compounds and their 
properties is called organic chemistry. In addition 
to carbon and hydrogen, the elements most likely 
to be present in organic compounds are nonmet-
als, such as oxygen, nitrogen, phosphorous, sul-
fur, and the halogens.

The element carbon is in group IV (or group 
14) of the periodic table. The chemical bonds 
between atoms of carbon and between carbon 
and the other elements are essentially covalent. 
With a valence of 4 and an electronegativity of 
2.5, carbon can be expected to form nonpolar 
covalent bonds with other carbon and hydrogen 
atoms, and increasingly polar covalent bonds 
with O, N, and halides. With an atomic number 
of 6, the orbital electron configuration is 
1s22s22p2. The carbon adopts a set of orbitals 
for bonding other than its native 2s and 2p 
orbitals. This modification of the native atomic 
orbitals, to form special orbitals for bonding, is 
called hybridization (Fig.  6.3). The four new 
orbitals, called sp3, are identical in shape, each 
having a larger lobe and a smaller lobe. The 
four orbitals are oriented in space so that the 
larger lobes form a tetrahedral arrangement, as 
in the case of a methane (CH4) molecule with 
bond angles of 109.5°. In a sp2 hybridization, a 
set of three orbitals, arranged at 120-degree 
angles, can be obtained, as in the case of ethyl-
ene (CH2CH2) by combining one s orbital and 
2p orbitals. For each bond, the shared electron 
pair occupies the region between the atoms. 
This type of covalent bond is called a sigma (s) 
bond. The parallel p orbitals share an electron 
pair in the space above and below the sigma 
bond to form a pi (p) bond. In a sp hybridiza-
tion, two hybrid orbitals form two sigma bonds, 
arranged at 180°, oriented in opposite direc-
tions, as in the case of the carbon dioxide mol-
ecule (CO2). The p orbitals can also form two pi 
bonds, perpendicular to each other. A combina-
tion of sigma and pi bonds can also facilitate 
the formation of a triple bond between two car-
bon atoms, as in the case of acetylene (C2H2). It 
is important to realize that this hybridization of 
orbitals in a carbon atom determines the shape 
and the 3-dimensional organization of atoms in 
organic compounds.
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6.3.1  Hydrocarbons

Compounds composed of only carbon and hydro-
gen are called hydrocarbons. Compounds, in 
which carbon–carbon bonds are all single bonds, 
are called saturated hydrocarbons and, if the car-
bon–carbon bonds involve multiple bonds, they 
are called unsaturated hydrocarbons. 
Hydrocarbons can be classified into four 
 fundamental series: alkanes, alkenes, alkynes, 
and aromatic hydrocarbons.

The simplest member of saturated hydrocar-
bons or alkanes is methane (CH4), followed by 
ethane (CH3CH3), and propane (CH3CH2CH3). 
Alkanes in which the carbon atoms form long 
“strings” or chains are called normal, straight- 
chain, or unbranched hydrocarbons, which can 
be represented by the general formula, CnH2n+2. 
The four-carbon butane and the subsequent mem-
bers of alkanes exhibit structural isomerism. For 
example, butane can exist as a straight-chain 
molecule (n-butane) or as a branched chain struc-
ture (isobutane). Besides forming chains, carbon 
atoms can also form rings, known as cyclic 
alkanes (CnH2n), such as cyclopropane and 
cyclohexane.

Alkene series of unsaturated hydrocarbons are 
also known as olefins and have at least one dou-
ble bond in the carbon chain (CnH2n) of each mol-
ecule. The simplest olefin is a diene, called 

ethylene (CH2CH2). Because of the restricted 
rotation of methylene (–CH2) groups around 
double- bonded carbon atoms, alkenes exhibit 
cis–trans isomerism. For example, there are two 
stereoisomers of 2-butene (Fig.  6.4). Identical 
substituents on the same side of the double bond 
are called cis and those on the opposite side are 
called trans. In a series of alkanes, if only one 
saturated carbon separates the double bond, then 
it is called conjugated, however, if more than one 
saturated carbon separates the double bond, then 
the alkene is said to be unconjugated.

Alkynes are unsaturated hydrocarbons con-
taining at least one triple carbon–carbon bond 
and have the general formula, CnH2n−2. The sim-
plest alkyne is ethyne (C2H2), commonly called 
acetylene.

A special class of cyclic unsaturated hydrocar-
bons is known as the aromatic hydrocarbons. A 
six-carbon conjugated olefin, cyclohexatriene, an 
aromatic hydrocarbon, also known as benzene 
(C6H6), has a planar ring structure. Benzene 
exhibits resonance, since all the three double 
bonds in benzene are equivalent. The delocaliza-
tion of π electrons is usually indicated by a circle 
inside the ring. Benzene is the simplest aromatic 
molecule. More complex aromatic molecules, 
such as naphthalene, anthracene, phenanthrene, 
and 3,4-benzpyrene, consist of a number of 
“fused” benzene rings.
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a b

Fig. 6.4 The two stereoisomers of 2-butene: cis-2-butene (a) and trans-2-butene (b)

6.3.1.1  Reactions of Hydrocarbons

Combustion Reaction
Chemically, alkanes are relatively strong and 
fairly unreactive. Because of their limited reac-
tivity, saturated hydrocarbons are called paraffins 
(meaning little affinity). At high temperatures, 
however, they react with oxygen, and these com-
bustion reactions are the basis for their use as 
fuels.

Substitution Reaction
Alkanes can also undergo substitution reactions 
primarily where the more electronegative  halogen 
atoms replace hydrogen atoms. For example, 
chlorine reacts with methane forming chloro-
methane, dichloromethane. Substituted methanes 
containing chlorine and fluorine are known as 
freons which are very unreactive and can be used 
as coolant fluids. Alkanes can also be converted 
to alkenes by dehydrogenation reactions in which 
hydrogen atoms are removed.

Benzene being unsaturated is expected to be 
very reactive but, actually, it is quite unreactive. 
The relative lack of reactivity of aromatic hydro-
carbons is attributed to the delocalized double 
bonds. Because of its great stability, the benzene 
ring persists in most reactions. Substitution reac-
tions are characteristic of alkanes. However, ben-
zene also undergoes substitution reactions in 
which the hydrogen atoms are replaced by other 
atoms and functional groups, such as chlorine 

atom, nitro group (–NO2), methyl group (–CH3), 
and even a phenyl (–C6H5) group. These substitu-
tion reactions occur as a result of the attack of an 
electrophilic or electron-seeking ion on the π 
electrons of the benzene ring.

When the aromatic ring already contains a 
substituent, its reactivity will be greater or less 
than that of benzene itself. Electron releasing 
groups (such as –OH, –OCH3, –NH2) can be acti-
vating the benzene ring while electron withdraw-
ing groups (such as –F, –NO2, –COOH) can be 
deactivating the benzene ring. For example, both 
phenylalanine and tyrosine amino acids contain 
the benzene ring. However, iodination (or radio-
iodination) of tyrosine is chemically easier since 
the hydroxyl (–OH) group already present on the 
benzene ring activates the electrophilic attack of 
iodine (Fig. 6.5). A benzene ring can have more 
than one substituent attached to the ring. If two 
identical substituents are attached to the ring, 
they are referred to as ortho (o), meta (m), or 
para (p), depending on their relative position.

Addition Reactions
Because alkenes and alkynes are unsaturated, 
their most important reactions are addition reac-
tions. In these reactions, π bonds, which are 
weaker than the σ bonds, are broken, and new σ 
bonds are formed with the atoms being added. 
For example, hydrogenation reactions involve 
addition of hydrogen atoms to carbon atoms with 
double bonds in the presence of catalysts such as 
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Fig. 6.5 Iodination of tyrosine is chemically easier since the hydroxyl (–OH) group already present on the benzene 
ring activates the electrophilic attack of iodine

platinum, palladium, and nickel, which help 
break the strong covalent bonds of molecular 
hydrogen.

H C CHCH H CH CH CH
catalyst

2 3 2 3 2 3= + ®  (6.29)

Halogenation of olefins involves the addition of 
halogen atoms to the carbon atoms with double 
bonds. Unlike the unsaturated hydrocarbons, 
benzene does not undergo rapid addition 
reactions.

6.3.1.2  Hydrocarbon Derivatives
The millions of organic compounds, other than 
hydrocarbons, can all be regarded as derivatives 
of hydrocarbons, where one or more of the hydro-
gen atoms on the parent molecule is replaced by 
another type of atom or groups of atoms, known 
as radicals and functional groups. A radical is a 
hydrocarbon with one hydrogen atom less and is 
reactive. For example, methyl (–CH3) and ethyl 
(–CH2CH3) are often called radicals (Table 6.4) 
and usually denoted as “R” in formulas. If the 
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Table 6.4 The most common alkyl and phenyl substitu-
ents and their names

Structure Name
–CH3 Methyl
–CH2CH3 Ethyl
–CH2CH2CH3 Propyl
–CH2CH2CH2CH3 Butyl

CH CHCH3 3

| Isopropyl

— — —
|

|

|

|

C C CH
H

H

CH

H

3

3

Isobutyl

— —
|

|

C CH
CH

CH

3

3

3

tert-Butyl

Phenyl

radical is derived from an alkane, the radical is 
called alkyl radical; if it is derived from an aro-
matic hydrocarbon, it is called aryl radical, and if 
it is derived from benzene, it is called phenyl 
radical. Specific groups of atoms responsible for 
the characteristic properties of the organic com-
pounds are called functional groups. The most 
common functional groups are listed in Table 6.5.

Alcohols are characterized by the presence of 
the hydroxyl (–OH) group. Alcohols are classi-
fied as primary, secondary, and tertiary, depend-
ing on whether one, two, or three radical groups 
attached to the carbon atom where the hydroxyl 
group is attached. Some common alcohols are 
methyl alcohol (methanol), ethyl alcohol (etha-
nol), glycerol, and phenol. Methanol is highly 
toxic while ethanol is the alcohol found in many 
beverages, such as beer, wine, and whiskey. The 
fermentation of glucose by yeast generates etha-
nol from grains (barley, corn) and grapes. Some 
of the important polyhydroxy alcohols are 
 ethylene glycol and glycerol, which are two and 
three carbon alcohols. Alcohols are good solvents 

of organic compounds since the hydroxyl groups 
of alcohols contain polar C–O and O–H bonds, 
which help to form hydrogen bonds. As the num-
ber of carbon atoms in an alcohol increase, its 
water solubility decreases. A chemical reaction 
that removes a water molecule between two alco-
hol molecules results in the formation of an ether. 
Diethyl ether (CH3CH2OCH2CH3), or simply 
ether, is used as a solvent and as an anesthetic.

Aldehydes and ketones contain the carbonyl (–
C=O) group. In an aldehyde, the carbonyl group 
is attached to at least one hydrogen atom while in 
ketones, the carbonyl group is attached to carbon 
atoms. Aldehydes have very strong odors. 
Formaldehyde (HCHO) or formalin is generally 
used in pathology to store tissue specimens. 
Vanillin is responsible for the pleasant odor in 
vanilla beans, while butyraldehyde is responsible 
for the unpleasant odor in rancid butter. The most 
common ketone is acetone,  commonly used as a 
solvent for hydrophobic molecules and as a nail 
polish remover. Methylethylketone or MEK is a 
solvent used in the chromatography of 99mTc 
pertechnetate. Alcohols and aldehydes or ketones 
can be interconverted by oxidation and reduction 
reactions.

Carboxylic acids are characterized by the 
presence of the carboxyl (–COOH) group and are 
also known as the organic acids with a general 
formula of RCOOH. The simplest and most com-
mon acid is acetic acid (found in vinegar), while 
citric acid is found in all citrus fruits. Unlike inor-
ganic acids, organic acids are weak acids in aque-
ous solution. Reaction with a strong base such as 
NaOH converts them into carboxylate anion or 
sodium salt form, which increases water solubil-
ity. Carboxylic acids can be synthesized by oxi-
dizing primary alcohols. For example, ethanol 
can be oxidized to acetic acid, using potassium 
permanganate.

A carboxylic acid reacts with an alcohol to 
form an ester and a water molecule.

  CH COOH HOCH CH CH COOCH CH H O3 2 3 3 2 3 2+ ® +  (6.30)

The reaction of CO2 gas with organic magne-
sium halides (Grignard reagent) also results in 
the formation of carboxylic acids (Fig. 6.6). This 

method is commonly used to prepare 11C labeled 
organic acids, such as palmitic acid. Carboxylic 
acids can be converted to very reactive acid chlo-
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Table 6.5 The common functional groups

Class Functional group General formula Example
Halohydrocarbons –X (F, Cl, Br, I) R–X CH3I

Methyl iodide
Alcohols –OH R-OH CH3CH2OH

Ethanol
Ethers –O– R–O–R′ CH3OCH3

Dimethyl ether
Aldehydes

- -C H

O
||

R C H

O

- -
||

HCHO
Formaldehyde

Ketones

- -C
O
||

R C R

O

- - ¢
||

CH3COCH3

Acetone
Carboxylic acids

- -C
O
||

R C OH

O

- -
||

CH3COOH
Acetic acid

Esters

- - -C O

O
||

R C O R

O

- - - ¢
||

CH3COOCH2CH3

Ethyl acetate
Amines –NH2 R–NH2 CH3NH2

Methylamine

a

b

Fig. 6.6 The reaction (a) of CO2 gas with Grignard 
reagent to form carboxylic acid (palmitic acid). In reac-
tion (b), a carboxylic acid (acetic acid) is converted to 

very reactive acid chloride by the reaction of the acid with 
thionyl chloride (SOCl2). The reaction of acid chloride 
with an alcohol will result in the formation of an ester

rides by the reaction of the acids with thionyl 
chloride (SOCl2). The reaction of acid chloride 
with an alcohol will result in the formation of an 
ester (Fig. 6.6).

Naturally occurring esters are fats and triglyc-
erides and often have a sweet, fruity odor. For 
example, n-amyl acetate smells like bananas and 
n-octyl acetate smells like oranges. One of the 
very important esters is acetylsalicylic acid (aspi-

rin) formed from the reaction of salicylic acid 
and acetic acid.

Amines can be considered derivatives of 
ammonia (NH3), in which one or more hydrogen 
atoms have been replaced by organic radicals. 
Amines can be classified as the primary amines 
(RNH2), secondary amines (R2NH), and tertiary 
amines (R3N). Many amines have unpleasant 
“fishlike” odors. Putrescine and cadaverin are 
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responsible for the odor associated with decaying 
animal and human tissues. Also, amines are the 
bases of organic chemistry. Like ammonia, 
amines react as Bronsted bases by reacting with 
water and acids to form positively charged 
ammonium species (RNH+

3), which are soluble 
in water. Amines react with acid chlorides to 
form amides that contain an amide group  
(–CONH), commonly found in peptides and pro-
teins (Fig. 6.8). Amines also react with aldehydes 
and ketones to give Schiff bases.

6.4  Biochemistry

Biochemistry is the study of the chemistry of liv-
ing systems. The essential elements for human 
life are known to include 30 elements. However, 
only six of these elements contribute to 99% of 
the body mass. The most abundant elements are 
oxygen 65%, carbon (18%), and hydrogen (10%). 
Certain transition elements, such as iron, zinc, 
copper, cobalt, and iodine, are present in trace 
amounts. Life is organized around the functions 
of the cell, the smallest unit of life, and the build-
ing block of all tissues and organs. The main 
thrust of biochemistry is to understand how cells 
operate at the molecular level. The nucleus, which 
contains the chromosomes and DNA, is separated 
from the cytoplasm (the cell fluid) by a membrane 
and the cell, in turn, is separated from the extra-
cellular fluid by the cell membrane. A number of 
subcellular structures carry out various cell func-

tions. For example, mitochondria process nutri-
ents and produce the energy, the enzymes in 
lysosomes digest the proteins, and the ribosomes 
synthesize the proteins based on mRNA. The four 
major categories of natural chemical compounds 
present in living systems are proteins, carbohy-
drates, lipids, and nucleic acids.

6.4.1  Proteins

Proteins make up about 15% of our body mass 
and perform many functions. Fibrous proteins 
provide structural integrity and strength to many 
tissues, such as muscle and cartilage, while glob-
ular proteins are the “worker molecules” in vari-
ous processes, such as transport of oxygen and 
nutrients. Globular proteins also act as catalysts 
for thousands of chemical reactions and partici-
pate in the body’s regulatory systems. Chemically, 
proteins are a class of natural polymers and the 
basic building blocks are α-amino acids, mole-
cules containing both, a basic amino group and 
an acid carboxyl group.

6.4.1.1  Amino Acids
Amino acids are the basic structural units of pro-
teins, peptide hormones, and peptide antibiotics. 
The 20 natural amino acids most commonly 
found in proteins are grouped as polar and non-
polar classes or as neutral, basic, and acidic 
amino acids. The α-amino acids have the general 
formula (Fig. 6.7), where “R” represents a vari-

Fig. 6.7 The building blocks of all proteins are the α-amino acids, where R may represent H, CH3, or a more complex 
substituent. At the physiological pH, there may be equilibrium between the neutral and charged species
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able, organic polar (hydrophilic), or nonpolar 
(hydrophobic) side chain. They are called 
α-amino acids because the amino group is 
attached to the α-carbon, the one next to the car-
boxyl group. At the pH in biological fluids, the 
amino acids exist in a dipolar ionic form (known 
as zwitterions), where the proton from a carboxyl 
group is transferred to the amino group. Most of 
the amino acids are neutral. The basic amino 
acids (lysine, arginine, and histidine) have two 
amino groups, while the acidic amino acids 
(aspartic acid and glutamic acid) have two car-
boxyl groups. The amino acids, cysteine and 
methionine, contain organic sulfur atoms. The 
thiol group (–SH), similar to the hydroxyl group, 
can be oxidized in cysteine to a disulfide form, 
cystine. Methionine has a thioether linkage and 
serves as a biosynthetic intermediate in supply-
ing the methyl group methylation reactions, 
in vivo. The amino acid, tyrosine, is important for 
radioiodination reactions, while lysine and argi-
nine are useful to attach bifunctional chelating 
agents for labeling peptides and proteins with 
radiometals.

Stereochemistry of Amino Acids
When a carbon atom is attached to four different 
groups, it is called an asymmetric carbon atom. 
The compounds containing asymmetric carbon 
atoms, like mirror images, are said to be non-
superimposable. The mirror image, optical iso-
mers are called enantiomers (l and d forms). The 
amino acids in the solution can also rotate the 
plane-polarized light to the right (designated as d 
for dextrorotatory) or to the left (designated as l 
for levorotatory). Interestingly, l-amino acids are 
often dextrorotatory, while d-amino acids are 
levorotatory. The physical properties of l- and 

d-amino acids are identical. In biological sys-
tems, however, the reactivity of these two forms 
is quite different. For example, only the l-amino 
acids are mostly found in proteins. It is also 
important to recognize that the stereochemical 
requirements for biological activity are essential 
in the design of radiolabeled amino acids as 
molecular imaging agents.

Peptide Linkage
A condensation reaction between the amino 
group of one amino acid with the carboxy group 
of another amino acid will result in the formation 
of a dipeptide with reduced polarity. The struc-
ture, CONH, is called a peptide linkage (also 
called an amide). Such peptide bonds (Fig. 6.8) 
between several amino acids lengthen the poly-
mer chain to produce a polypeptide, and eventu-
ally a protein. A naturally occurring tripeptide, 
glutathione is derived from only three amino 
acids (glu–cys–gly), while insulin with a molecu-
lar weight of 5700 is made up of 51 amino acids. 
Polypeptides with molecular weights of approxi-
mately 6000 or higher are generally called pro-
teins. The sequence and the number of amino 
acids in a polypeptide determine the biological 
function of the molecule. With the 20 natural 
amino acids, which can be assembled in any 
order, there is essentially an infinite (1018) variety 
of possible sequences of protein molecules.

6.4.1.2  Protein Structure and Function
The order, or sequence of amino acids in the pro-
tein chain, is called the primary structure, which 
determines the biological property. The arrange-
ment of the chain of the long molecule is called 
the secondary structure, determined to a large 
extent by the hydrogen bonding within the chain 

Fig. 6.8 A condensation reaction between two amino acids results in the formation of a peptide bond and one water 
molecule
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coils, forming a spiral structure called an α-helix, 
which gives the protein elasticity. Proteins having 
no structural functions are globular. The overall 
shape of the protein, long and narrow or globular, 
is called its tertiary structure. The amino acid 
cysteine plays a special role in stabilizing the ter-
tiary structure of proteins because of disulfide 
linkage. The process of breaking down the three- 
dimensional structure of proteins is called dena-
turation. Proteins have a wide range of specific 
functions in the body such as structure, move-
ment, transport, catalysis, energy transformation, 
control, and buffering. Receptor protein mole-
cules on the cell membrane are highly specific 
and bind to hormones, neurotransmitters, and 
specific molecules to initiate specific functions 
within the cell. Nearly all chemical reactions in 
living systems are catalyzed by enzymes, which 
are almost always proteins. Expression of genetic 
information is also under the control of proteins.

6.4.2  Carbohydrates

Carbohydrates or sugars are characterized by 
structures in which each carbon atom has an oxy-
gen atom attached to it. All the carbon atoms in 
the molecule, except one, have hydroxyl groups 

attached to them. The remaining one carbon atom 
has the oxygen in the form of an aldehyde (sugar 
is called aldose) or ketone (sugar is called ketose). 
For example, glucose is an aldose, while fructose 
is a ketose. Carbohydrates, such as starch and 
cellulose, are polymers composed of monomers 
called monosaccharides or simple sugars. 
Specific examples of pentoses (containing five- 
carbon atoms), d-ribose, d-arabinose, and hex-
oses (containing six-carbon atoms), and 
d-glucose and d-fructose (found in honey and 
fruit) are shown in Fig. 6.9.

6.4.2.1  Stereochemistry of Sugars
The number of optical isomers each sugar may 
have depends on the number of chiral centers or 
asymmetric carbon atoms. It turns out that there 
are 2n possible different stereochemical forms, 
where n represents the number of chiral centers. 
For example, glyceraldehyde has one chiral cen-
ter and two optical isomers: d and l forms 
(Fig. 6.10). On the other hand, glucose has four 
chiral centers and 16 optical isomers that differ in 
their ability to rotate plane-polarized light. The 
mirror-image forms of a pair of enantiomers will 
rotate the plane-polarized light in opposite direc-
tions to the same extent but, have identical prop-
erties. If we invert the stereochemistry of one of 

Fig. 6.9 Most important carbohydrates, such as starch 
and cellulose, are polymers composed of monomers 
called monosaccharides, or simple sugars; pentoses (such 

as arabinose and ribose) contain five-carbon atoms, while 
hexoses (such as fructose and glucose) contain six-carbon 
atoms
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Fig. 6.10 A carbon atom with four different groups (also 
known as asymmetric carbon) bonded to it in a tetrahedral 
arrangement gives rise to a pair of optical isomers that are 

nonsuperimposable. The d, l forms are based on glyceral-
dehyde. Similar optical isomers also exist with amino 
acids

the chiral centers, the chemical properties also 
change. Compounds like glucose and mannose 
that differ by the inversion of only one optical 
center are called diastereomers.

The absolute configuration, designated by d- 
or l-, depends on the sugar’s relationship to glyc-
eraldehyde. In some sugar, if the terminus most 
remote from the carbonyl group has the d- 
configuration of glyceraldehyde, then that sugar 
is also called d-form. For example, the 5-carbon 
in d-glucose and d-fructose has the same config-
uration as the d-glyceraldehyde. However, in 
terms of optical rotation, glucose d-glucose is 
dextrorotatory (d or (+)), while d-fructose is 
levorotatory (l or (−)).

Simple sugars in solution, usually cyclize, or 
form a ring structure due to the creation of a new 
bond between the oxygen atom of the terminal 
hydroxyl group and the carbon of the aldehyde or 
ketone group. The cyclization of glucose result-
ing in the formation of a hemiacetal will have 
two different rings, designated as α and β forms, 
which differ in the orientation of the hydroxy 
group and hydrogen atom on 1-carbon, as shown 
in Fig. 6.11.

Polysaccharides
More complex carbohydrates are formed by 
combining simple sugars. For example, sucrose, 
common table sugar, is a disaccharide formed 
from glucose and fructose by elimination of 
water to form a C–O–C bond between the rings, 
which is called a glycoside linkage. Another 

disaccharide is lactose of milk sugar, which is a 
combination of glucose and galactose. Most of 
the carbohydrates in nature are polymers of 
repeating sugar units, called polysaccharides 
such as starch, cellulose, and glycogen. They are 
polymers of glucose (300–3000 units) that yield 
only glucose upon hydrolysis. These polymers 
differ from each other in the nature of glycoside 
linkage, the amount of branching, and molecular 
weight.

Sugar Derivatives
Carboxylic acid derivatives of glucose are quite 
common. If the C-1 aldehyde group is oxidized 
to a carboxyl group, the acid formed is called glu-
conic acid. On the other hand, if the C-6 hydroxy 
group is oxidized to a carboxyl group, glucuronic 
acid results. In vivo, the nonpolar drug metabo-
lites are converted to polar metabolites by linking 
glucuronic acid, via a hydroxyl group. Such 
metabolites are called glucuronides. One of the 
most popular analogs of glucose, used in nuclear 
medicine, is glucoheptanoic acid, which is a C-7 
homologue of glucose.

6.4.3  Lipids

Lipids have widely variable chemical structures 
but, a common nonpolar nature. They are defined 
as water-insoluble substances. The lipids found 
in the human body can be divided into four dif-
ferent classes according to their molecular struc-
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Fig. 6.11 The cyclization of glucose. Two different rings 
are possible; the two different forms designated as α and β 
differ in the orientation of H and OH groups on C-1. The 

structural arrangement of atoms can be shown in the 
cyclohexane ring form (top) or the chair cyclohexane ring 
form (bottom)

ture: fats, phospholipids, waxes, and steroids. 
Fats and phospholipids are derived from 
 trihydroxy alcohol, glycerol and fatty acids, 
while waxes are derived from monohydroxy 
alcohol and fatty acids. Steroids are derived from 
C30 compounds or triterpenes.

6.4.3.1  Fats
The most common fats in meats and the milk but-
terfat are esters made when glycerol reacts with 
long-chain carboxylic acids or fatty acids. Fats 
that are esters of glycerol are called triglycerides 
where the fatty acids may be saturated or unsatu-
rated. Naturally occurring fatty acids (Table 6.6) 
are monocarboxylic acids that are unbranched 
and contain an even number of carbon atoms.

In a process called saponification, fats are 
heated in the presence of an alkali (such as NaOH 
and KOH) to hydrolyze the ester and produce 
glycerol and salts of fatty acids (also known as 
soaps). The sparingly soluble salts of fatty acids, 

when dispersed in water, form micelles that are 
aggregates of fatty acid anions, which have non-
polar tails in the interior, while the polar anionic 
heads point outward to interact with the water 
molecules.

6.4.3.2  Phospholipids
Phospholipids are also esters of glycerol. 
However, unlike fats, phospholipids contain only 
two fatty acids, while the third ester linkage 
involves a phosphate group. The simplest form is 
phosphatidic acid, a major constituent of mem-
branes. This molecule has a central asymmetric 
atom and can have a l or d configuration. It is the 
l-phosphatidic acid form which occurs naturally. 
Further, substitution on the phosphate group by 
molecules such as choline, ethanolamine, and 
inositol will produce phospholipids derivatives, 
which are constituents of specialized membranes. 
One of the important phospholipids is l- 
phosphatidylcholine (lecithin).
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Table 6.6 Common fatty acids

Fatty acid
Molecular 
formula Structural formula

Saturated fatty acids
Butyric acid C4H8O2 CH3(CH2)2–COOH
Caproic acid C6H12O2 CH3(CH2)4–COOH
Lauric acid C12H24O2 CH3(CH2)10–COOH
Palmitic acid C16H32O2 CH3(CH2)14–COOH
Stearic acid C18H36O2 CH3(CH2)16–COOH
Arachidic acid C20H40O2 CH3(CH2)18–COOH
Unsaturated fatty acids
Oleic acid C18H34O2 CH3(CH2)7CH=CH(CH2)7–COOH
Linoleic acid C18H32O2 CH3(CH2)4CH=CH–CH2–CH=CH(CH2)7–COOH
Linolenic acid C18H30O2 CH3CH2CH=CH–CH2–CH=CH–CH2–CH=CH(CH2)7–COOH
Arachidonic acid C20H30O2 CH3(CH2)4CH=CH–CH2–CH=CH–CH2–CH=CH–CH2–

CH=CH(CH2)3–COOH

Fig. 6.12 The structure of steroids can be illustrated based on a completely saturated 27 carbon compound, cholestane 
while cholesterol is an unsaturated steroid alcohol, derived from cholestane

The phospholipids have two distinct parts: the 
long nonpolar tail and the polar substituted phos-
phate head. Because of this dual nature, phos-
pholipids tend to form bilayers in aqueous 
solution, similar to micelles, described above. 
The bilayers of larger phospholipids can close to 
form vesicles. According to the fluid mosaic 
model of cell membranes, small uncharged mol-
ecules (such as H2O, O2, CO2) can diffuse 
through the membrane, while other molecules 
pass through special channels and transporters 
provided by special proteins embedded in the 
cell membranes.

6.4.3.3  Steroids
Steroids are a class of lipids that have a charac-
teristic ring structure consisting of four fused 
rings. Steroids include four major groups: cho-
lesterol, adrenocorticoid hormones (such as cor-
tisol and aldosterone), sex hormones (such as 
testosterone and estradiol), and bile acids. The 
simplest completely saturated compound is cho-
lestane, which consists of 27 carbons, 17 of 
which constitute the ring system (Fig. 6.12), and 
three substituent groups; two methyl groups 
attached at C 10 and 13 and 8-carbon alkyl group 
at C 18 of the ring.
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The biosynthesis of cholesterol starts with 
lanosterol, a 30-carbon steroid, first made from 
the triterpene, squalene. The liver synthesizes 
cholesterol and also disposes of it by transform-
ing it into bile. In plasma, most of the cholesterol 
is conjugated to fatty acids by an ester linkage to 
the 3-hydroxyl group. Cholesterol also serves as 
a precursor for the formation of bile acids, ste-
roid hormones, and vitamin D.  The 21-carbon 
adrenocorticoid hormones are synthesized in the 
adrenal gland. Aldosterone is involved in the reg-
ulation of water and the electrolyte balance in 
body fluids, while cortisol is primarily involved 
in the regulation of protein and carbohydrate 
metabolism. The 19-carbon male sex hormone 
(androgens) testosterone is synthesized in the 
testes and adrenal cortex, but subsequently 
reduced to dihydrotestosterone in the prostate 
gland. There are two types of female sex hor-

mones; 21-carbon progesterone is produced by 
the corpus luteum and placenta, while the 
18- carbon estrogens (17β-estradiol and estrone) 
are produced in the ovaries. Only in estrogens is 
the A ring benzene-like or aromatic. Steroids are 
relatively nonpolar and in plasma they are solubi-
lized by binding to transport proteins. The struc-
tures of steroid sex hormones are shown in 
Fig. 6.13.

6.4.4  Nucleic Acids

The ability of cells to maintain a high degree of 
order depends on the hereditary or genetic infor-
mation that is stored in a polymer called deoxyri-
bonucleic acid (DNA). Within the nucleus of all 
mammalian cells, a full complement of genetic 
information is stored, and the entire DNA is 

Fig. 6.13 The most common steroids hormones
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packaged into 23 pairs of chromosomes. A chro-
mosome is formed from a single enormously 
long DNA molecule that consists of many small 
subsets called genes that represent a specific 
combination of DNA sequence, designed for a 
specific cellular function.

The chromosomes can undergo self- 
replication that permits DNA to make copies of 
itself. More specifically, as the cell divides and 
transfers the DNA (23 pairs of chromosomes) to 
daughter cells, which inherit every property and 
characteristic of the original cell. There are 
approximately 30,000 genes per human genome 
and the genes control every aspect of cellular 
function, primarily through protein synthesis. 
The sequence of amino acids in a particular pro-
tein or enzyme is encoded in a specific gene. The 
central dogma of molecular biology is that the 
overall process of information transfer in the cell 
involves the transcription of DNA into ribonu-
cleic acids (RNA) molecules, which are much 
smaller than DNA and found in the cytoplasm. 
Subsequently, RNA is responsible for generating 
specific 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 sufficient to direct synthesis of as many as 
100,000 distinct proteins within a cell. This 
supreme coding effectiveness of DNA is due to 
its unique chemical structure.

6.4.4.1  DNA Structure
DNA was first discovered in 1869 by the chemist 
Friedrich Miescher who extracted a white sub-
stance from the cell nuclei of human pus and 
called it nuclein. Since nuclein is slightly acidic, 
it is known as nucleic acid. In the 1920s, the bio-
chemist P.A. Levine identified that there are two 
sorts of nucleic acids: DNA and RNA. Both DNA 
and RNA are polynucleotide molecules formed 
by the polymerization of nucleotides. Each 
nucleotide molecule is composed of three basic 
elements: a phosphate group, a five-carbon sugar, 
deoxyribose (in DNA) or ribose (in RNA), and 
one of the five types of nitrogen-containing 
organic bases (Fig.  6.14). Three of the bases, 

cytosine (C), thymine (T), and uracil (U), are 
called pyrimidines, while the other two bases, 
adenine (A) and guanine (G), are called purines. 
Of the five bases, thymine is present only in 
DNA, while uracil is present only in RNA. The 
base and the sugar combine to form a unit called 
nucleoside by the elimination of one water mol-
ecule. The nucleoside in turn reacts with a phos-
phate group to form a unit called, nucleotide 
(Fig.  6.15), which is an ester. The nucleotides 
become connected through condensation reac-
tions that eliminate water to give a polymer, 
which may contain billions of nucleotides in a 
single DNA molecule with a molecular weight as 
high as several billion grams per mole. In con-
trast, RNA molecules are small with molecular 
weights of 20,000–40,000.

The presence of 5′-phosphate and the 
3′-hydroxyl groups in the deoxyribose molecule 
allows the DNA to form a long chain of polynu-
cleotides by the joining of nucleotides by phos-
phodiester bonds (Fig. 6.16). 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 end. Therefore, the DNA molecule has an 
intrinsic 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, represents DNA as a double helix con-
taining two polynucleotide strands that are com-
plementary mirror images of each other. The 
“backbone” of the DNA molecule is composed of 
deoxyribose sugars joined by phosphodiester 
bonds to phosphate group, while the bases are 
linked in the middle of the molecule by hydrogen 
bonds. The relationship between bases in the 
double helix is described as complementarity 
since adenine always bonds with thymine, and 
guanine always bonds with cytosine. As a conse-
quence, the double-stranded DNA contains equal 
amounts of purines and pyrimidines. An impor-
tant structural characteristic of the  double- stranded 
DNA is that its strands are antiparallel meaning 
that the two strands are aligned in opposite direc-
tions. During cell division, the two strands of 
DNA unwind, and new complementary strands 
are generated.
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Fig. 6.14 The organic bases found in DNA and RNA. Thymidine is present only in DNA, while uracil is present only 
in RNA

Fig. 6.15 The monomers of nucleic acids (DNA and RNA) are called nucleotides, which are composed of an organic 
base, a five-carbon sugar, and a phosphoric acid molecule
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Fig. 6.16 In a DNA molecule (a), the nucleotides 
become connected through condensation reactions to 
form a polymer, which may contain a billion units. DNA 
molecule, however, is a double-helical structure (b) with 

complementary bases on the two strands that are con-
nected by the bases, which form hydrogen bonds to each 
other

6.4.4.2  Protein Synthesis
A given segment of DNA is called gene, which 
contains the code, the specific sequence of amino 
acids for a specific protein. The code is specific 
for each amino acid and consists of a set of three 
bases called a codon (Table  6.6). Gene expres-
sion involves the synthesis of a specific protein. 
This process is initiated by building a special 

RNA molecule, called messenger RNA (mRNA), 
in the nucleus from an appropriate gene. mRNA 
migrates into the cytoplasm where the protein is 
synthesized. Small RNA fragments, called trans-
fer RNA (tRNA), containing only 75–80 nucleo-
tides, decode the genetic message from the 
mRNA, using a complementary triplet of bases 
called an anticodon. mRNA builds the protein 
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with the assistance of a ribosome. The tRNA 
molecule brings an appropriate amino acid to the 
mRNA.  Soon after the codon and anticodon 
match, another tRNA, with its specific amino 
acid, moves to the second codon position. Once 
the two amino acids join together by peptide link-
age, tRNA breaks away from its position. The 
process is repeated until the synthesis of protein 
is completed. The number of protein molecules 
synthesized by each cell, however, depends on 

the degree of gene expression that is warranted 
by the cell and the number of RNA molecules 
within the cytoplasm.

Further Reading

Billinghurst MW, Fritzberg AR.  Chemistry for nuclear 
medicine. Chicago, IL: Yearbook Medical; 1981.

Zumdahl SS. Chemical principles. 3rd ed. Boston, MA: 
Houghton Mifflin; 1998.
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7Cell and Molecular Biology

Almost all aspects of life are engineered at the 
molecular level, and without understanding mole-
cules we can only have a very sketchy understand-
ing of life itself. (Francis Harry Compton Crick)

7.1  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. The DNA of the cell is packaged with 
protein into compact units called chromosomes 
that are located within a separate organelle, the 
nucleus. In addition, all eukaryotic cells have an 
internal skeleton, the cytoskeleton of protein fila-
ments that gives the cell its shape, and its ability 
to arrange its organelles and provides the machin-
ery for the movement.

The entire human body contains about 100 
trillion cells, which are generated by repeated 
division from a single precursor cell. As prolif-
eration continues, some of the cells become dif-
ferentiated from others, adopting a different 

structure, chemistry, and 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 one another, 
all of them have certain common basic character-
istics. Each cell is a complex structure whose 
purpose is to maintain an intracellular environ-
ment favorable for complex metabolic reactions, 
to reproduce it when necessary, and to protect 
itself from the hazards of its surrounding 
environment.

7.2  Cell Structure and Function

The different substances that make up the cell 
are collectively called protoplasm, which is com-
posed mainly of water, electrolytes, proteins, lip-
ids, and carbohydrates. The two major parts of the 
cell (Fig. 7.1) are the nucleus and the cytoplasm. 
The nucleus is separated from the cytoplasm by a 
nuclear membrane, while the cytoplasm is sepa-
rated from the extracellular fluid (ECF) by a cell 
membrane. The major organelles in the cell are 
of three general types: organelles derived from 
membranes, organelles involved in gene expres-
sion, and organelles involved in energy produc-
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Fig. 7.1 A schematic drawing of an animal cell clearly 
depicting an intricate network of interconnecting, intra-
cellular membrane structures such as the mitochondria, 

the nucleus, lysosomes, and the endoplasmic rough and 
smooth reticulum (facstaff.gpc.edu/~jaliff/anacell.htm)

tion. The important subcellular structures of 
the cell and their functions are summarized in 
Table 7.1.

7.2.1  The Plasma Membrane

The plasma membrane encloses the cell, defines 
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 fluid 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 supporting fibers.

The basic structure of a cell membrane is a 
lipid bilayer of phospholipid molecules. The fatty 
acid portions of both the molecules are hydro-
phobic and occupy the center of the membrane, 
while the hydrophilic phosphate portions form 
the two surfaces in contact with intracellular fluid 

(ICF) and ECF.  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 (phosphatidyl-
choline, phosphatidylserine, phosphatidyletha-
nolamine, sphingomyelin), cholesterol, and 
glycolipids. The lipid composition of different 
biological membranes varies depending on a spe-
cific function of the cell or cell membrane, as 
summarized in Table 7.2.

The cell surface often has a loose carbohy-
drate coat called glycocalyx. The sugar residues 
generally occur in combination with proteins 
(glycoproteins, proteoglycans) or lipids (glyco-
lipids). The oligosaccharide side chains are gen-
erally negatively charged and provide the cell 
with an overall negative surface charge. While 
some carbohydrates act as receptors for binding 
hormones, like insulin, others may be involved 
in immune reactions and cell–cell adhesion 
events.
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Table 7.1 Cell structures (compartments) and their function

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, 
detoxification reactions

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

Peroxisomes Oxidative reactions involving molecular oxygen, utilization of hydrogen peroxide (H2O2)
Golgi complex Modification and sorting of proteins for incorporation into organelles and for export, forms 

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

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

Table 7.2 The specific 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

Facilitated 
diffusion

Carrier “flip-flops” Glucose transport

Receptors Transmits 
information into 
cell

Following receptor 
binding, induce 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 
specific sites

Form network above the 
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

The proteins of the membrane are responsible 
for most membrane functions, such as transport 
channels, pumps, carriers or transporters, specific 
receptors, enzymes, cell identity, and cell adhe-
sion. The membrane proteins can be associated 

with the lipid bilayer in various ways, depending 
on the function of the protein. The polypeptide 
chain may extend across the lipid bilayer (trans-
membrane proteins) or simply be attached to one 
or the other side of the membrane.
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7.2.2  Cytoplasm and Its Organelles

Cytoplasm or cytosol is an aqueous solution that 
fills the cytoplasmic matrix, the space between 
the nuclear envelope and the cell membrane. The 
cytosol contains many dissolved proteins, elec-
trolytes, glucose, certain lipid compounds, and 
thousands of enzymes. In addition, glycogen 
granules, neutral fat globules, ribosomes, and 
secretory granules are dispersed throughout the 
cytosol. Many chemical reactions of metabolism 
occur in the cytosol where substrates and cofac-
tors interact with various enzymes. The various 
organelles (Table  7.1) suspended in the cytosol 
are either surrounded by membranes (nucleus, 
mitochondria, and lysosomes) or derived from 
membranous structures (endoplasmic reticulum, 
Golgi apparatus). Within the cell, these mem-
branes interact as an endomembrane system by 
being in contact, giving rise to one another, or 
passing tiny membrane-bound sacs called vesi-
cles to one another. All biological membranes are 
phospholipid bilayers with embedded proteins. 
The chemical composition of lipids and proteins 
in membranes varies depending on a specific 
function of an organelle or a specific cell in a tis-
sue or an organ.

7.2.2.1  The Endoplasmic Reticulum
The cytoplasm contains an interconnecting net-
work of tubular and flat membranous vesicular 
structures called the endoplasmic reticulum (ER). 
Like the cell membrane, walls of the ER are com-
posed of a lipid bilayer containing many proteins 
and enzymes. The regions of the ER rich in ribo-
somes are termed rough or granular ER, while 
the regions of the ER with relatively few ribo-
somes are called smooth or agranular ER. 
Ribosomes are large molecular aggregates of pro-
tein and ribonucleic acid (RNA) that are involved 
in the manufacture of various proteins by trans-
lating 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 
outside 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 ste-
roid hormones and in the detoxification of a vari-
ety of substances.

7.2.2.2  The Golgi Complex
The Golgi complex or apparatus is a network of 
flattened, smooth membranes, and vesicles. It is 
the delivery system of the cell. It collects, pack-
ages, modifies, 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 moves 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.

7.2.2.3  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 specific needs of an individual tissue. Through 
a process of endocytosis, a number of cells either 
remove extracellular particles (phagocytosis), 
such as microorganisms, or engulf ECF with the 
unwanted substances (pinocytosis). Subsequently, 
the lysosomes fuse with the endocytotic vesicles 
and form secondary lysosomes or digestive vacu-
oles. Products of lysosomal digestion are either 
reutilized by the cell or removed from the cell by 
exocytosis. Throughout the lives of cells, lyso-
somes break down the organelles and recycle 
their component proteins and other molecules at 
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a fairly constant rate. However, in metabolically 
inactive cells, the hydrolases digest the lysosomal 
membrane and release the enzymes resulting in 
the digestion of the entire cell. By contrast, meta-
bolically 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, lysosomes release the hydrolytic 
enzymes into the cytoplasm to digest the entire 
cell.

7.2.2.4  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 (H2O2). 
Some enzymes produce hydrogen peroxide by 
oxidizing d-amino acids, uric acid, and various 
2-hydroxy acids using molecular oxygen, while 
other enzymes, such as catalase, convert hydro-
gen peroxide to water and oxygen. Peroxisomes 
are also involved in the oxidative metabolism of 
long-chain fatty acids and different tissues con-
tain different complements of enzymes depend-
ing on the cellular conditions.

7.2.2.5  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 infoldings or shelves called cristae which 
partition the mitochondrion into an inner matrix 
called mitosol and an outer compartment. The 
outer membrane is relatively permeable but the 
inner membrane is highly selective and con-
tains different transporters. The inner mem-
brane contains various proteins and enzymes 
necessary for oxidative metabolism, while the 
matrix contains dissolved enzymes necessary to 
extract energy from nutrients. Mitochondria 
contain a specific DNA. However, the genes 
that encode the enzymes for oxidative phos-

phorylation and mitochondrial division have 
been transferred to the chromosomes in the 
nucleus. The cell does not produce brand new 
mitochondria each time the cell divides. 
Instead, mitochondria are self- replicative. Each 
mitochondrion divides into two and these are 
partitioned between the new cells. The mito-
chondrial reproduction, however, is not autono-
mous and is controlled by the cellular genome. 
The total number of mitochondria per cell 
depends on the specific energy requirements of 
the cell and may vary from less than 100 to up 
to several thousand. Mitochondria are called 
the “power-houses” of the cell, where oxidative 
phosphorylation of various substrates derived 
from glucose and fatty acid enter the Krebs 
cycle to generate ATP molecules.

7.2.2.6  Ribosomes
Ribosomes are large complexes of RNA and pro-
tein molecules and are normally attached to the 
outer surfaces of endoplasmic reticulum. The 
major function of ribosomes is to synthesize pro-
teins. Each ribosome is composed of one large 
and one small subunit, with a mass of several mil-
lion daltons.

7.2.3  Cytoskeleton

The cytoplasm contains a network of protein 
fibers called cytoskeleton that provides a shape to 
the cell and anchors various organelles suspended 
in cytosol. The fibers of the cytoskeleton are 
made up of different proteins of different sizes 
and shapes, such as actin (actin filaments), tubu-
lin (microtubules), vimentin, and keratin (inter-
mediate filaments). The exact composition of the 
cytoskeleton varies depending on the cell type 
and function. Centrioles are small organelles that 
occur in pairs within the cytoplasm, usually 
located near the nuclear envelope, and are 
involved in the organization of microtubules. 
Each centriole is composed of nine triplets of 
microtubules (long hollow cylinders of about 
25 nm length) and plays a major role during cell 
division.

7.2 Cell Structure and Function
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7.2.4  Nucleus

The nucleus is the largest membrane-bound 
organelle in the cell and occupies about 10% of 
the total cell volume. The nucleus is composed of 
a double membrane called nuclear envelope that 
encloses the fluid-filled interior called nucleo-
plasm. The outer membrane is contiguous with 
the ER.  The nuclear envelope has numerous 
pores called nuclear pores which are about 90 Å 
in diameter and 50–80 nm apart and permit cer-
tain molecules to pass into and out of the nucleus.

The primary functions of the nucleus are cell 
division and the control of the phenotypic expres-
sion of genetic information that directs all of the 
activities of a living cell. The cellular DNA is 
located in the nucleus as DNA–histone protein 
complex known as chromatin that 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 chro-
mosomes and two different sex chromosomes) 
and contains about 3 × 109 nucleotide 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 30,000 genes per human genome 
and only a small fraction (15%) of the genome is 
being actively expressed in any specific cell type. 
The genetic information is transcribed into RNA, 
which subsequently is translated into a specific 
protein on the ribosome. The nucleus contains a 
subcompartment called nucleolus that contains 
large amounts of RNA and protein. The main 
function of nucleolus is to form granular subunits 
of ribosomes, which are transported into the 
cytoplasm where they play an essential role in the 
formation of cellular proteins.

7.3  Cell Reproduction

All the cells in the human body are derived from 
a single cell, the fertilized egg, which undergoes 
trillions of cell divisions in order to become a 

new individual human being. Cells reproduce by 
duplicating their contents and then dividing into 
two equal halves. The reproduction of a somatic 
cell involves two sequential phases: mitosis (the 
process of nuclear division) and cytokinesis (cell 
division). In gametes, the nuclear division occurs 
through a process called meiosis. The life cycle 
of the cell is the period of time from one cell divi-
sion to the next. The duration of the cell cycle, 
however, varies greatly from one cell type to 
another and is controlled by the DNA-genetic 
system.

7.3.1  The Cell Cycle

In all somatic cells, the cell cycle (Fig.  7.2) is 
broadly divided into the M phase (or mitosis) and 
the interphase (growth phase). In most cells, the 
M phase takes only a small fraction of the total 
cycle, when the cell actually divides. The cell is 
in interphase during the rest of the time, which is 
subcategorized into three phases: G1, S, and G2. 
During the G1 phase, most cells continue to grow, 
until they are committed to divide. If they are not 
ready to go into the S-phase, they may remain for 
a long time in a resting state known as G0, before 
they are ready to resume proliferation. During the 
G2 phase, cells synthesize RNA and proteins and 
continue to grow until they enter into the 
M-phase.

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

7.3.1.1  Mitosis and Cytokinesis
One of the first events of mitosis takes place in 
the cytoplasm. A pair of centrioles is duplicated 
just before DNA replication. Toward the end of 
interphase, the two pairs of centrioles move to the 
opposite poles of the cell. A complex of microtu-
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Fig. 7.2 The cell 
division cycle is 
generally represented by 
four successive phases 
(G1, Synthesis, G2, and 
Mitosis)

bules (spindle) pushes the centrioles farther apart 
creating the so-called mitotic apparatus. It is very 
important to note that mitochondria in the cyto-
plasm are also replicated before mitosis starts, as 
they have their own DNA. On the basis of spe-
cific events during nuclear division, mitosis is 
subcategorized into four phases. During the pro-
phase, the nuclear envelope breaks down, chro-
mosome condensation continues further, and the 
centromere of the chromatids is attached to oppo-
site poles of the spindle. During the early 
 metaphase, the spindle fibers pull the centro-
meres to the center forming an equatorial plate. 
At the end of the metaphase, the centromeres 
divide the chromatids into equal halves. During 
the anaphase, the sister chromatids are pulled 
apart, physically separated, and drawn to oppo-
site poles, thus completing the accurate division 
of the replicated genome. By the end of the ana-
phase, 23 identical pairs of chromosomes are on 
the opposite sides of the cell. The telophase, the 
mitotic apparatus is disassembled, the nuclear 
envelope is reestablished around each group of 
23 chromosomes, the nucleolus reappears, and 
finally the chromosomes begin to uncoil into a 
more extended form to permit expression of 
rRNA genes. Cytokinesis is the physical division 

of the cytoplasm and the cell into two daughter 
cells, which inherit the genome as well as the 
mitochondria.

7.3.2  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, lens of the eye, and muscle cells 
lose their ability to reproduce. Certain epithelial 
cells of the intestine, lungs, and skin divide con-
tinuously and rapidly in less than 10 h. The early 
embryonic cells do not grow but divide very rap-
idly with a cell cycle time of less than an hour. In 
general, the mitosis requires less than an hour, 
while most of the cell cycle time is spent during 
the G1 or G0 phase. It is possible to estimate the 
duration of the S-phase by using tracers, such as 
3H-thymidine or bromodeoxyuridine (BrdU).

Control system regulating the cell division: 
The essential processes of cell reproduction such 
as the 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), 
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and activating proteins called cyclins. These two 
protein complexes regulate the normal cell cycle 
at the end of the G1 and G2 phases. The key com-
ponent 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 the con-
trol cell division of mammalian cells in various 
tissues and organs depend on the social control 
genes and protein growth factors, as survival of 
the entire organism is the key, not the prolifera-
tion of individual cells. Growth factors, such as 
platelet-derived growth factor (PDGF),  fibroblast 
growth factor (FGF), and interleukin-2, regulate 
cell proliferation through a complex network of 
intracellular signaling cascades, which ultimately 
regulate gene transcription and the activation of 
cell cycle control system.

7.4  Cell Transformation 
and Differentiation

The zygote and blastomeres resulting from the 
first couple of cleavage divisions are totipotent, 
meaning that they are capable of forming any cell 
in the body. As the development progresses, cer-
tain decisions are made that narrow the develop-
mental options of cells. At the decision 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. 
When a cell has passed its last decision point, its 
fate is fixed, and it is said to be determined. A cell 
is determined, if it has undergone a self- 
perpetuating 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 can-

not 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. 
Therefore, differentiation is the process of acquir-
ing specific new characteristics resulting in 
observable changes in cellular function. By con-
trast, cells within a developing embryo display 
the least amount of differentiation. In the adult, 
undifferentiated cells are known as pluripotent 
cells, which are precursor cells or stem cells that 
are not totally committed to a specific function.

The three germ layers ectoderm, mesoderm, 
and endoderm have different fates. The endoderm 
forms a tube, the primordium of the digestive 
tract. It gives rise to the pharynx, esophagus, 
stomach, intestines, and several other associated 
organs such as liver, pancreas, and lungs. While 
the endoderm forms the epithelial components of 
these structures, the supporting muscular and 
fibrous elements arise from the mesoderm. In 
general, the mesoderm gives rise to the muscles 
and connective tissues of the body. The mesoderm 
first gives rise to mesenchyme and ultimately to 
cartilage, bone, fibrous tissue, and the dermis (the 
inner layer of the skin). In addition, the tubules of 
the urogenital system, vascular system, and the 
blood cells also develop from the mesoderm. The 
ectoderm forms the epidermis and the entire ner-
vous system. In a process known as neurulation, a 
central portion of the ectoderm creates a neural 
tube that pinches off from the rest of the ectoderm 
and will form the brain and spinal cord. Some of 
the ectodermal cells develop into a 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 suf-
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ficient intrinsic information to determine their 
phenotypic character. Cell differentiation gen-
erally depends on changes in gene expression 
rather than on gene loss, as the genome of a dif-
ferentiated cell has the entire DNA content of 
the undifferentiated parent cell. In order to reg-
ulate the expression of genes, the most impor-
tant point of control is the initiation of RNA 
transcription. These gene regulatory proteins 
can switch the transcription of individual genes 
on or off by recognizing short stretches of the 
DNA double helix of defined sequence and 
thereby determining which of the thousands of 
genes in a cell will be transcribed. Each cell 
may have a specific combination or different 
combinations of gene regulatory proteins. 
According to environmental models, cells 
respond to external signals and differentiate 
accordingly. For example, after exposure to 
5-azacytidine, fibroblasts from a standard tissue 
culture line differentiate into skeletal muscle, 
cartilage, or adipose tissue.

7.5  Normal Growth

7.5.1  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 subtler techniques 
involving immunohistology and mRNA expres-
sion are even revealing new subdivisions of cell 
types within the traditional classification. The 
different cell types, such as the neuron and lym-
phocyte, have the same genome, but the struc-
tural and functional differences are so extreme 

that it is difficult to imagine that they came from 
the same cell.

Different cell types synthesize different 
sets of proteins. However, many processes are 
common to all cells and have many proteins in 
common. However, some proteins are unique 
in the specialized cells, in which they func-
tion, and cannot be detected anywhere else. 
The genome of a cell contains in its DNA 
sequence, the information to make many thou-
sands of different proteins and RNA mole-
cules. 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 envi-
ronment. Different cells perform different 
functions. The most important cellular func-
tions are movement, conductivity, metabolic 
absorption, secretion, excretion, respiration, 
and reproduction.

7.5.2  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 tissues com-
bine to form organs, which in turn are integrated 
to perform complex functions.

The major types of tissues are epithelial, mus-
cle, connective, nerve, blood, and lymphoid tis-
sues that are further divided into many subtypes 
(Table  7.3). All cells are in contact with a net-
work of extracellular macromolecules, known as 
extracellular matrix, that holds cells and tissues 
together and provides an organized latticework 
within which cells can migrate and interact with 
one another.
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Table 7.3 Tissue types

Tissue Tissue type Location Function
Epithelial Simple squamous Lines major organs Absorption, filtration, and secretion

Simple cuboidal Lines tubules and ducts of glands Absorption and secretion
Simple columnar Lines GI tract Secretion and absorption
Stratified 
Squamous

Lines interior of mouth, tongue, and 
vagina

Protection

Transitional Lines urinary bladder Permits stretching
Connective Loose connective 

Dense connective
Deep layers of skin, blood vessels, 
and organs Tendons, and ligaments

Support, and elasticity Attaches 
structures together, and provides 
strength

Elastic connective Lungs, arteries, trachea, and vocal 
cords

Provides elasticity

Reticular 
connective

Spleen, liver, and lymph nodes Provides internal scaffold for soft 
organs

Cartilage Ends of long bones, trachea, and tip 
of nose

Provides flexibility and support

Bone Bones Protection, support, and muscle 
attachment

Vascular 
connective tissue

Within blood vessels Transport of gases, and blood clotting

Adipose tissue Deep layers of skin, surrounds heart, 
and kidney

Support, protection, and heat 
conservation

Muscle Smooth muscle GI tract, uterus, blood vessels, and u. 
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, and 
neurotransmission

7.6  Cell-to-Cell Communication

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

7.6.1  Cell–Cell Interaction

Cells in tissues are in physical contact with 
neighboring cells and extracellular matrix at spe-

cialized contact sites, called cell junctions (com-
municating, occluding, and anchoring), which 
allow transport of molecules between cells or 
provide a barrier to passage of molecules between 
cells. Gap or communicating junctions are com-
posed 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 epithelial sheets. The tight 
junctions form a continuous, impermeable, or 
semipermeable barrier to diffusion and play an 
important part in maintaining the concentration 
differences of small hydrophilic molecules across 
epithelial sheets and restrict the diffusion of 
membrane transport proteins. Anchoring junc-
tions such as adherens, desmosomes, and 
hemidesmosomes are most abundant in tissues 
that are subjected to severe mechanical stress and 
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connect the cytoskeletal elements (actin or inter-
mediate filaments) of a cell to those of another 
cell or to the extracellular matrix. To form an 
anchoring junction, cells must first adhere. Such 
a selective cell adhesion or tissue-specific recog-
nition process is mediated by two distinct classes 
of cell–cell adhesion molecules (CAMs). 
Cadherins, the transmembrane glycoproteins, 
mediate Ca2+-dependent cell–cell adhesion, while 
the neural cell adhesion molecule (N-CAM) 
mediates the Ca2+-independent cell–cell adhesion 
systems.

A substantial part of the tissue volume is the 
extracellular space that is filled by an extracellu-
lar matrix which is composed of proteins and 
polysaccharides that are secreted locally by the 
cells in the matrix. The extracellular matrix not 
only binds the cells together but, also, influences 
their development, polarity, and behavior. The 
two main classes of macromolecules that make 
up the matrix are glycosaminoglycans (GAGs) 
and fibrous proteins.

7.6.2  Cell Signaling and Cellular 
Receptors

Cells communicate by means of hundreds of 
types 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, 
which 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, the 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 (neurotransmitters) 
secreted by a cell (neuron) bind to the receptors 
on a target cell at a specialized cell junction, 
called synapse.

The cellular receptors are very specific protein 
molecules on the plasma membrane, in the cyto-
plasm, or in the nucleus, that are capable of rec-
ognizing 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 final steps in the signal 
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, includ-
ing the thyroid and steroid hormones, diffuse into 
the cell and activate receptor proteins that regu-
late gene expression. Some dissolved gases, such 
as nitric oxide and carbon monoxide, activate an 
intracellular enzyme (guanyl cyclase), which 
produces cyclic GMP in the target cell. Most of 
the extracellular signal molecules are hydrophilic 
and activate transmembrane receptor proteins on 
the surface of the cell membrane. The ligands 
that bind with membrane receptors include hor-
mones, neurotransmitters, lipoproteins, antigens, 
infectious agents, drugs, and metabolites.

Generally, receptors are classified on the basis 
of their location and function. Three main fami-
lies of cell surface receptors (Table  7.4) have 
been identified. Following the binding of a spe-
cific signal, ion-channel-linked receptors open or 
close briefly to allow transport of molecules into 
the cell. G-protein-linked receptors activate or 
inactivate plasma membrane-bound enzymes or 
ion channels 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 
some others generate inositol triphosphate (IP3), 
which increases intracellular Ca2+ levels. A rise in 
cyclic AMP or Ca2+ levels stimulates a number of 
kinases and phosphorylates target proteins on 
serine or threonine residues. Enzyme-linked 
receptors, such as protein kinases  phosphorylate 
 specific proteins in the target cell. There are five 
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Table 7.4 Cell surface receptors

Receptor family Enzyme Second messenger Signaling molecule
A. Ion-channel-linked
G-protein-linked Activate adenyl cyclase Increase cyclic AMP TSH, ACTH, LH, 

Adrenaline, glucagon, and 
vasopressin

Inhibit adenyl cyclase Decrease cyclic AMP Cholera toxin, pertussis toxin
Activate phosphoinositide- 
specific phospholipase C

Inositol triphosphate (IP3) 
increases Ca2+

Vasopressin, acetylcholine, 
and thrombin

Activate or inactivate ion 
channels

Acetylcholine (nicotinic Ach 
receptors)

B. Enzyme-linked
Receptor guanylyl 
cyclases

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

Receptor tyrosine 
kinases

Activate tyrosine kinase Phosphorylate-specific 
tyrosine residues

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

Extracellular antibodies

Receptor serine/
threonine kinases

Phosphorylate serine and 
threonine residues

known classes of enzyme-linked receptors 
(Table  7.4). Among these, receptor tyrosine 
kinases and tyrosine-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 cas-
cades that are activated by tyrosine kinases were 
identified as oncogenes in cancer cells, as their 
inappropriate activation causes a cell to prolifer-
ate excessively. By contrast, the normal genes 
are, therefore, referred to as protooncogenes.

7.7  Transport Through the Cell 
Membrane

About 56% of the adult human body is fluid. One 
third of the fluid is outside the cells and is called 
ECF while the remainder is called ICF. The ECF 
(the internal environment) 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 cells for the maintenance of life. Cells 
secrete various intracellular signal molecules and 
expel metabolites and waste products into the 

ECF.  The cellular intake or output of different 
molecules occurs by different transport mecha-
nisms of the plasma membrane, depending on the 
chemical and biochemical characteristics of the 
solute molecules.

The cell membrane consists of a lipid bilayer 
that is not miscible with either the ECF or the ICF 
and provides a barrier for the transport of water 
molecules and water-soluble substances across 
the cell membrane. Water and small molecules 
diffuse through the membrane via gaps or transi-
tory spaces in the hydrophobic environment cre-
ated 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 spe-
cific channels that permit the rapid movement of 
solute molecules across the plasma membrane. 
Examples of pores are plasma membrane gap 
junctions and nuclear membrane pores. Channels 
are selective for specific inorganic ions, whereas 
pores are not selective. Voltage-gated channels, 
such as the sodium channel, control the opening 
or closing of some channels by changes in the 
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transmembrane potential. Chemically regulated 
channels, such as the nicotinic–acetylcholine 
channel, open or close on the basis of 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, 
maintenance of ion concentrations, and control 
of metabolism. Some carrier proteins transport 
a single solute or molecule across a membrane, 
and these are called uniporters. With some other 
carrier proteins (coupled transporters), transfer 
of one solute depends on the simultaneous or 
sequential transfer of a second solute, either in 
the same direction (symport) or in the opposite 
direction (antiport). Transporters are classified 

on the basis of their mechanism of translocation 
of a substance and the energetics of the system. 
Transporters have specificity for the substance 
to be transported, have defined reaction kinet-
ics, and can be inhibited by both, competitive 
and noncompetitive inhibitors. Membranes of 
all cells contain highly specific transporters for 
the movement of inorganic anions and cations 
(Na+, K+, Ca2+, Cl−, HCO3

−), 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 
transport mechanisms. Certain macromolecules 
may also be transported by vesicle formation 
involving either endocytosis or exocytosis mech-
anisms. The major transport systems in mamma-
lian cells are summarized in Table 7.5.

Table 7.5 Transport mechanisms across plasma cell membrane

Mechanism Transport process Example
A. Nonspecific processes
Simple diffusion Direct through the membrane and is dependent 

on concentration gradient
Oxygen movement into cells

Osmosis Direct 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

B. Specific processes
Facilitated diffusion Transport of molecules into the cells involve 

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 by hydrolysis of ATP

Na+, K+, Ca2+, H+ and Cl− ions

Secondary active 
transport

As a consequence of primary active transport, 
sodium ions can pull other solutes into the cell 
(cotransport)

Glucose and amino acids

Receptor- mediated 
endocytosis

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

Cholesterol (LDL) and transferrin 
uptake by cells
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7.7.1  Diffusion

Body fluids 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 continu-
ous movement of solute molecules among one 
another in liquids or in gases is called diffusion. 
The solute molecules in the ECF or in the cyto-
plasm 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 first 
law of diffusion describes the rate. The overall 
effect of diffusion is the passive movement of 

molecules down a concentration until the con-
centration on each side is at chemical equilib-
rium. Diffusion through the cell membrane is 
divided into two separate subtypes called simple 
diffusion and facilitated diffusion (Fig. 7.3).

7.7.1.1  Simple Diffusion
Simple diffusion can occur through the cell mem-
brane either through the intermolecular inter-
stices of the lipid bilayer or through transport 
proteins (watery channels). The diffusion rate of 
a solute depends on its size (diffusion coefficient) 
and its lipid solubility. In addition, the diffusion 
rate is influenced by the differences in electrical 
potential across the membrane. Diffusion of 
small uncharged molecules (water, urea, glyc-

Lipid
bilaver

ATP

Active transport

Simple
diffusion

Facilitated
Diffusion

Passive transport

Fig. 7.3 Membrane transport mechanisms of small mol-
ecules; simple diffusion is simply dependent on the con-
centration gradient while facilitated diffusion involves 

specific membrane transporters, such as channel proteins 
or carrier proteins. Active transport requires expenditure 
of energy
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erol) and hydrophobic molecules, such as gases 
(O2, N2, CO2, 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 (but not that of 
solute molecules) across a cell membrane is 
permitted.

7.7.1.2  Facilitated Diffusion
Passive transport or facilitated diffusion (also 
known as carrier-mediated diffusion) involves 
the translocation of a solute through a cell mem-
brane down its concentration gradient, as in sim-
ple diffusion, without expenditure of metabolic 
energy. However, facilitated diffusion requires 
the interaction of a carrier protein (transporter) 
with the solute molecules. Upon entering the pro-
tein channel, the solute chemically binds to the 
transporter and induces a conformational change 
in the carrier protein, so that the channel is open 
on the intracellular side and releases the mole-
cule (Fig. 7.3). The rate of diffusion is dependent 
on the concentration gradient and approaches a 
maximum, called Vmax, as the concentration of 
solute increases. It is very important to recognize 
that in facilitated diffusion, the transporters are 
very specific for a solute and exhibit saturation 
kinetics. Transport of d-glucose is facilitated and 
a family of transporters (glucose permeases or 
GLUT 1–6) has been identified. Similarly, an 
anion transporter (Cl−–HCO3

− exchanger) in 
erythrocytes involves antiport (two molecules in 
opposite directions) movement of Cl and 
HCO3

− ions.

7.7.2  Active Transport

Active transport systems or pumps move the 
solute molecules through a cell membrane 
against their concentration gradient and require 
the expenditure of some form of energy 
(Fig. 7.3). As a result, the concentration of sol-
ute molecules on either side of plasma mem-

brane is not equal. For example, the concentration 
of Na+ ions in the ECF is 10 times more than the 
concentration of Na+ ions in the cytoplasm, 
while the converse is true with K+ ions. In active 
transport, the transporters are very specific for a 
solute and exhibit saturation kinetics. In addi-
tion, the carrier protein imparts energy to the 
solute to move against electrochemical or con-
centration gradient. If the energy source is 
removed or inhibited, the active transport mech-
anism 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+-dependent ATPase pump (Fig. 7.3) 
found in virtually all mammalian cells. The trans-
porter protein is an enzyme, ATPase. When three 
sodium ions bind on the inside and two potas-
sium ions bind on the outside, the ATPase func-
tion of the transporter is activated. Following 
hydrolysis of one molecule of ATP, the liberated 
energy causes conformational change in the car-
rier protein, releasing sodium ions to the outside 
and potassium ions to the inside. The process 
leads to an electrical potential, with the inside of 
the cell being more negative than the outside. The 
excitable tissues (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 transport of Ca2+ and H+ ions.

The secondary active transport represents a 
phenomenon called cotransport in which mole-
cules are transported through the plasma mem-
brane using the energy obtained not directly from 
the hydrolysis of ATP, but from the electrochemi-
cal 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 diffu-
sion energy of sodium ions can pull other mole-
cules into the cell. Glucose and many amino acids 
are transported into most cells via sodium cotrans-
port system. Following the binding of sodium and 
glucose molecules to specific sites on the sodium–
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glucose transport protein, a conformational 
change is induced, and both the molecules are 
transported into the cell.

7.7.3  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 endocy-
tosis that involves special membrane- bound vesi-
cles. The material to be ingested is progressively 
enclosed by a small portion of the plasma mem-
brane, which first 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 
fluid and solutes via small vesicles, while phago-
cytosis involves ingestion of large particles such 
as microorganisms 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 1011 senescent red blood cells are 
phagocytosed by macrophages every day in a 
human body. In order to be phagocytosed, parti-
cles must bind to specialized receptors on the 
plasma membrane. Phagocytosis is a triggered 
process that requires the activated receptors to 
transmit signals to the interior of the cell to initi-
ate the response. The Fc receptors on macro-
phages recognize and bind the Fc portion of 
antibodies 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 mem-
brane has highly specialized regions, called 
clathrin-coated pits, that provide an efficient 
pathway for taking up macromolecules via a pro-
cess called receptor-mediated endocytosis. 
Following binding of macromolecules to specific 
cell surface receptors in these clathrin-coated 

pits, the macromolecule-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. The low-density 
lipoprotein (LDL) and transferrin are the most 
common macromolecules that are transported 
into the cell via receptor-mediated endocytosis.

The reverse of endocytosis is exocytosis that 
involves transport of macromolecules within ves-
icles from the interior of a cell to the cell surface 
or into the ECF. Proteins and certain neurotrans-
mitters can be secreted from the cells by exocyto-
sis in either a constitutive or a regulated process. 
For example, insulin molecules stored in intracel-
lular vesicles are secreted into the ECF following 
fusion of these vesicles with the plasma mem-
brane. By contrast, neurotransmitter molecules 
stored in synaptic vesicles of a presynaptic neu-
ron are released into a synapse only in response 
to an extracellular signal.

7.7.4  Transmission of Electrical 
Impulses

Nerve and muscle cells are “excitable,” which 
implies that they are capable of self-generation of 
electrochemical impulses at their cell mem-
branes. These impulses can be employed to trans-
mit signals, such as nerve signals, from the 
central nervous system to many tissues and 
organs throughout the body. There is a difference 
in the ionic composition of ECF and 
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 flow of the current reflects 
the charge separation across the membrane, i.e., 
its voltage or membrane potential, and is a mea-
sure of the 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 being more negatively 
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charged than the outside. The difference in elec-
trical charge or voltage is known as the resting 
membrane 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 the 
membrane for different 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 concen-
tration is maintained by the Na+–K+-ATPase 
pump. In addition, the cell membrane 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 
because of negatively charged proteins 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. The decrease in resting membrane 
potential is known as depolarization. The point, 
at which the rapid change in the resting mem-
brane potential reverses the polarity of the cell 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 
that 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 
the cell. The absolute refractory period is the 
period of time during which it is impossible to 
generate another action potential, while the rela-
tive refractory period is the period of time in 
which a second action potential can be initiated 
by 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 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 
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 the postsynaptic nerve fiber and opens 
sodium ion channels that lead to the depolariza-
tion and propagation of an impulse. By contrast, 
in an inhibitory synapse the neurotransmitter 
(γ-aminobutyric acid or GABA, glycine) binds to 
the receptor in the postsynaptic nerve fiber and 
opens the potassium ion channels or chloride ion 
channels, resulting in the repolarization and inhi-
bition of the impulse.

7.8  Cellular Metabolism

7.8.1  Role of ATP

All of the chemical reactions involved in main-
taining essential cellular functions are referred to 
as cellular metabolism. The life processes 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 chemi-
cal bonds when atoms combine to form mole-
cules. Cells extract the chemical energy from 
nutrients and transfer it 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 ATP molecule is very labile and is broken 
down to form adenosine diphosphate (ADP) and 
a phosphoric acid radical with the release of 
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energy. ATP is used to promote three major cate-
gories of cellular function: membrane transport 
of ions such as Na+, K+, Ca2+, Mg2+, and Cl−, syn-
thesis of biochemicals, such as proteins, enzymes, 
and nucleotides, and mechanical work, such as 
muscle contraction.

7.8.1.1  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 bro-
ken down into their corresponding smaller sub-
units: 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-CoA and lim-
ited amounts of ATP and NADH.  Finally, in 
phase 3, the acetyl-CoA molecules are degraded 
in mitochondria to CO2 and H2O with the genera-
tion of ATP.

Cellular oxidation–reduction reactions play a 
key role in energy flow within a cell and electrons 
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 the gain of a hydrogen 
atom by another molecule. In many of these 
enzyme-catalyzed oxidation–reduction reactions, 
involving the formation of ATP, cells employ 
coenzymes (cofactors) that shuttle energy as 
hydrogen atoms are transferred from one reaction 
to another. One of the most important coenzymes 
is nicotinamide adenine dinucleotide (NAD+) 
that can accept an electron and a hydrogen atom, 
and gets reduced to form NADH.

7.8.1.2  Glycolysis
The most important process in phase 2 of the 
catabolism 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 glucose molecule is converted into 

two pyruvate molecules with a net generation of 
six ATP molecules. If oxygen is absent, or signifi-
cantly reduced within the cell, the pyruvate is 
converted to lactic acid, which then diffuses into 
ECF. In many of the normal cells, ATP generation 
by glycolysis accounts for less than 5% of the 
overall ATP generation within the cell.

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

The citric acid cycle begins with the interac-
tion of acetyl-CoA and oxaloacetate to form the 
tricarboxylic acid molecule called citric acid 
which, subsequently, is oxidized to generate two 
molecules of CO2 and oxaloacetate. The energy 
liberated from the oxidation reactions is utilized 
to produce three molecules of NADH and one 
molecule of reduced flavin adenine nucleotide 
(FADH2). Oxidative phosphorylation is the last 
step in the catabolism, in which NADH and 
FADH2 transfer the electrons to a series of carrier 
molecules, such as cytochromes (the electron- 
transport chain), on the inner surfaces of the 
mitochondria with the release of hydrogen ions. 
Subsequently, the 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 
the 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 pro-
duction of 36 ATP molecules, all but four of them 
produced by oxidative phosphorylation.
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7.9  DNA and Gene Expression

7.9.1  DNA: The Genetic Material

The ability of cells to maintain a high degree of order 
depends on the hereditary or genetic information 
that is stored in the genetic material, the DNA. Within 
the nucleus of all mammalian cells, a full comple-
ment 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 sub-
sets called genes each of which represents a specific 
combination of DNA sequence designed for a spe-
cific cellular function. The three most important 
events in the existence of a DNA molecule are repli-
cation, repair, and expression.

The chromosomes can undergo self- 
replication that permits 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 char-
acteristic of the original cell. There are approxi-
mately 30,000 genes per human genome which 
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 specific gene. Most of the chromo-
somal DNA, however, does not code for proteins 
or RNAs. The central dogma of molecular biol-
ogy is that the overall process of information 
transfer in the cell involves transcription of the 
DNA into RNA molecules, which subsequently 
generate specific proteins on ribosomes by a pro-
cess 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 sufficient to direct the synthesis of as many as 
100,000 distinct proteins within a cell. This 
supreme coding effectiveness of DNA is because 
of its unique chemical structure.

7.9.1.1  DNA Structure
As described previously, DNA was first discovered 
in 1869 by the chemist, Friedrich Miescher who 
extracted a white substance from the cell nuclei of 

human pus and called it “nuclein.” Because nuclein 
is slightly acidic, it is known as nucleic acid. In the 
1920s, the biochemist, Levine identified two types 
of nucleic acids: DNA and RNA. Levine also con-
cluded that the DNA molecule is a polynucleotide 
formed by the polymerization of nucleotides. Each 
nucleotide subunit of a DNA molecule is composed 
of three basic elements: a phosphate group, a five-
carbon sugar (deoxyribose), and one of the four 
types of nitrogen- containing organic bases. Two of 
the bases, thymine and cytosine, are called pyrimi-
dines, while the other two bases, adenine and gua-
nine, are called purines. Their first letters commonly 
represent the four bases: T, C, and A, G.

The presence of the 5′-phosphate and the 
3′-hydroxyl groups in the deoxyribose molecule 
allows the DNA to form a long chain of polynu-
cleotides by joining nucleotides through phos-
phodiester 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; there-
fore, the DNA molecule has an intrinsic direc-
tionality (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, repre-
sents the DNA as a double helix containing two 
polynucleotide strands that are complementary 
mirror images of each other (Fig.  7.4). The 
“backbone” of DNA molecule is composed of 
deoxyribose sugars joined by phosphodiester 
bonds to phosphate groups, while the bases are 
linked in the middle of the molecule through 
hydrogen bonds. The relationship between bases 
in the double helix is described as complemen-
tary, because 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 the double- 
stranded DNA is that its strands are antiparallel 
meaning that the two strands are aligned in oppo-
site directions.

7.9.1.2  DNA Replication
In order to serve as the basic genetic material, all 
the chromosomes in the nucleus duplicate their 
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Fig. 7.4 DNA double helix (DNA—Wikipedia)

DNA before every cell division. When a DNA 
molecule replicates, the double-stranded DNA 
separates or unzips at one end, forming a replica-
tion fork (Fig. 7.5). The principle of complemen-
tary base pairing dictates that the process of 
replication proceeds by a mechanism in which a 
new DNA strand that matches each of the origi-
nal strands that serve as a template, is synthe-
sized. If the sequence of the template is 
ATTGCAT, the sequence of the new strand in the 
duplicate must be TAACGTA.  Replication is 
semiconservative in the sense that at the end of 
each round of replication, one of the parental 

strands is maintained intact, and combines with 
one newly synthesized complementary strand.

DNA replication requires the cooperation of 
many proteins and enzymes. While DNA heli-
cases and single-strand 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. Because the two strands are 
 antiparallel, this 5′ → 3′ DNA synthesis can take 
place continuously on the leading strand only, 
while the base pairing on the lagging strand is 
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Fig. 7.5 DNA replication

discontinuous and involves synthesis of a series 
of short DNA molecules that are subsequently 
sealed together by the enzyme DNA ligase. In 
mammals, DNA replication occurs at a polymer-
ization rate of about 50 nucleotides per second. 
At the end of the 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 appropriate complementary nucle-
otides. The replication process occurs with few 
mistakes being made; thus, the DNA sequences 
are maintained with very high fidelity. For exam-
ple, a mammalian germline cell with a genome of 
3 × 109 base pairs is subjected on average to only 
about 10–20 base pair changes per year. However, 
genetic change has great implications for evolu-
tion and human health and is the product of muta-
tion, and recombination.

7.9.1.3  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 classified 
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 dam-
age to the DNA or from spontaneous errors made 
during replication. Frameshift mutation involves 
spontaneous mispairing and may result from the 
insertion or deletion of a base pair. Mutational 
damage to the DNA is generally caused by three 
sources: (a) ionizing radiation causes breaks in 
the DNA double strand as a result of the action of 
free radicals on phosphodiester bonds, (b) ultra-
violet radiation creates DNA cross-links because 
of the absorption of UV energy by pyrimidines, 
and (c) chemical mutagens modify the DNA 
bases and alter the base pairing behavior. 
Mutations in germline tissue are of enormous 
biological significance, while somatic mutations 
may cause cancer.

7.9.1.4  DNA Recombination
DNA can undergo important and elegant 
exchange events through recombination. These 
change events refer to a number of distinct pro-
cesses of rearranging the genetic material. 
Recombination is defined as the creation of new 
gene combinations and may include the exchange 
of an entire chromosome or rearrangement of the 
position of a gene or a segment of a gene on a 
chromosome. Homologous or general recombi-
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nation produces an exchange between a pair of 
distinct DNA molecules, usually located on two 
copies of the same chromosome. Sections of 
DNA may be moved back and forth between 
chromosomes but, the arrangement of genes on a 
chromosome is not altered. An important exam-
ple is the exchange of sections of homologous 
chromosomes in the course of meiosis that is 
characteristic of gametes. As a result, homolo-
gous recombination generates new combinations 
of genes that can lead to genetic diversity. In a 
site-specific recombination, DNA homology is 
not required; it involves the alteration of the rela-
tive positions of short and specific nucleotide 
sequences in either one or both of the two partici-
pating DNA molecules. Transpositional recombi-
nation involves the insertion of viruses, plasmids, 
and transposable elements or transposons into the 
chromosomal DNA. Gene transfer in general rep-
resents a unidirectional transfer of genes from 
one chromosome to another. The acquisition of 
an AIDS-bearing virus by a human chromosome 
is an example of a gene transfer.

7.9.2  Gene Expression and Protein 
Synthesis

7.9.2.1  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 it is the first 
stage of gene expression (Fig. 7.6). The result is 
the formation of messenger RNA (mRNA) from 
the base sequence specified by the DNA tem-
plate. All types of RNA molecules are transcribed 
from the DNA.  An enzyme called RNA poly-
merase first binds to a promoter site (beginning 
of a gene), unwinds the two strands of the DNA 
double helix, moves along the DNA strand, and 
synthesizes the RNA molecule by binding com-
plementary RNA nucleotides with the DNA 
strand. Upon reaching the termination sequence, 
the enzyme breaks away from the DNA strand 

and at the same time a RNA molecule is released 
into the nucleoplasm. It is important to note 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 modifications to stabilize the 
transcript include 5-methylguanine capping at 
the 5′ end and polyadenylation at the 3′ end. The 
spliced, stabilized mRNA molecules are finally 
transported to the endoplasmic reticulum in the 
cytoplasm where proteins are synthesized.

7.9.2.2  RNA Structure
Both transcription and translation are mediated 
by a RNA molecule, which is an unbranched lin-
ear polymer of ribonucleoside 5′-monophos-
phates. RNA is chemically similar to DNA. The 
main difference between RNA and DNA is that 
the RNA molecule contains ribose sugar and 
another pyrimidine, uracil, in place of thymine. 
RNAs are classified according to the different 
roles they play in the course of the protein syn-
thesis. The length of the molecules varies from 
approximately 65 to 200,000 nucleotides depend-
ing on the role they play. There are many types of 
RNA molecules within a cell and some RNAs 
contain modified 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. A transfer RNA (tRNA) molecule, also 
generated in the nucleus, transfers specific amino 
acids from the soluble amino acid pool to the 
ribosomes and ensures the alignment of these 
amino acids in a proper sequence. Ribosomal 
RNA (rRNA) forms the structural framework of 
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Fig. 7.6 Transcription 
and translation. http://
fajerpc.magnet.fsu.edu/
Education/2010/
Lectures/26_DNA_
Transcription_files/
image006.jpg

ribosomes where most proteins are synthesized. 
All RNA molecules are synthesized in the 
nucleus. While the enzyme, RNA polymerize II, 
is mainly responsible for the synthesis of mRNA, 
RNA polymerase I and III mediate the synthesis 
of rRNA and tRNA.

7.9.2.3  Genetic Code
The genetic code in a DNA sense strand consists 
of a specific nucleotide sequence that is coded in 
successive “triplets” that will eventually control 
the sequence of amino acids in a protein molecule. 
A complementary code of triplets in mRNA mol-
ecules, called codons, is synthesized during the 
transcription. For example, the successive triplets 

in a DNA sense strand are represented by bases, 
GGC, AGA, and CTT. The corresponding comple-
mentary mRNA codons, CCG, UCU, and GAA, 
represent the three amino acids proline, serine, and 
glutamic acid, respectively. Each amino acid is 
represented by a specific mRNA codon. The vari-
ous mRNA codons for the 20 amino acids and the 
codons for starting and stopping of protein synthe-
sis are summarized in Table 7.6. The genetic code 
is regarded as degenerate, because most of the 
amino acids are represented by more than one 
codon. An important feature of the genetic code is 
that it is universal; all living organisms use pre-
cisely the same DNA code to specify the sequence 
of amino acids in proteins.
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7.9.2.4  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 
ribosomes is called translation and is depen-
dent on two other RNA molecules, rRNA and 
tRNA.  Ribosomes are the physical structures 
in which proteins are actually synthesized and 
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. A 
tRNA molecule contains about 80 nucleotides 
and has a site for attachment of an amino acid. 
Because tRNA needs to bind to mRNA to deliver 
a specific amino acid, tRNA molecules consists 
of a complementary triplet of nucleotide bases, 
called anticodon. Each tRNA acts as a carrier to 
transport a specific amino acid to the ribosomes 
and for each of the 20 amino acids, there are 20 
different tRNA molecules.

Protein biosynthesis is a complex process and 
involves bringing together mRNA, ribosomal 
subunits, and the tRNAs. Such an ordered pro-
cess requires a complex group of proteins, known 
as initiation factors, that help initiate the synthe-
sis of the protein. The first step in the translation 
is the recognition of mRNA by ribosomes and its 
binding to 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 specified by the codon–anticodon interaction. 
The ribosome exposes the codon, immediately 
adjacent to the AUG, on the mRNA to allow a 
specific anticodon to bind to the codon. At the 
same time, the amino acids (methionine and 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 
polypeptide chain. The process is continued until 
the ribosome reaches a chain-terminating non-
sense stop codon (UAA, UAG, UGA). In other 
words, the process stops when a release factor 
binds to the nonsense codon, stops the synthesis 
of protein, and releases the protein from the ribo-
some. Some proteins emerging from the ribo-
some are ready to function, while others undergo 
a variety of posttranslational modifications to 
convert the proteins to functional forms, or to 
facilitate the transport to intracellular or extracel-
lular targets.

7.10  Disease 
and Pathophysiology

7.10.1  Homeostasis

The term homeostasis is used by physiologists to 
describe the maintenance of static, or constant 
conditions in the internal environment by means 
of positive and negative feedback of information. 
About 56% of the adult human body is fluid. 
Most of the fluid is ICF and about one-third is 
ECF 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 
for the maintenance of life. Claude Bernard 
(1813–1878) defined ECF as the internal envi-
ronment of the body and hypothesized that the 
same biological processes that make life possible 
are also involved in disease (Wagner 1995b). The 
laws of disease are the same as the laws of life. 
All the organs and tissues of the body perform 
functions that help maintain homeostasis. As 
long as the organs and tissues of the body per-
form functions that help maintain homeostasis, 
the cells of the body continue to live and function 
properly.

7.10 Disease and Pathophysiology
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7.10.2  Disease Definition

At the present time, precisely defining what dis-
ease is, is as complex as defining what exactly 
life is. It may be relatively easier to define disease 
at a cellar and molecular level than at the level of 
an individual. Throughout the history of medi-
cine, two main concepts of disease have been 
dominant. The ontological concept views a dis-
ease as an entity that is independent, self- 
sufficient, and running a regular course with a 
natural history of its own. The physiological con-
cept defines disease as a deviation from the nor-
mal physiology or biochemistry; the disease is a 
statistically defined deviation of one or more 
functions in a patient from those of healthy peo-
ple of the same age and sex under very similar 
circumstances.

At birth, molecular blueprints collectively 
make up a person’s genome or genotype that will 
be translated into cellular structures and func-
tions. A single gene defect can lead to biochemi-
cal abnormalities that produce many different 
clinical manifestations of disease, or phenotypes, 
a process called pleiotropism. Many different 
gene abnormalities can result in the same clinical 
manifestations of disease; this process is called 
genetic heterogeneity. Thus, diseases can be 
defined as abnormal processes as well as abnor-
malities in the molecular concentrations of dif-
ferent biological markers, signaling molecules, 
and receptors.

7.10.3  Pathophysiology

In 1839, Theodor Schwann discovered that all the 
living organisms are made up of discrete cells. In 
1858, Rudolph Virchow observed that a disease 
could not be understood unless it is realized that 
the ultimate abnormality must lie in the cell. He 
correlated disease with cellular abnormalities as 
revealed by chemical stains, thereby founding the 
field of cellular pathology. Consequently, he 
defined pathology as physiology with obstacles.

Most diseases begin with a cell injury that 
occurs if the cell is unable to maintain homeosta-

sis. Since the time of Virchow, gross pathology 
and histopathology have been a foundation of the 
diagnostic process and the classification of dis-
ease. Traditionally, the four aspects of a disease 
process that form the core of pathology are etiol-
ogy, pathogenesis, morphologic changes, and 
clinical significance. The altered cellular and tis-
sue 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 structural and functional reactions of cells 
and tissues to injurious agents, including genetic 
defects, is the key for understanding the disease 
process.

Currently diseases are defined and interpreted 
in molecular terms and not just with general 
descriptions of altered structures. 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. The molecular, genetic, micro-
biologic, immunologic, and morphologic tech-
niques help to understand both, the ontological 
and the physiological causes of disease.

7.10.3.1  Altered Cellular and Tissue 
Biology

The normal cell is able to handle normal physio-
logic and functional demands, so-called normal 
homeostasis. However, physiologic and morpho-
logic cellular adaptations normally occur in 
response to excessive physiologic conditions or 
some adverse, or pathologic stimuli. 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 pre-
serves the viability of the cell. If a cell cannot 
adapt to severe stress or pathologic stimuli, the 
consequence may be cellular injury 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 ulti-
mately leads to cell death, generally known as 
necrosis. By contrast, an internally controlled 
suicide program, resulting in cell death, is called 
apoptosis.
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Cellular Adaptations
Some of the most significant physiologic and 
pathologic adaptations of cells involve changes 
in cellular size, growth, or differentiation. These 
include (a) atrophy, a decrease in size and func-
tion of the cell, (b) hypertrophy, an increase in 
cell size, (c) hyperplasia, an increase in cell num-
ber, and (d) metaplasia, an alteration of cell dif-
ferentiation. The adaptive response may also 
include the intracellular accumulation of normal 
and abnormal endogenous substances (lipids, 
protein, glycogen, bilirubin, and pigments), or 
abnormal exogenous products. Cellular adapta-
tions are a common and central part of many dis-
ease states. The molecular mechanisms leading 
to cellular adaptations may involve a wide variety 
of stimuli and various steps in the cellular metab-
olism. Increased production of cell signaling 
molecules, alterations in the expression of cell 
surface receptors, and overexpression of intracel-
lular proteins are typical examples.

7.10.3.2  Cellular 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. In addition, immuno-
logic reactions, genetic derangements, and nutri-
tional imbalances may also cause cellular injury. 
In hypoxia (oxygen deprivation), glycolytic energy 
production may continue but, ischemia (loss of 
blood supply) compromises the availability of 
metabolic substrates and may injure tissues faster 
than hypoxia. Various types of cellular injuries and 
their responses are summarized in Table 7.7.

Biochemical Mechanisms
Regardless of the nature of the injurious agents, 
there are a number of common biochemical 
themes or mechanisms responsible for cell injury.

 1. ATP depletion: It is one of the most common 
consequences of ischemic and toxic injury. 
ATP depletion induces cell swelling, decreases 
protein synthesis, decreases membrane trans-
port, and increases membrane permeability.

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

 3. Intracellular Ca2+ and loss of calcium homeo-
stasis: Most of the intracellular calcium is in 
the mitochondria and endoplasmic reticulum. 
Ischemia and certain toxins increase the con-
centration of Ca2+ in the cytoplasm resulting 
in the activation of a number of enzymes, 
which causes intracellular damage, and 
increases the membrane permeability.

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

Table 7.7 Progressive types of cell injury and responses

Type Responses
Adaptation Atrophy, hypertrophy, 

hyperplasia, and metaplasia
Active cell injury Immediate response of “entire 

cell”
Reversible Loss of ATP, cellular swelling, 

detachment of ribosomes, and 
autophagy of lysosomes

Irreversible “Point of no return” structurally 
when vacuolization occurs of 
the mitochondria and calcium 
moves into the cell.

Necrosis Common type of cell death 
with severe cell swelling and 
breakdown of organelles

Apoptosis Cellular self-destruction for 
elimination of unwanted cell 
population

Chronic cell injury 
(subcellular 
alterations)

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

Accumulations or 
Infiltrations

Water, pigments, lipids, 
glycogen, and proteins

Pathologic 
calcification

Dystrophic and metastatic 
calcification

The above table modified from reference (McCance and 
Huether 1998)
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 5. Defects in membrane permeability: All forms 
of cell injury, as well as many bacterial toxins 
and viral proteins, damage the plasma mem-
brane. As a result, there is an early loss of 
selective membrane permeability.

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 in the 
cytoplasm or nucleus, either transiently or per-
manently. One of the major consequences of the 
failure of the transport mechanisms is cell swell-
ing due to excess intracellular water. 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 calcification occurs 
mainly in the injured or dead cells, while meta-
static calcification may occur in the normal tis-
sues. Hypercalcemia may be a consequence of 
increased parathyroid hormone, destruction of 
bone tissue, renal failure, and vitamin D-related 
disorders. All of these accumulations harm cells 
by “crowding” the organelles and by causing 
excessive, and harmful metabolites that may be 
retained within the cell or expelled into the ECF 
and circulation.

7.10.3.3  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, is 
called necrosis. The morphologic appearance of 
necrosis is the result of denaturation of proteins 
and enzymatic digestion (autolysis or heteroly-
sis) of the cell. Different types of necrosis occur 
in different organs or tissues. The most common 
type, coagulative necrosis, resulting from 
hypoxia and ischemia, is characterized by the 

denaturation of cytoplasmic proteins, breakdown 
of organelles, and cell swelling. It occurs primar-
ily in the kidneys, heart, and adrenal glands. 
Liquefactive necrosis may result from ischemia 
or bacterial infections. The cells are digested by 
hydrolases and the tissue becomes soft and lique-
fies. As a result of ischemia, the brain tissue liq-
uefies and forms cysts. In an infected tissue, 
hydrolases are released from the lysosomes of 
neutrophils; they kill bacterial cells and the sur-
rounding tissue cells resulting in the accumula-
tion of pus. Caseous necrosis (in which the dead 
tissue maintains a cheese-like appearance) pres-
ent in the foci of tuberculous infections is a com-
bination of coagulative and liquefactive necrosis. 
In fat necrosis, the lipase enzymes break down 
triglycerides and form opaque chalky necrotic 
tissue as a result of saponification of free fatty 
acids with alkali metal ions. In a patient, the 
necrotic tissue and the debris usually disappear 
by a combined process of enzymatic digestion, 
and fragmentation or become calcified.

7.10.3.4  Apoptosis
Apoptosis, a type of cell death implicated in both 
normal and pathologic tissue, is designed to elim-
inate 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), specific 
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 final phase, the execution 
caspases activate the proteolytic cascade that 
eventually leads to the intracellular degradation, 
fragmentation of nuclear chromatin, and break-
down of the cytoskeleton. The most important 
morphologic characteristics are cell shrinkage, 
chromatin condensation, and formation of cyto-
plasmic blebs, and apoptotic bodies that are, sub-
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sequently, phagocytosed by adjacent healthy 
cells, and macrophages. Unlike necrosis, 
 apoptosis involves nuclear and cytoplasmic 
shrinkage, and affects scattered single cells.
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8Production of Radionuclides

Scientific achievement is rooted in the past, is cul-
tivated to full stature by many contemporaries, 
and… No individual alone is responsible for a 
single steppingstone along the path of progress. 
(Ernest O. Lawrence)

8.1   Natural Radioactivity

The phenomenon of spontaneous, continuous, 
and uncontrollable disintegration of an unstable 
atomic nucleus accompanied by the emission of 
radiations (such as α, β−, and γ) is called natural 
radioactivity. This spontaneous disintegration of 
an unstable nucleus of one naturally occurring 
radioisotope of one element (parent) into an iso-
tope of another element (daughter) continues 
until a stable nucleus is formed. Isotopes of 
chemical elements can exist in nature either as 
stable nuclides, or as radionuclides. Primordial 
radionuclides (such as 238U, 235U, and 232Th) cre-
ated before the earth was formed exist in the 
present time because their half-lives are so long 
(>100 million years) and that they have not yet 
completely decayed. Secondary radionuclides 
(such as 226Ra, 227Ac, 227Th, 223Ra) with shorter 
half-lives than primordial radionuclides are 
radiogenic isotopes derived from the decay of 
primordial radionuclides. These secondary radio-
nuclides are generated in the decay chains of 
238U, 235U, and 232Th whereas cosmogenic radio-
nuclides (such as 14C) are present because they 

are continually being formed in the atmosphere 
due to cosmic rays. In nature, 34 primordial 
radionuclides and 61 nonprimordial radionu-
clides exist as naturally occurring radioisotopes 
of many elements. All elements heavier than lead 
(with Z > 82) and elements technetium (Z = 43) 
and promethium (Z  =  61) are all unstable, and 
exist only as radionuclides.

8.1.1   Decay Chain

The decay chain or radioactive cascade refers to 
a series of radioactive decays of different radio-
active decay products as a sequential series of 
nuclear transformations until eventually a stable 
isotope of lead or thallium is reached. Three 
decay chains of primordial nuclides of uranium 
and thorium have been observed in nature 
(Fig.  8.1a–d). The 3 decay chains have a long- 
lived parent at the top (232Th, 238U, and 235U) and 
slowly decay by α and β− emission and ultimately 
reach a stable isotope of lead. In 1940s, based on 
the large-scale artificial production of a new 
radionuclide 237Np, investigators have identified 
the hitherto extinct fourth decay chain.

In the thorium (4n) series, the radionuclides of 
interest are 224Ra, 212Pb, and 212Bi. In the neptu-
nium series (4n + 1), the radionuclides of interest 
are 229Th, 225Ra, 225Ac, and 213Bi. Based on uranium 
series (4n + 2), the Curies discovered the radioiso-
topes of two new elements (226Ra, and 210Po). In 
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a b

c

d

Fig. 8.1 The decay chains of primordial radionuclides 232Th (a), 238U (c), 235U (d), and artificially produced 237Np (b). 
All these four radionuclides ultimately become stable isotopes of lead

the actinium series (4n + 3), 227Th, and 223Ra are of 
medical interest. While the radionuclides observed 
in the decay chains are of medical interest, the 
commercial supply of the α emitting radionuclides 
for radionuclide therapy is primarily based on the 
artificial production of radionuclides.

8.2   Nuclear Transformation

The discovery of radioactivity in the late nine-
teenth century showed that some nuclei spon-
taneously transform into nuclei with a different 

number of protons, thereby producing a dif-
ferent element. When scientists realized that 
these naturally occurring radioactive isotopes 
decayed by emitting subatomic particles, they 
realized that—in principle—it should be pos-
sible to carry out the reverse reaction, convert-
ing a stable nucleus to another more massive 
nucleus by bombarding it with subatomic par-
ticles in a nuclear transmutation reaction. In the 
last 100  years, more than 3000 radionuclides 
have been artificially produced in reactors, par-
ticle accelerators, cyclotrons, and radionuclide 
generators.
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When two nuclei come close together, a nuclear 
reaction can occur that results in a nuclear trans-
formation, which is the conversion of one nuclide 
to another nuclide. Whereas nuclear transmutation 
is the conversion of one chemical element or an 
isotope into another chemical element. A transmu-
tation can be achieved either by nuclear reactions 
(in which an outside particle reacts with a nucleus) 
or by radioactive decay, where no outside cause is 
needed. The term transmutation dates back to 
alchemy, when the alchemists in the Middle Ages 
pursued the philosopher’s stone, which was 
believed to be capable of transforming the base 
metals (such as lead and bismuth) into gold.

As discussed earlier, radioactive decay by α or 
β process will result in natural transmutation of 
radioactive isotopes of one chemical element to a 
stable or radioactive isotope of another chemical 
element. The first nuclear transmutation was 
accomplished by Patrick Blackett and Rutherford 
following bombardment of natural nitrogen (14N) 
atoms with α particles (He nuclei) from a radium–
carbon source [1]. More specifically, they 
observed that a nitrogen nucleus was converted 
into an isotope of oxygen, 17O with the emission 
of a proton. The process that Rutherford discov-
ered was the disintegration of the stable nucleus 
and the formation of a stable oxygen isotope. In 
1925, using the cloud chamber, Blackett con-
firmed Rutherford’s observation.
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In 1932, when Chadwick bombarded a stable 
beryllium atom with α particles, the element 
beryllium was converted into a stable carbon iso-
tope with the emission of a neutron [1].
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In the two nuclear reactions described above, the 
nuclear transformation involved conversion of a 
stable isotope of one element into a stable isotope 
of another element.

8.2.1   Artificial Production 
of Radioactivity

In 1934, Irene Curie and her husband Frederic 
Joliot were the first to produce an unstable radio-
isotope that decayed by positron emission and 
the first to discover the artificial production of 
radioisotopes [2].
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As shown above, the stable Al atom absorbs the 
helium nucleus and is converted into an unstable 
30P radionuclide (T½ = 3 min), which in turn is 
converted into a stable 30Si atom following posi-
tron emission. Soon after the discovery of artifi-
cial radioactivity, physicists realized that charged 
protons with higher energies would be better pro-
jectiles for nuclear transformation reactions. 
During 1930s, charged-particle accelerators 
were developed to generate very high-energy 
subatomic particles, such as protons, deuterons, 
and α particles.

For almost two decades following Rutherford’s 
pioneering work, α particles from natural radioiso-
topes such as 238U and 234Th were used as projec-
tiles to induce nuclear reactions. Following the 
discovery of neutrons by Chadwick in 1932, Fermi 
realized that a neutron beam could be used as a 
projectile to induce a nuclear reaction, because 
neutrons are neutral and not repelled by the stable 
target nucleus. He also realized that neutron-rich 
atoms decay by beta emission and that the daugh-
ter nuclide with an extra proton is normally an ele-
ment with an atomic number, Z + 1. In 1934, Fermi 
bombarded 238U with neutrons and reported the 
discovery of element 93 (transuranic element not 
found in nature) [1]; however, this turned out to be 
a false claim. In 1937, a colleague of Fermi, Emilio 
Segre bombarded the stable 98Mo with neutrons (a 
reaction known as neutron activation) and pro-
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duced the element 43, which he called technetium 
(meaning artificial).
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8.2.2   Nuclear Fission

In Germany, Otto Han and Lise Meitner contin-
ued the experimental strategy to produce transur-
amics by bombarding uranium with neutrons. 
Hahn and Strassmann at the Kaiser Wilhelm insti-
tute for chemistry in Berlin bombarded uranium 
with slow neutrons and discovered that the ele-
ment barium had been produced. They reported 
their findings by mail to Meitner in Sweden. Hahn 
and Strassmann, however, submitted their find-
ings to Naturwissenschaften on December 22, 
1938, without waiting for Meitner’s reply. Meitner 

and her nephew Frisch theorized, and then proved, 
that the uranium nucleus had been split with the 
production of two new nuclides, free neutrons, 
and liberation of 200  MeV energy. By analogy 
with the division of biological cells, Frisch named 
the process “fission” (Fig. 8.2).

Hahn discovered that the nucleus of uranium 
undergoes fission (later identified as 235U), when 
struck by a neutron [1]. More specifically, the 
235U nucleus absorbs the neutron to form a very 
highly unstable 236U nucleus, which at once 
explodes to form two fission fragments (radionu-
clides) that are neutron rich and decay by beta 
emission. Meitner and Frisch had correctly inter-
preted Hahn’s results to mean that the nucleus of 
uranium had split roughly in half. Subsequently 
in 1939, Niels Bohr had an insight that the fission 
with low-energy neutrons was due to the U-235 
isotope, while at high energies it was mainly due 
to the far more abundant U-238 isotope.

Fig. 8.2 Nuclear Fission of 235U results in the formation of two low atomic number elements (144Ba and 89Kr) with the 
release of 3 neutrons and a very large amount of energy (MeV)
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At the Radiation Laboratory in Berkely, 
California, physicists finally succeeded in the 
artificial production of transuramic elements, 
neptunium (Z = 93) and plutonium (Z = 94) by 
bombarding uranium with neutrons. In addition, 
with the availability of neutrons and high-energy 
charged particles, hundreds of nuclear reactions 
have been developed over the years to produce 
artificial radioisotopes that are either neutron rich 
or neutron deficient (proton rich). As discussed in 
the previous chapter, neutron-rich radionuclides 
decay by β− or β−, γ emission, while neutron- 
deficient radionuclides decay by β+ or EC. Both 
these decay modes may also involve emission of 
gamma photons. In addition, positron annihila-
tion will also lead to the emission of high-energy 
annihilation photons. Some of the early applica-
tions of radioisotopes in medicine involved natu-
rally occurring radionuclides. It is the production 
of artificial radioisotopes, however, that eventu-
ally facilitated the development of nuclear medi-
cine with molecular imaging technologies and 
targeted radionuclide therapies.

8.2.3   Nuclear Reactions

In a nuclear reaction, when the atoms of a stable 
element (target) are bombarded by a subatomic 
particle (called projectiles) such as neutron, proton, 
deuteron, or an α particle, the nucleus of the stable 
atom absorbs the subatomic particle. The resultant 
compound nucleus is very unstable and excited. 
The compound nuclei have lifetimes on the order 
of approximately 10−16 s. The compound nucleus 
may decay in one or more ways, depending on its 
neutron/proton ratio and excitation energy. It may 
quickly decompose by emitting some radiation 
(subatomic particle and/or gamma radiation) to 
form an unstable product radionuclide.

The general equation for a nuclear reaction 
can be written as follows:

 
T P R Y,� �  

(8.6)

where T represents the target nuclide, P is the 
projectile, the incident or bombarding particle, R 

represents the radiation (subatomic particle or γ 
photons) emitted by the compound nucleus, and 
Y represents the unstable product radionuclide. 
The P and R in parenthesis, written as (P, R), rep-
resent the nuclear reaction. Reactions such as (p, 
n), (p, α), (d, α), (n, p), and (n, γ) are some of the 
common nuclear reactions used to produce artifi-
cial radioisotopes. In the case of neutron bom-
bardment (e.g., in a reactor), there is no Coulomb 
repulsion from the positively charged nucleus, 
and neutrons easily penetrate the nucleus. In the 
production of radionuclides in a cyclotron, how-
ever, the accelerated charged particle must have 
an energy greater than the electrostatic repulsion 
between the positive charge of projectile and the 
positive charge of target nucleus.

8.2.3.1   Excitation Energy and Q Value
The total amount of excitation energy (U) of the 
compound nucleus is given by the following 
equation [3]:
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where, MT = mass of the target nucleus; MP = mass 
of the incident particle or the projectile; 
TP  =  kinetic energy of the incident particle; 
SP = binding energy of the incident particle in the 
compound nucleus.

In any nuclear reaction, the total kinetic 
energy of the products (radiation R and product 
nucleus Y) may be either greater or less than the 
total kinetic energy of the reactants (target T and 
projectile P). The Q value is the difference 
between the energy levels of the reactants and 
products. Q value can be calculated based on the 
relationship, E  =  mc2 and by knowing the rest 
energies of all the particles involved.
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If Q is a positive quantity, energy is given off in a 
nuclear reaction (exoergic). If Q is a negative 
quantity (endoergic), kinetic energy (KE) must 
be supplied to the reacting particles so that the 
KE + Q ≥ 0.
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8.2.3.2   Activation Cross Section
For any specific nuclear reaction, the probability 
that a bombarding particle will interact with, or 
activate the target nucleus employs the idea of 
cross section (σ), which is expressed as an effec-
tive area [4]. It is assumed that each target nucleus 
presents a certain area, called its cross section, to 
the incident particle. Therefore, the greater the 
cross section, the greater the likelihood of reac-
tion. However, the activation cross section 
depends on the energy of the bombarding particle 
and the nature of the specific nuclear reaction. It 
is the effective “target area” presented by the tar-
get nucleus; the SI unit for nuclear cross section 
is m2. The customary unit, however, is barn, 
where

1 1 10 10 10024 2 28 2 2barn b cm or m fm� � �� �

 (8.9)
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The cross sections for most nuclear reactions 
depend on the energy of the incident particle. 
The nuclear cross sections for thermal neutrons 
(0.025 eV) with no charge are higher than those 
for charged particles. The positively charged 
bombarding particle must have kinetic energy 
sufficient to overcome the coulomb barrier and 
the negative Q value (kinetic energy of the prod-
ucts is less than that of the reactants). The higher 
the atomic number (Z) of the target atom, the 
higher the kinetic energy (E) of the charged par-
ticle needed for a higher nuclear cross section 
[5]. For many low Z materials, it is possible to 
use a low-energy accelerator, but for high Z 
materials, it is necessary to increase the particle 
energy. A graphical relationship between σ and 
E for a specific nuclear reaction is known as 
excitation function. The excitation function for 
18F production is shown in Fig. 5.3 [6], as an 
example.

8.2.3.3   Activity
The amount of radioactivity (dps) produced by 
irradiation of a target material with a charged- 
particle beam can be described by the following 
equation [3]:

 
A dps Inx e t� � � �� ��� �1

 
(8.11)

In the above equation, I is the beam current or the 
number of bombarding particles per cm−2 s−1; n is 
the number of target nuclei in cm−3; x is the thick-
ness of a target in cm; σ is the nuclear cross sec-
tion, expressed in cm2 per nucleus; λ is the decay 
constant of the product radionuclide; and t is the 
time of irradiation in seconds.

Saturation Yield
The amount of radioactivity (mCi) produced in a 
nuclear reaction is generally decay corrected to 
the end of bombardment (EOB). The saturation 
yield (mCi/μA) is the theoretical maximum rate 
of production of a radioisotope for given beam 
energy conditions and can be calculated using the 
following equation:
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where A0 is the activity (mCi) at EOB, I is the 
beam current, and 1 − e−λt is the saturation factor 
for the radioisotope (Fig. 8.3).

Equation (8.11) is valid only for thin targets 
where the target beam is not attenuated. With 
thick targets (in which the energy of bombarding 
particle is completely absorbed), the particle 
beam is attenuated, and the target nuclei are bom-
barded with particles of varying energies. Yields 
with thick targets, therefore, depend on the 
energy and stopping power (or specific energy 
loss) in MeV cm2 g−1 of the bombarding 
particle.

Specific Activity (SA)
SA is generally, defined as the amount of radioac-
tivity per unit mass of an element, molecule, or 
compound, which implies that the mass repre-
sents the combined mass of radioactive species 
and the nonradioactive (stable or cold) counter-
part. The unit of SA can be expressed as mCi/
mg−1, Ci/mmol−1, or GBq μmol−1. When dealing 
with chemical or molecular reactions, the stan-

8 Production of Radionuclides



153

700

600

500

400

C
ro

ss
 s

ec
ti

o
n

 [
m

b
]

300

200

100

5 10 15

Proton Energy [MeV]

20 25
0
0

Fig. 8.3 Excitation 
function of the 
18O(p,n)18F reaction. 
Results from several 
investigators were 
plotted with the solid 
line representing the 
data from the Julich 
group [6]

dard way to express SA is mCi μmol−1. Because 
1 mole represents 6.02 × 1023 atoms or molecules 
(Avogadro’s number), one μmol consists of 
6.02 × 1017 atoms or molecules.

For example, when 11C radionuclide is pro-
duced in a cyclotron as [11C]CO2 gas, 11C carbon 
atoms are always contaminated with natural car-
bon (12C) and it is very difficult to obtain pure 
[11C]CO2 only. Therefore, if the SA of [11C]CO2 
produced in a cyclotron target is 1.0 Ci μmol−1, 
it implies that 1.0 Ci of radioactivity is present 
in a total mass of 1 μmole of carbon dioxide gas 
or a total of 6.02  ×  1017 molecules (3.4  ×  1014 
molecules are present as [11C]CO2). That means, 
for every molecule of [11C]CO2 there are about 
1700 molecules of cold, nonradioactive CO2. 
The theoretical maximum SA (9220  Ci/μmole) 
is never really achieved in routine production 
of positron- emitting radionuclides. However, 
the SA concept is very important in dealing 
with PET radiopharmaceuticals, especially in 
the preparation of radiolabeled receptor-binding 
radiopharmaceuticals.

Carrier-Free
Carrier-free means that the radioactive species is 
not contaminated with nonradioactive counter-
part, known as carrier. In the production of 
radionuclides in a cyclotron, the target element 

is converted into a different element (with a 
higher atomic number). As a result, cyclotron-
produced radionuclides are supposed to be car-
rier-free (CF). Practically, however, it is very 
difficult to eliminate the contamination of natu-
ral carbon, fluorine, or trace metals during the 
synthesis procedure. A more appropriate concept 
is no carrier added (NCA) because the carrier, a 
stable, nonradioactive species, is not intention-
ally added. To facilitate chemical and biochemi-
cal reactions, a carrier may be added intentionally 
during radioisotope production. Such prepara-
tions should specifically be reported as carrier 
added (CA).

8.3   Production of Radionuclides 
by Accelerators

A particle accelerator is a machine that acceler-
ates elementary particles, such as protons and 
electrons, to very high energies and to contain 
them in well-defined beams. A particle source 
provides the charged particles that are to be 
accelerated and then electric fields are used to 
speed up and increase the energy of a beam of 
particles. The beam of particles travels inside a 
vacuum in the metal beam pipe. The vacuum is 
crucial to maintaining an air and dust-free envi-
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ronment for the beam of particles to travel unob-
structed. Electro-magnets steer and focus the 
beam of particles while it travels through the 
vacuum tube.

There are two basic classes of accelerators: 
electrostatic and electrodynamic (or electromag-
netic) accelerators. Electrostatic accelerators use 
static electric fields to accelerate particles. The 
most common types are the Cockcroft-Walton 
generator and Van de Graaff generator. 
Electrodynamic accelerators, on the other hand, 
use changing electromagnetic fields (nonreso-
nant magnetic induction, or resonant circuits or 
cavities excited by oscillating radiofrequency 
(RF) fields) to accelerate particles. In addition, 
there are two basic types of particle accelerators: 
linear accelerators (LINAC) and circular accel-
erators (cyclotrons). Linear accelerators propel 
particles along a linear, or straight, beam line. 
Circular accelerators propel particles around a 
circular track.

In 1932, two physicists, John Douglas, and 
Ernest Thomas Walton, working at the Cavendish 
laboratory in Cambridge performed the first arti-
ficial nuclear disintegration in history using an 
electrostatic particle accelerator (Cockcroft–
Walton generator) that generates a high DC volt-
age and accelerates a proton by passing it through 
a single DC potential difference between two 
electrodes. They won the Nobel Prize in 1951 for 
“Transmutation of atomic nuclei by artificially 
accelerated atomic particles.” The disintegration 
of lithium into α particles by protons was 
achieved using a proton beam with <0.77 MeV of 
energy [1]. Following absorption of the proton, 
the element lithium atom was converted into 
beryllium nucleus, which quickly split into two 
helium nuclei [7].

 3
7

1
1

4
8

2
42Li H Be He� � �  (8.13)

It soon became apparent that protons with higher 
energies were needed to penetrate the repulsive 
coulomb forces of the nucleus to produce nuclear 
transformations involving higher Z elements. 
More specifically, based on the principle of linear 

acceleration, very high voltage (millions of volts) 
is necessary to increase the kinetic energy of 
charged particles.

8.3.1   Linear Particle Accelerator 
(LINAC)

LINAC accelerates charged subatomic particles 
or ions to a high speed by subjecting them to a 
series of oscillating electric potentials along a 
linear beam line. They were originally invented 
in 1920s. The design of a LINAC, however, 
depends on the type of particle that is being 
accelerated: protons, electrons, or ions.

The radiofrequency (RF) LINAC produces 
repeated acceleration of ions through relatively 
small potential differences. Charged particle or 
ion is injected into an accelerating tube contain-
ing number of electrodes. A high-frequency alter-
nating voltage from an oscillator is applied 
between groups of electrodes. An ion traveling 
down the tube will be accelerated in the gap 
between the electrodes if the voltage is in the 
proper phase. The distance between electrodes 
increases along the length of the tube so that the 
particle stays in phase with the voltage.

LINAC (Fig. 8.4) consists of a series of tubes 
connected to a high-voltage power supply, which 
can provide alternating polarities to the tubes. At 
first, the odd-numbered tubes in (1, 3, 5, …) are 
negatively charged and the even-numbered tubes 
are positively charged to attract the protons from 
the H+ ion source. As the protons enter and pass 
through tube-1, the polarities of the tubes are 
reversed. As tube-1 is now positive and tube-2 is 
negative, protons are attracted to tube-2. This 
process continues through many tubes, until the 
velocity and energy of the protons increase.

8.3.1.1   Proton Accelerator
American Physicist Luis Alvarez developed the 
designs for proton LINAC in 1946. The two 
largest proton linear accelerators are the 
LANSCE linac at Los Alamos (800 MeV) and 
the Spallation Neutron Source Linac at ORNL 
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Fig. 8.4 A linear accelerator (LINAC) based on a voltage multiplying circuit designed to accelerate protons along a 
linear path to achieve higher energies

(1000  MeV). In the United States, the two 
accelerator installations with significant radio-
nuclide production programs are the 
Brookhaven Linac Isotope Producer (BLIP) 
facility at Brookhaven National Laboratory and 
the Los Alamos National Laboratory Isotope 
Production facility (LANL-IPF) at the Los 
Alamos National Laboratory. The BLIP facility 
consists of a 30 m beam line and can generate 
200  MeV protons with 170 μA beam current. 
The LANF-IPF facility produces radioisotopes 
at beam currents up to 275  μA using the 
100  MeV proton beam generated at the front 
end of the Los Alamos Neutron Science Center 
(LANSCE) accelerator. The radioisotopes com-
monly produced at these two facilities include 
68Ge, 82Sr, 225Ac, and 67Cu.

A compact proton-LINAC based radioisotope 
production, already commercially available, 
since 2005, is the PULSAR®7 system, by AccSys 
Technology Inc. It produces a 7  MeV proton 
beam with 9 mA current for [18F]FDG production 
[8]. Such low energy has been chosen to reduce 
the footprint, weight, and cost of the accelerator, 
allowing, the installation of the accelerator in 
medical trailers, the only truly mobile PET lab 
available.

8.3.1.2   Electron Accelerator
The electron linear accelerator (e-LINAC) is an 
instrument for the acceleration of electrons to 
high energies by means of guided electromag-
netic waves. It may serve as a source of both 

energetic electrons and X-rays. Although very 
high energies have been achieved with LINAC to 
serve the purposes of investigations in nuclear 
physics, moderate energies (3–30 MeV) are suf-
ficient for external beam radiation therapy. 
E-LINACs in the 5–10-MeV range are used for 
irradiation sterilization of medical disposables 
such as syringes and surgical kits.

The LINAC uses microwave technology to 
accelerate electrons and then allows these elec-
trons to collide with a heavy metal target (such as 
tungsten) to produce high-energy bremsstrahlung 
radiation (X-rays).

When a high-speed projectile electron comes 
close to the nucleus of the tungsten atom in the 
target, the positively charged nucleus causes the 
electron to decelerate and change direction. This 
deceleration results in a loss of kinetic energy, 
which is converted into X-rays. Bremsstrahlung 
X-rays have a spectrum of energies with an aver-
age energy proportional to the peak kilovolts 
used. However, the quantity of bremsstrahlung 
X-rays is related more to mAs (tube current) than 
peak kilovolts.

Even though the basic technology has been 
around for decades, only recently have e-LIN-
ACs capable of producing photons with suffi-
cient energy and flux for radioisotope production 
become available [9, 10]. Photonuclear produc-
tion of radionuclides using (γ, p) and (γ, n) 
nuclear reactions provide significant advantages 
compared to conventional cyclotron-produced 
methods. Housed in Argonne National Low 
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Energy Accelerator Facility (LEAF) at the 
Argonne National Laboratory is a newly 
upgraded 55 MeV/25-kW e-LINAC, capable of 
producing a wide range of radioisotopes (99M0, 
67Cu, and 47Sc).

8.3.2   Cyclotron

In 1929, Ernest O. Lawrence, an American physi-
cist and inventor at the University of California, 
Berkeley, conceived the idea of a cyclic accelera-
tor or cyclotron. In the presence of a static mag-
netic field, an ion of specific charge, when 
introduced at the center of a cyclotron, will accel-
erate in an expanding spiral path by use of an 
alternating radiofrequency electric field [11]. In 
1939 Lawrence was awarded the Nobel Prize in 
Physics. The first cyclotron built by Lawrence 
had a diameter of a few inches and the glass vac-
uum chamber in which ions were supposed to 
circulate, could be held in one hand (Fig. 8.5). In 
1939, Lawrence’s 60-inch cyclotron, with 
16 MeV protons was the most powerful accelera-
tor in the world at the time. Glenn T. Seaborg and 
Edwin M.  McMillan used it to discover pluto-
nium, neptunium, and many other transuranic 
elements and isotopes, for which they received 
the 1951 Nobel Prize in chemistry.

8.3.2.1   Negative Ion Cyclotron
Traditionally, cyclotrons were designed to accel-
erate positive ions (H+, 2H+, and α2+). The first 
cyclotron designed to accelerate negative ions of 
hydrogen, or deuterium atoms with two electrons 
in the K-shell (H− and 2H−) was built in 1966. 
Since the 1980s, all the medical and commercial 
cyclotrons are basically negative ion cyclotrons. 
One of the most important advantages of the neg-
ative ion cyclotron is the elimination of a com-
plex beam extraction system needed to extract 
fixed energy positively charged particles. As a 
result, negative ion cyclotrons provide the oppor-
tunity to extract beams with different energies 
thereby allowing for the simultaneous bombard-
ment of two different targets [12, 13].

The cyclotron (Fig. 8.6) consists of three major 
components: an electromagnet with a field strength 

of 1.5–2.0 tesla, a pair of semicircular hollow cop-
per electrodes, called dees located between the 
poles of the magnet, and an ion source (Penning 
ion gauge) capable of generating high-intensity 
negative ions. The entire structure of the cyclotron 
is kept under high vacuum (up to 10−7  torr). 
Following ionization of the hydrogen gas in an ion 
source, the ions (protons or deuterons) are injected 
into the center of the gap between the dees. When 
a 20–30 MHz radiofrequency alternating potential 
of 30–100  kV, generated with an oscillator, is 
applied to the dees, the negative ions will acceler-
ate towards a dee that is at a positive potential. 
Because the magnetic field is perpendicular to the 
plane of the dees and particle motion, the negative 
ions will trace a circular path. Further, because the 
electrical potential on the dees is alternatively pos-
itive and negative, the ions will gain energy at each 
crossing of the gap between the dees, as they move 
outward in a spiral path from the center. Lawrence 
[11] described the basic operational equations as 
follows:

Fig. 8.5 The first working model of a 4.5 in. cyclotron, 
which accelerated protons to 80 KeV energy [11]
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b

Fig. 8.6 A negative ion cyclotron (EBCO-TR19) with an external beam line (a). A model of the vacuum chamber (CTI 
systems) showing the copper electrodes (dees) in which a negatively charged proton beam making circular orbits (b)
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Particle Energy
The magnetic force operating on the ion is a cen-
tripetal force (Bev), which is exactly balanced by 
the centrifugal effect (mv2/r).
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In the above equations, B is the magnetic field 
strength while m, e, and v represent the mass, 
charge, and velocity of the ion, respectively. 
Finally, r represents the radius of the ion’s orbit. 
For a given cyclotron, the maximum kinetic 
energy that an ion can attain can be estimated if B 
and r are kept constant.
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The final energy of the particles is, therefore, 
dependent on the strength of the magnetic field 
and the diameter of the accelerating chamber, the 
dees. Cyclotrons can only accelerate particles to 
speeds much slower than the speed of light, non-
relativistic speeds.

A synchrocyclotron is a cyclotron in which the 
frequency of the driving RF electric field is var-
ied to compensate for relativistic effects as the 
particles’ velocity begins to approach the speed 
of light. This is in contrast to the classical cyclo-
tron, where the frequency was held constant. An 
alternative to the synchrocyclotron is the isochro-
nous cyclotron, which has a magnetic field that 
increases with radius, rather than with time. 
Isochronous cyclotrons (also known as 
Azimuthally-Varying-Field or AVF Cyclotron) 
are capable of producing much greater beam cur-
rent than synchrocyclotrons.

Beam Extraction
Once the desired kinetic energy of the accelerat-
ing particles is achieved, the positively charges 
ions (H+ and 2H+) are extracted from the cyclo-
tron by passing the negative ion beam through an 
ultra-thin foil of carbon (graphite), which strips 
the electrons. The positively charged beam will 
rotate in an opposite direction, which can then be 
directed to bombard an appropriate target to pro-

duce a positron-emitting radioisotope. The typi-
cal intensities (beam currents) and the energies of 
proton and deuteron beams generated in com-
mercial cyclotrons are shown in Table 8.1. The 
beam current is generally expressed in units of 
microampere (μA). For example, a 1 μA proton 
beam current is equal to 6.25 × 1012 protons or 
deuterons/s.

Types of Cyclotrons
Almost all current available commercial cyclotrons 
are negative ion machines. Close to 1500 cyclo-
trons are used in nuclear medicine worldwide, for 
the production of radionuclides. A wide range of 
cyclotrons for isotope production have been devel-
oped by companies and research centers and may 
be categorized into 3 types of cyclotrons: (a) Low-
energy cyclotrons for PET radioisotope production 
(<15 MeV, 10–150 μA current). These small-sized 
medical cyclotrons (SMC) are also referred to as 
PET cyclotrons. (b) Medium-energy cyclotrons 
(15–30  MeV, 100–1000  μA) for novel PET 
nuclides, and SPECT radionuclides. (c) Higher 
energy cyclotrons (>35  MeV, 500–1000 μA) for 
the production of therapeutic nuclides and also the 
parent nuclides for the radionuclide generators. 
The technical features of several medical cyclo-
trons are summarized in Table 8.1.

8.3.3   PET Radionuclides

The greatest advantage of PET is the potential to 
image and study biochemical processes in vivo, 
without altering or affecting the homeostasis in 
any way. Low atomic number elements such as 
carbon, nitrogen, oxygen, and phosphorous are 
naturally stable. The development of cyclotrons 
in the 1930s created an opportunity to produce 
positron-emitting radioisotopes of carbon (11C), 
nitrogen (13N), and oxygen (15O) and fluorine 
(18F). Since the 1950s, these four PET radionu-
clides played a significant role in the develop-
ment of biochemistry and pharmacology.

The most important nuclear reactions used in 
the production of positron-emitting radionuclides 
for imaging and therapy are summarized in 
Tables 5.2, 5.3, and 5.4. Many reviews have been 
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Table 8.1 Medical cyclotrons for the production of positron-emitting radionuclides

Company Cyclotron Model

Particle beam

Number of targetsType Energy MeV Current μA
GE GENtrace™ H− 7.8 3

GE MINItrace™ Quilin H− 9.6 >50 5

GE PETtrace™ 800 series H−/D− 16.5 /8.6 60–160 6

Siemens/CTIa Eclipse HP/RDS-111 H− 11 >120 4 or 8

Siemens Eclipse RD H− 11 >80 2 × 8b

IBA Cyclone 3 D+ 3.6 50 2
IBA Cyclone 10/5 H−/D− 10/5 60/35 8

IBA Cyclone 11 H−/ 11 120 8

IBA Cyclone 18/9
Cyclone® KIUBE

H−/D−

H−
18/9
13–18

80/35
100–300

8
8

IBA Cyclone-30 H−/D− 30/15 400–1200 8

IBA Cyclone-70 H−/α2− 70/? <1500 8

ACSI TR-14 H− 14 >100 2 × 4c

ACSI TR-19 H−/D− 19/8 300/100 2 × 4c

ACSI TR-24 H− 24 300 2 × 4c

ACSI TR-30 H−/D− 30/15 1500/400 2 × 4c

ABT MII BG-75 H+ 7.5 5 3*
Alcen-PMB iMiTrace superconducting H− 12 50 4

Ionetix Ion-12sc s-c H- 12 10
CIEMAT/Cern AMIT s-c H− 12.5 >25

PMB-ALCEN LOTUS s-c H− 12 50 4

BEST CSI Best 15P H− 15 400 4

BEST CSI Best 25P H− 15–25 400 4

BEST CSI Best 35P H− 15–35 <1000 4–6

Best CSI Best 70P H− 35–70 <1000 6

Sumitomo HM12 H−/D− 12/6 >120 8

Sumitomo HM18 H−/D− 18/10 >180 8

CIAE CYCIAE-14 H− 14 400 8

CIAE CYCIAE-70 H−/D− 70/33 700 8
aSelf shielding for cyclotrons is standard
bTwo beam ports, each with an eight-target carousel
cTwo beam ports, each with a four-target carousel

published on the cyclotron production of 
positron- emitting radionuclides. The International 
Atomic Energy Agency (IAEA) published a tech-
nical report [14] in 2009 on the physical charac-
teristics and production methods of 
cyclotron-produced radionuclides.

The target designed for the production of a 
positron-emitter consists of a target body suitable 
for the bombardment of a specific target material 
(gas, liquid, or solid) that undergoes nuclear 
transformation. Typical gas targets are made up 
of aluminum, while the liquid targets are made up 
of aluminum, silver, titanium, and niobium. A 
generic cyclotron target (Fig.  8.7) consists of a 

sealed metal tube with a window of thin metal 
foil at one end to allow the particle beam to pass 
through and irradiate the target material. In order 
to dissipate the excess heat generated during irra-
diation, the target body is generally surrounded 
by a cooling water jacket, while helium gas is cir-
culated through the foils separating the target 
material and the vacuum isolation foil through 
which the beam enters the target (Table 8.2).

8.3.3.1   Oxygen-15
15O decays (T½  =  2.04  months) to nitrogen-15, 
emitting a positron. 15O was one of the first artifi-
cial radioisotopes produced by low-energy deu-
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Fig. 8.7 14N gas target chamber (a) for the production of 11C as carbon dioxide and an 18O water target chamber (b) for 
the production of 18F as fluoride. Placement of these targets in the PETtrace (GE) cyclotron (c)

terons using a cyclotron [15]. 15O can be produced 
by different nuclear reactions, including 
14N(d,n)15O, 16O(p,pn)15O, and 15N(p,n)15O.  For 
the 15N(p,n)15O reaction, low-energy protons 
(<11 MeV) MeV) or the medium-energy protons 
(>16.6  MeV) can be used. To use low-energy 
protons, however, the target must be highly 
enriched 15N gas [5, 16]. The most common 
nuclear reaction and most economic method used 
for the production of 15O is deuteron bombard-
ment of 14N atoms using natural nitrogen contain-
ing 0.2–0.5% oxygen as the target gas and the 
target body is generally made of aluminum. The 
oxygen-15 ion combines with an oxygen atom to 
form the stable oxygen gas [15O]O2. To produce 
15O as [15O]CO2 gas, the target nitrogen gas is 
mixed with 2–2.5% carbon dioxide.

To produce [15O]water outside the target, a 
stream of nitrogen gas continuously flows 
through the target to a hot cell containing a water 
synthesis module, in which 15O combines with H2 

gas in the presence of palladium–aluminum cata-
lyst at high temperatures (300–400  °C) to pro-
duce water vapor, which then bubbles into a 
saline solution and is drawn into a syringe where 
it can be applied to the subject. [15O]water is used 
for measuring and quantifying blood flow using 
PET in the heart, brain, and tumors.

8.3.3.2   Nitrogen-13 and [13N]Ammonia
The first production of 13N was based on bom-
barding boron atoms with α particles [2]. The 
most common nuclear reaction for the produc-
tion of 13N is 16O(p, α)13N.  The natural stable 
oxygen atoms are bombarded with proton (10–
15  MeV) using oxygen gas target or liquid 
(water) target [5, 17, 18]. When 13N is produced 
in the target, it reacts with water forming nitrate 
and nitrite ions. The addition of a reducing 
agent, such as titanium chloride, to the target 
water will generate [13N]NH3. With a pressur-
ized target, aqueous ethanol can be used in the 
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Table 8.2 Cyclotron-produced radionuclides for PET

Radionuclide T½

Decay Energy Production Method Target

Mode % β+
max (MeV) γ (MeV) Nuclear reaction Material

15O 2.0 min β+

EC
99.9
0.1

1.732 14N(d, n)15O N2 gas

13N 10.0 min β+

EC
99.8
0.2

1.199 16O(p, α)13N H2O

11C 20.4 min β+

EC
99.8
0.2

0.960 14N(p, α)11C N2 + <1% O2

18F 110 min β+

EC
96.9
3.1

0.634 18O(p, n)18F [18O]H2O
20Ne(d, α)18F Ne + 0.2% 

F2

68Ga 67.8 min β+

EC
88.9
11.1

1.899 1.077 (3%) 68Zn(p, n)68Ga Solid/liquid

44Sc 3.97 h β+

EC
94
6

1.474 1.157 (100%) 44Ca(p, n)44Sc
45Sc(p,2n)44Ti→44Sc

Solid/liquid

64Cu 12.7 h β+

β−

EC

17.86
39.00
43.08

0.653 1.346 (0.48%) 64Ni(p, n)64Cu Solid/liquid

66Ga 9.5 h β+

EC
56.5
43.5

4.153 1.037 (37%) 66Zn(p, n)66Ga Solid

86Y 14.7 h β+

EC
31.9
68.1

1.221 1.077 86Sr(p, n)86Y Solid

89Zr 3.267 days β+

EC
22.7
76.2

0.902 0.909 (99%) 89Y(p, n)89Zr Solid/liquid

124I 4.176 days β+

EC
22.7
77.3

2.138 0.602 (63%) 124Te(p, n)124I
124Te(d, 2n)124I

Solid

National Nuclear Data Center (NNDC): NuDat 3.0 @NuDat 3 (bnl.gov)

target since ethanol acts as a hydroxyl free radi-
cal scavenger to improve the production of 
[11N]NH3.

Because the half-life of 13N is very short 
(9.97  min), it is very difficult to synthesize 
13N-labeled radiotracers for routine clinical PET 
studies. In the 1970s, [13N] ammonia (NH3 or 
NH4

+ ion) has been shown to be clinically useful 
as a myocardial perfusion imaging agent. The 
production of 13N involves the generation of [13N]
NH3 gas directly in the target itself.

8.3.3.3   Carbon-11
11C decays 100% by positron decay with a maxi-
mum b+ energy of 968 keV. The most common 
nuclear reaction used to produce 11C is 14N(p, 
α)11C.  Natural nitrogen gas is bombarded with 
protons [5, 19, 20]. Because nitrogen gas is rela-
tively inert, it does not interfere with the carbon 
chemistry and can be easily eliminated. By mix-
ing trace amounts (<1%) of oxygen or hydrogen 

with the target nitrogen gas, the chemical forms 
of 11C produced in the target can be either [11C]
CO2 or [11C]CH4 (methane). The gas target body 
is basically made up of an aluminum cylinder (or 
cone shape) that should be able to handle gas 
(10–100 cc) at pressures of 300–800 psi. Beam 
currents of 20–40 μA are typically used. It is very 
important to prepare or polish the inside of the 
aluminum target to significantly reduce the 
 contamination of natural carbon. As the natural 
nitrogen gas is also contaminated with CO2 gas, it 
is essential to use extremely high purity 
(99.99999%) target gases.

Specific activity of 11C is very important to 
prepare receptor specific C-11 radiotracers. 
[11C]CO2 can be produced in most cyclotron tar-
gets with a SA of 5–20 Ci/μmol at EOB. Even 
higher SA can be achieved by producing [11C]
CH4 directly in the target. The theoretical SA is 
9600 Ci/μmol. If possible, all sources of carrier 
carbon need to be assessed and eliminated.
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8.3.3.4   Fluorine-18
Among halogens, 18F (T½ = 109.8 months) is the 
most important radionuclide for PET.  Because 
the atomic radius of fluorine is similar to that of 
hydrogen, in most molecules, fluorine can be 
used as pseudo-hydrogen.

There are several nuclear reactions are avail-
able to produce F-18. Since fluorine can be intro-
duced into molecules using its nucleophilic and 
electronegative property, the two common 
nuclear reactions are 18O(p, n)18F and 20Ne(d, 
α)18F.  Basically, there are two kinds of targets 
used in a cyclotron to produce two different 
chemical forms of F-18 radionuclide. A liquid 
target for the production of 18F as nucleophilic 
fluoride ion (18F−) and a gas target for the produc-
tion of 18F as electrophilic fluorine as [18F]F2 gas 
[21, 22].

The most common nuclear reaction used to 
produce 18F as fluoride ion is on the basis of pro-
ton bombardment of 18O atoms using highly 
enriched [18O] water as the target material [5, 22]. 
The coproduction of 13N via the 16O(p, α)13N 
reaction should be taken into account when using 
18O of lower enrichment (<90%). A typical target 
body is made of titanium and niobium to hold 
0.3–3.0 mL of target water. Several curies of 18F 
can easily be made in 1–2 h using 10–19 MeV 
protons with 20–35 μA beam current. While the 
theoretical SA of 18F is 1700 Ci/μmol−1, the NCA 
18F is generally produced with a SA of <10 Ci/
μmol−1.

The most common nuclear reaction to pro-
duce [18F] fluorine gas is on the basis of deuteron 
bombardment of 20Ne atoms using natural neon 
gas [5]. A passivated nickel target (NiF) is loaded 
with neon gas containing 0.1% of natural fluorine 
gas. Following bombardment for 1–2  h with 
8–9 MeV deuterons, <1.0 Ci of [18F]F2 is gener-
ated with a very low SA of (10–20 mCi/μmol−1). 
A “double shoot” method was developed to pro-
duce [18F]fluorine gas on the basis of proton bom-
bardment of 18O atoms using [18O]oxygen gas 
loaded into a gas target [23]. After irradiation, 18F 
species stick to the walls of the target. The 18O 
target gas is removed from the target, which is 
then loaded with argon gas mixed with 1% of 
cold fluorine gas. A second short irradiation for 

<10 min will generate [18F]F2 gas. This method is 
very useful to make electrophilic 18F, using cyclo-
trons generating proton beams only. Since [18F]F2 
is always diluted with carrier (cold) fluorine gas, 
the SA of electrophilic [18F] fluorine is very low 
and not optimal for synthesizing high SA 18F 
labeled radiopharmaceuticals.

8.3.3.5   Bromine-75 and Br-76
Both these radionuclides are generally made by 
proton (17  MeV) bombardment of 76Se atoms 
using enriched 76Se (96%) Cu2Se as the target 
material [5]. Subsequently, 76Br is separated from 
the solid target by thermal diffusion. The longer 
half-life (16.2 h) of 76Br is favorable for the syn-
thesis of radiopharmaceuticals and commercial-
ization. However, 76Br has a complex decay 
scheme and high-energy positrons which may 
provide an unfavorable radiation dose to the 
patient.

75Br with a shorter half-life (97 min) may be 
more optimal for developing PET radiopharma-
ceuticals. One of the common nuclear reactions 
is 76Se(p,2n)75Br, but the energy of proton needed 
for this reaction is between 18–28 MeV. 75Br is 
separated from a solid target by dry distillation 
method and trapped using platinum wool.

These two bromine radioisotopes generally 
are not used in the development of PET radio-
pharmaceuticals for imaging studies.

8.3.3.6   Iodine-124
124I (T½ = 4.2 days) has often been considered as 
an impurity in the preparations of 123I. The half- 
life of 123I is long enough to image the distribution 
of monoclonal antibodies using PET. However, it 
also has many gamma emissions (such as 0.602 
and 1.691 MeV) and some low-energy beta emis-
sions contributing to the dosimetry.

The best nuclear reaction for the production of 
124I is the 124Te(p, n)124I reaction on enriched 124Te 
target [24, 25]. The solid target material consists 
of a solid solution matrix containing aluminum 
oxide and enriched 124Te oxide. The separation of 
iodine from tellurium can be accomplished by 
distillation of 124I from the tellurium oxide matrix 
at 750 °C. The iodine is carried away from the 
target with a sweep of either oxygen or helium 
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and trapped on a thin pyrex glass tube that is 
coated with a small amount of sodium 
hydroxide.

Since the radioiodination of proteins and pep-
tides is relatively easy, 124I has significant poten-
tial for the development of radiopharmaceuticals 
for PET. However, the longer half-life and com-
plicated decay schemes with high-energy posi-
trons may make this radionuclide suboptimal for 
diagnostic studies, as the radiation dose to the 
patient can be relatively high.

8.3.3.7  Gallium-66 and Gallium-68
66Ga (T½ = 9.4 h) and 68Ga (T½ = 67.71 months) 
are the two gallium PET radionuclides of interest. 
The short half-life 68Ga emits positrons (β+, 89%; 
Emax = 1.899 MeV) and has the favorable positron 
energy for PET imaging studies. While 66Ga has 
relatively longer half-life, but very high-energy 
positrons (β+, 54.7%; Emax = 4.1 MeV) and several 
high-energy gamma photons (0.291–4.806 MeV), 
it is not ideal for imaging studies.

66Ga can be produced using proton bombard-
ment based on any of these nuclear reactions; 
66Zn(p,n)66Ga, 67Zn(p,2n)66Ga, and 
66Zn(p,3n)66Ga. Among these 66Zn(p,n)66Ga reac-
tion is the most common method using 7–15 MeV 
protons (at high beam currents) and enriched 66Zn 
metal target, electrodeposited on a copper back-
ing plate [5]. Subsequently, 66Ga can be easily 
separated from zinc by cation-exchange or sol-
vent extraction techniques.

68Ga production method is based on 68Zn(p, 
n)68Ga nuclear reaction. It is generally necessary 
to bombard isotopically enriched 68Zn(>98%) 
since several radioisotopes of gallium with lon-
ger half-lives than 68Ga are also coproduced when 
irradiating natural Zn. However, despite use of 
isotopically enriched 68Zn, small amounts of 66Ga 
and 67Ga will occur via 68Zn(p,3n)66Ga and 
68Zn(p,2n)67Ga reactions. As shown in Fig.  8.8, 
the composition of the isotopically enriched 68Zn 
and the proton energy (~11  MeV) must be 
selected wisely to balance yield and achieve a 
purity suitable for human use [26]. For solid tar-
gets, 68Ga may be a) electroplated on copper or 
silver supports, b) used as metal foils, on alumi-
num support. The irradiation of a 68Zn solution 

(as zinc nitrate, 1–2 M) in a liquid target (a solu-
tion target) also provides a practical and inexpen-
sive alternative to produce clinical quantities of 
68Ga.

Purification of 68Ga from the zinc target is 
generally performed based on solid phase using 
either cation-exchange resin or hydroxamate 
resin. For additional purification, anion-exchange 
resins AG-1X8, TK200 (Trioctylphosphine 
oxide), UTEVA® (diamyl, amylphosphonate), 
DGA (tetra-n-octyldiglycolamide) can be used. 
Finally, 68Ga is supplied as high specific activity, 
no-carrier- added gallium chloride solution in 
<0.1 M hydrochloric acid.

8.3.3.8  Copper-64
Copper has several positron-emitting radioiso-
topes, such as 61Cu, 62Cu, and 64Cu. Because of its 
longer half-life of 12.7  h and low-energy posi-
trons, 64Cu is more appropriate for developing 
commercial PET radiopharmaceuticals. It can be 
produced via the 64Ni(p,n)64Cu nuclear reaction 
using enriched nickel solid target foils [5]. 
Subsequently, 64Cu is separated by dissolving the 
target in an acidic solution, followed by ion- 
exchange chromatography. Using similar tech-
niques, 61Cu can also be produced via the 
61Ni(p,n)61Cu nuclear reaction, using enriched 
nickel solid target foils.

8.3.3.9  Yttrium-86
86Y (T½ = 14.7 h) is a medium half-life radionu-
clide emitting very high-energy (3.15 MeV) posi-
trons not ideal for high-resolution quantitative 
PET studies. In addition, it has several high- 
energy γ emissions. As a trivalent metal, it binds 
strongly to DOTA-conjugated peptides and 
antibodies.

It can be produced via the 86Sr(p,n)86Y nuclear 
reaction using isotopically enriched 86Sr foil or 
strontium carbonate pellet. The proton reaction 
can be carried out at relatively low energies (10–
15 MeV). Subsequently, 86Y can be separated by 
dissolving the target in an acidic solution, fol-
lowed by precipitation and purification by ion- 
exchange chromatography. The specific activity 
of the final purified 86Y chloride preparations is 
15–30 mCi/mg.
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Fig. 8.8 Excitation function for the 68Zn(p,n)68Ga, 68Zn(p,2n)67Ga and 68Zn(p,3n)66Ga reactions. Data from (From [26])

8.3.3.10  Zirconium-89
Zr-89 (T½ = 3.3 days) is a transition metal and has 
ideal physical characteristics for immuno-PET 
imaging studies. The most commonly used 
nuclear reaction is the 89Y(p,n)89Zr reaction, 
because a higher yield of 89Zr can be produced 
from 89Y, which is 100% naturally abundant in 
the earth’s crust [27]. Typically, a proton beam 
(14–15 MeV) is used to bombard an yttrium foil 
solid target for 2–3 h with a 65–80 μA beam cur-
rent. No other radionuclides are produced as 
impurities. 89Zr can also be produced using 
89Y(d,2n)89Zr reaction using 15–20  MeV deu-
teron energy. In this reaction, an yttrium pellet is 
used and irradiated with a 16-MeV deuteron 
beam. 89Zr can be easily purified and separated 

from the target by ion-exchange chromatography 
(using hydroxamate resin column) and supplied 
as 89Zr oxalate.

8.3.3.11  Scandium-44
44Sc is a transition metal with similar chemical 
properties as gallium. 44Sc with a half-life of 
3.97 h is an attractive alternative to 68Ga with 
only 68  min half-life. It can be produced via 
the 44Ca(p, n)44Sc nuclear reaction with a pro-
ton beam (11–18 MeV at 30-50 μA beam cur-
rent) using an enriched 44Ca target as CaCO3 or 
CaO [28, 29]. 44Sc can be easily separated from 
the target material using DGA extraction resin 
and concentrated using SCX cation-exchange 
resin.
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8.3.4   SPECT Radionuclides

8.3.4.1   Gallium-67
67Ga (T½  =  3.26  days) decays to stable zinc by 
electron capture with several γ photons of 
93.3  keV (37.0%), 184.6  keV (20.4%), and 
300.2 keV (16.6%). As a trivalent metal gallium 
behaves in the body in a similar way to ferric 
iron. It is a diagnostic imaging agent in the detec-
tion and localization of certain neoplasms and 
inflammatory lesions.

67Ga can be produced by several nuclear reac-
tions using high-energy protons (20–25 MeV). The 
most common reactions are 68Zn(p,2n)67Ga and 
66Zn(d,n)67Ga. The enriched 68Zn may be pressed or 
electroplated onto a copper plate. Following irra-
diation, the zinc target is dissolved in concentrated 
hydrochloric acid (7 N) and 67Ga is extracted into 
an organic phase using isopropyl ether. Following 
evaporation of the organic phase, 67Ga is formu-
lated as chloride using dilute HCl (0.1 N). The typi-
cal SA of 67Ga is around 1000 mCi/mg (67 mCi/
μmol) and radionuclidic purity is about 99.4%. The 
ion-exchange method involves dissolving the zinc 
target in concentrated HCL and separating the 68Ga 
using Dowex 50 W-X8 resin (Table 8.3).

8.3.4.2   Indium-111
111In (T½ = 2.83 days) decays to stable cadmium 
by electron capture with two γ photons of 
171.3 keV (90.2%), and 245.4 keV (94%). 111In is 
a very important radionuclide for imaging studies 

in nuclear medicine and several radiopharmaceu-
ticals were developed in the last 4 decades.

111In can be produced by proton bombardment 
of natural 111Cd or enriched 112Cd using either 
111Cd(p,n)111In reaction or 112Cd(p, 2n)111In reac-
tion. Following irradiation, the cadmium target is 
dissolved in mineral acid and the acidity is kept at 
1 N using HCl.

111In is separated from the target using anion- 
exchange resin and HCl (1 N). The high SA, no- 
carrier- added 111In has a radionuclidic purity of 
≥99.9%.

8.3.4.3   Thallium-201
201Tl (T½  =  73.06  h) decays to stable mercury 
atom by electron capture with several γ photons 
of low abundance; 135 keV (2.65%), and 167 keV 
(10%). The low-energy X-rays (70–80  KeV) 
from the mercury atom are used for SPECT stud-
ies to assess myocardial blood flow.

The most common nuclear reaction used to 
produce 201Tl is the 203Tl(p, 3n)201Pb→201Tl reac-
tion using high-energy protons (25–35 MeV) on 
enriched 203Tl target. After irradiation, 201Pb is 
separated from the target 203Tl. Subsequently, 
201Pb is allowed to decay for several days to gen-
erate the daughter 201Tl, which then is separated 
and purified from lead.

8.3.4.4   Iodine-123
123I can be produced directly in a cyclotron using 
124Te(p,2n) reaction. The most common methods, 

Table 8.3 Cyclotron-produced Radionuclides for SPECT

Radio nuclide T½

Decay Energy Production method

TargetMode % γ (KeV) % Nuclear reaction
123I 13.22 h EC 100 159 83.6 123Te(d, 2n)123I

124Xe(p,2n)123Cs→
123Xe→β-

123I

Solid/Gas

67Ga 3.262 days EC 100 93
185
300

38.6
28.4
16.6

68Zn (p,2n) 67Ga
66Zn (d,n) 67Ga

Solid

111In 2.805 days EC 86 171
245

90.7
94.1

112Cd (p, 2n) 111In
111Cd (p, n) 111In

Solid

201Tl 3.042 days EC 100 69–82
(X-ray)
167

75
10

203Tl(p, 3n)201Pb→β- 201Tl Solid

National Nuclear Data Center (NNDC): NuDat 3.0 @NuDat 3 (bnl.gov)
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however, use indirect methods based on the fol-
lowing nuclear reactions:

 
127 123 1235I , Xe Ip n� � �

 
(8.16)

 
124 123 123 1232Xe , Cs Xe Ip n� � � �

 
(8.17)

 
124 123 123Xe , Xe Ip pn� � �

 
(8.18)

The high SA, NCA 123I is supplied as sodium 
iodide in a 0.1 N NaOH solution with a radionu-
clidic purity >99.8%.

8.3.5   Therapy Radionuclides

8.3.5.1   Astatine-211
Astatine (Greek astatos, meaning “unstable”) is 
the rarest naturally occurring element in the 
earth’s crust, and continuously produced, as a 
result of the decay of radioactive thorium and 
uranium ores. Astatine element belongs to the 
halogen family and was first discovered in 1940 
at the University of California, Berkeley, where it 
was produced by α particle bombardment of nat-
ural bismuth, 209Bi [30]. All of astatine’s isotopes 
are short-lived; the most stable is 210At, with a 
half-life of 8.1  h. Since it decays to 210Po (an 
α-particle emitter with a half-life of 138 days), it 
is not suitable for medical purposes. 211At decays 
with a half-life of 7.2 h and emits two α particles 
through a split decay pathway with energies of 
5.87 and 7.45 MeV (Fig. 8.9). One path is to 207Bi 
by α particle emission followed by electron cap-
ture to 207Pb, and the other is by electron capture 
to 211Po followed by emission to 207Pb. An advan-
tage of this decay path is that 211Po emits 
77–92  keV characteristic X-rays which can be 
used for imaging.

A more practical and direct method of produc-
ing 211At is by cyclotrons utilizing the nuclear 
reaction 209Bi(α,2n)211At. The excitation function 
for the 209Bi(α, 2n)211At reaction indicates that the 
maximum production yield can be obtained using 
an α-beam of 31–35 MeV. However, the typical 
energy of 28 MeV is used to avoid or minimize 

the production of unwanted 210At contaminants. 
The efficiency of cyclotron production of 211At is 
related to the helium ion source, the a-beam 
energy, the current of the beam, and the cooling 
of the target. These parameters need to be opti-
mized, taking into account the described physical 
properties of bismuth and astatine. Currently, 
211At is routinely produced in the United States 
(Seattle, Bethesda, and Durham) and Denmark 
(Copenhagen).

Alternative methods for producing 211At involve 
accelerator production of 211Rn (T½  =  14.6  h), 
which can be obtained by proton spallation of ura-
nium or thorium targets or by irradiation of natural 
bismuth with lithium-7 atoms [30]. 211Rn/211At 
generators may facilitate easier distribution due to 
the relatively longer half-life of 211Rn. However, 
only 27.4% of 211Rn decays to 211At while 72.6 
decays to 211Po (Table 8.4).

8.3.5.2   Actinium-225
225Ac (T½ = 10 days) is a pure α emitter, and is an 
isotope of radioactive actinium element, 227Ac 

Fig. 8.9 Decay scheme of astatine-211 (211At)
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Table 8.4 Cyclotron-produced radionuclides for therapy

Radio nuclide T½

Decay Energy Production method

TargetMode % MeV γ (KeV) Nuclear reaction
67Cu 2.576 days β− 100 Emax = 0.562 184.6 (48.7%) 70Zn (p, α) 67Cu

68Zn (p, 2p) 67Cu
68Zn (γ, p) 67Cu

Solid

211At 7.2 h α 41.8 5.867 α 77–92
X-rays

209Bi (α, 2n) 211At Solid

225Ac 10 days α 100 5.830 α 226Ra(p,2n)225Ac Solid

National Nuclear Data Center (NNDC): NuDat 3.0 @NuDat 3 (bnl.gov)

Fig. 8.10 Decay scheme of actinium-225 (225Ac). Before 
Ac-225 reaches stable bismuth isotope, several radionu-
clides are generated as decay product, which decay either 
by alpha or beta emission

(T½  =  21.7  years), originally was discovered in 
1989, in the pitchblende ore by a French chemist 
Andre- Louis Debierne. The name actinium origi-
nates from the ancient Greek aktis, or aktinos 
meaning beam or ray. Ac-225 does not exist in 
nature but was discovered in 1947 as part of the 
radioactive neptunium decay series (Fig. 8.1b) by 
the American and Canadian physicists. At pres-
ent, Ac-225 is available for clinical use from the 
radioactive decay of 229T and 225Ra (refer to 
Thorium “cow” generator). The decay of 225Ac 
generates 5 α particles and 3 β− particles 
(Fig. 8.10).

225Ac can be produced using accelerators and 
reactors based on several nuclear reactions as 
shown in Fig. 8.11. The potential of using low- 

energy cyclotrons (<20 MeV) based on 226Ra(p, 
2n)225Ac nuclear reaction was first reported in 
2005 [31]. This reaction has a high (710  mb) 
cross section peak at 16.8 MeV. Another advan-
tage of this approach is that it would not copro-
duce long-lived 227Ac contaminants. However, 
some 226Ac (T½ = 29.4 h) and 224Ac (T½ = 2.9 h) 
may be coproduced as impurities. It was esti-
mated that a 20 MeV proton beam (with 500 μA 
current) incident on a 226Ra target (~1  g) could 
produce a theoretical maximum of TBq (108 Ci) 
of 225A per month [32]. Another estimate reported 
that a 24 h proton irradiation (16 MeV at 100 μA) 
of a 50  mg 226Ra target may produce approxi-
mately, 5 GBq of 225Ac. A major challenge, how-
ever, with this cyclotron method is related to the 
preparation and handling of targets containing 
milligram amounts of 226Ra (T½  =  1600  years), 
and management of its gaseous decay product 
222Rn (T½ = 3.8 days).

Large-scale production of 225Ac has been 
investigated based on the spallation of 232Th tar-
gets with highly energetic protons (>70  MeV) 
[33–35]. The nuclear reaction 232Th(p, x)225Ac 
was studied at different proton energies and 
beam currents (Table 8.11). The feasibility of 
this spallation method based on 232Th target has 
been demonstrated at the Institute for Nuclear 
Research, Russian Academy of Sciences, in 
Troitsk, Russia, and at Los Alamos National 
Laboratory in the United States [36]. In recent 
years, the routine production of 225Ac has been 
successfully established within the United 
States, Department of Energy Tri-Lab (ORNL, 
BNL, LANL) effort. The spallation of thorium 
produces number of isotopes other than 225Ac 
(such as radium isotopes). The separation and 
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Fig. 8.11 Different nuclear reactions used to produce Ac-225 based on accelerator, cyclotron, and reactor facility

Table 8.5 Accelerator production of 225Ac: The effect of beam energy and current

Accelerator facility

Proton beam Monthly production

MeV μA GBq Ci
iThemba LABS, South Africa 66 250 127.7 3.450
Los Alamos National 
Laboratory, USA

100 250 444.0 12.0

INR 160 120 1002 27.08
Arrownax 70 2x370 462.1 12.49
Brookhaven National 
Laboratory, USA

200 173 2675.84 72.32

TRIUMF, Canada 500 120 11,266.5 304.05

Maximum Ac-225 produced at ORNL based on Th-229 generator is about 1.0 Ci/year
Table modified from [32]
National Nuclear Data Center (NNDC): NuDat 3.0 @NuDat 3 (bnl.gov)

purification of 225Ac are a very complicated pro-
cess. However, large quantities of 225Ac (2–11 
TBq/month) can be produced compared to the 
current method of Ac-225 production using 
Th-229 generator. The main limitation of the 
process, however, is the coproduction of long-
lived 227Ac (T½  =  21.8  years) at levels of 0.1–
0.2% activity (at EOB) (Table 8.5).

8.4   Production of Radionuclides 
in a Nuclear Reactor

8.4.1   Nuclear Fission

Nuclear fission is a nuclear reaction or a nuclear 
transmutation process in which the nucleus of an 
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atom splits into two or more smaller lighter nuclei 
or isotopes of several elements. In addition, a 
large amount of energy is released. In high mass 
 number isotopes, spontaneous fission may occur. 
A slow-moving neutron is absorbed by a 235U 
nucleus, turning it briefly into an excited 236U, 
which, in turn, splits into fast-moving lighter ele-
ments (fission products) and releases 2 or 3 free 
neutrons and high-energy prompt γ rays 
(Fig. 8.2). For heavy nuclides, fission is an exo-
thermic radiation which can release large 
amounts of energy both as electromagnetic radia-
tion and as kinetic energy of the fragments. The 
isotopes of heavy elements that can sustain a fis-
sion chain reaction are called nuclear fuels and 
are said to be fissile. The most common nuclear 
fuels are 235U, 233U, and 239Pu. These fuels break 
apart into a bimodal range of chemical elements 
(fission products) with atomic numbers (A) cen-
tering near 95 ± 15 and 135 ± 15. (Fig. 8.12).

Shortly after the discovery of nuclear fission, 
scientists realized that, because fission leads to 
the release of additional neutrons, in a given mass 
of uranium fuel, known as the critical mass, a 
self-sustaining sequence of additional fissions 
can lead to a chain reaction, induced by at least 
one fission neutron. Such a reaction, in which the 
multiplication factor (MF) is ≥1, is called a criti-
cal reaction. However, if too few neutrons cause 
fissions, the reaction is sub-critical (MF <1) and 
will stop. If the frequency of fissions increases at 
a faster rate (MF >1), the “run-away” reaction 
can be supercritical and may lead to a nuclear 
explosion. In 1942, Fermi was able to demon-
strate that by carefully controlling the availability 
of neutrons, a sustained chain reaction (MF = 1) 
can be maintained. The nuclear reactor operates 
based on the principle of controlled chain 
reaction.

Compared to 238U, the cross section for 
induced fission reaction with slow or thermal 
neutrons (0.25  eV) is much higher for 
235U. Because the natural uranium contains only 
0.7% of 235U isotope, enriched uranium contain-
ing >3% of 235U, is typically used as the fuel in a 
reactor core. In a nuclear reactor (Fig. 8.13), the 
fuel cells containing enriched uranium (as UF6 
or UO2) pellets are surrounded by a moderator, 
graphite, or heavy water, to slow down the ener-
getic fission neutrons. Control rods (cadmium 
and boron) capable of absorbing neutrons, but 
not undergoing any nuclear reaction, are used to 
sustain the chain reaction. Following the absorp-
tion of a neutron, the natural 238U decays by 
emitting a beta particle to become 239Np, which 
in turn emits a beta particle to become 239Pu. 
These reactions are the basis of a breeder reac-
tor, in which uranium produces more fuel in the 
form of 239Pu.

8.4.2   Radionuclides Produced by 
Fission

The research reactors used for radioisotope pro-
duction could be either a) swimming pool type 
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Fig. 8.12 Fissionable nuclides (such as 235U and 238Pu) 
break apart into a bimodal range of chemical elements 
(fission products) with atomic numbers (A) centering near 
95 ± 15 and 135 ± 15. The most common fission products 
produced in a reactor are 131I and 99Mo
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Fig. 8.13 Nuclear reactor facility animation showing reactor core with 235U or 239Pu radionuclides and the control rods 
containing boron or cadmium capable of absorbing fission neutrons

reactors with enriched uranium and light water as 
the moderator or b) cooled tank type reactors 
with natural uranium and heavy water as the 
moderator. When the reactor is in operation, the 
nuclear reaction (n, f) produces many neutron- 
rich fission fragments (Z = 28–65), which decay 
by β− emission. Radionuclides, such as 99Mo, 131I, 
90Sr, 89Sr, and 137Cs, accumulate in the fuel rods to 
produce enormous activity (thousands of GBq). 
All the fission fragments can be chemically sepa-
rated and purified to yield no-carrier-added, high 
SA radionuclides.

8.4.3   Radionuclides Produced by 
Neutron Activation

A nuclear reaction in which a neutron is captured 
or absorbed by the nucleus of a stable atom, lead-
ing to a nuclear transformation, is called neutron 
activation. The most common nuclear reactions 
are (n, γ) (n, p), (n, 2 n), and (n, α), in which the 
atomic mass or atomic number of the target 
nucleus may change.

The neutrons released during the fission reac-
tion have a wide range of energies, from a few 
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KeV to 10 MeV. The average energy is approxi-
mately 2 MeV, which decreases substantially as a 
result of collisions with other atoms in the core 
and the moderator. The average energy of ther-
mal neutrons at room temperature is about 
0.038 eV. Neutrons between 0.01 and 0.1 MeV 
are known as slow or resonance neutrons, while 
neutrons with >0.1 MeV are known as fast neu-
trons. In general, the cross section (σ) for thermal 
neutrons in neutron activation reactions is very 
high, compared to that of higher energy 
neutrons.

In a (n,γ) reaction, the target nucleus with a 
mass number A captures a neutron to become an 
unstable, excited radioisotope of the target 
nucleus, with a mass number A + 1. The excited 
nucleus immediately emits a γ-photon, and the 
product radionuclide will eventually decay by 
beta emission to reach a ground state. Because 
the product nuclide is an isotope of the target 
element, the product cannot be separated and 
purified to avoid the contamination of the carrier. 
As a result, radioisotopes produced using (n, γ) 
reaction are generally very low in SA. However, 
it is possible to produce carrier-free, high SA 

nuclides in a reactor using (n, p) reactions. 
Important therapeutic radionuclides produced by 
fission and by neutron activation are summarized 
in Table 8.6.

8.4.4   Beta Emitting Radionuclides 
for Therapy

8.4.4.1   Phosphorous-32
Georg de Hevesy (Nobel Laureate and the inven-
tor of the tracer principle) in 1935 was the first 
investigator to use 32P in biological research. 32P 
(T½  =  14.268  days) decays into 32S by  
β− (Emax = 1.709 MeV) particle emission. 32P has 
been available for the treatment of myeloprolif-
erative neoplasms for over 80 years. It was first 
used in 1938 by John H. Lawrence to treat poly-
cythemia and chronic leukemia. 32P can be pro-
duced in a reactor by neutron activation using 
either 31P(n, γ)32P or 32S(n, p)32P nuclear reaction 
and supplied as orthophosphoric acid in water 
with a specific activity of 8–9 Ci (314–337 TBq)/
mMole. In a (n, p) reaction, the target and the 
product are two different elements. As a result, it 

Table 8.6 Reactor produced radionuclides for therapy

Radio nuclide
T½ Decay β− Emax γ- Energy Production method
Days Mode % MeV KeV % Nuclear reaction

89Sr 50.53 β− 100 1.501 910 1 88Sr (n, γ) 89Sr
89Y (n, p) 89Sr

32P 14.268 β− 100 1.710 – – 31P (n, γ) 32P
32S (n, p) 32P

169Er 9.392 β− 100 0.351 – – 168Er(n, γ) 169Er
131I 8.025 β−, γ 100 0.606 364.5 81.5 235U n, fission)131I

130Te(n, γ)131Te→β- 131I
177Lu 6.6443 β−, γ 100 0.497 113

208.4
6.6
10.4

176Lu(n, γ)177Lu
176Yb ((n, γ)177Yb→β- 177Lu

186Re 3.7186 β−, EC 92.5 1.070 137.2 9.5 185Re(n, γ)186Re
198Au 2.694 β−, γ 100 0.961 411.8 95.6 197Au(n, γ)198Au
98Y 2.67 β− 100 2.28 – – 235U(n, fission)90Sr→β- 90Y
67Cu 2.576 β−, γ 100 0.561 184.6 48.7 67Zn (n, p) 67Cu
153Sm 1.9375 β−, γ 100 0.807 103.2 29 152Sm(n, γ)153Sm
166Ho 1.120 β−, γ 100 1.854 80.6 6.56 165Ho (n, γ) 166Ho
188Re 0.708 β−, γ 100 2.120 155 15.5 187W(n, γ)188W→β- 188Re
117mSn 13.76 IT 100 0.152

(CE)
159 116Sn(n, γ)117mSn

National Nuclear Data Center (NNDC): NuDat 3.0 @NuDat 3 (bnl.gov)
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is very easy to separate the product from the tar-
get, chemically.

8.4.4.2   Iodine-131
131I is an important radioisotope of iodine discov-
ered by Glenn Seaborg and John Livingood in 
1938 at the University of California, Berkeley. 131I 
decays with a half-life of 8.02  days with  
β− (Emax = 606 KeV) and γ (364 KeV) emissions. 
131I is a major fission product of 235U and 239Pu com-
prising nearly 2.8336% of the total products of fis-
sion (by weight). In comparison, the long-lived 129I 
fission product is only 0.9%. However, extracting 
the iodine from spent nuclear fuel would require 
expensive and time-consuming reprocessing in a 
sophisticated facility. Also, extracting only approx-
imately 3% of the fuel would produce a large 
amount of nuclear waste. Radionuclidic purity of 
fission produced 131I is not less than 99.9% of the 
total radioactivity. The specific activity is approxi-
mately 130 Ci/mg or 4.81TBq/mg.

As described earlier, 131I can be produced by 
the fission of enriched 235U based on (n, f) nuclear 
reaction. However, a more practical method of 
131I production is based on (n, γ) reaction in a 
research reactor using 130Te target. Natural tellu-
rium is easily available and is a mixture of several 
stable isotopes. 130Te is approximately 30% of 
natural Te element. Certain (n, γ) reactions pro-
duce a short-lived radioisotope of the target ele-
ment, which decays by beta emission to another 
unstable radioactive nuclide with longer half-life 
compared to that of the intermediate. As shown 
below, both the ground state 131Te and metastable 
131mTe decay to131I.

 
130 131
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Following neutron irradiation, 131I is extracted 
from the natural tellurium target generally by the 
dry distillation method. The process involves 
heating the irradiated sample to release the 131I 
and 131I in a sodium hydroxide solution (pH 8–10). 
The specific activity (~TBq/mg) is generally less 
than that of fission produced 131I (4–5 TBq/mg).

8.4.4.3   Yttrium-90
90Y (T½ = 64.1 h) is one of the important radionu-
clides for TRT. It is a pure β− emitter with very 
high-energy (Emax = 2.28 MeV) and no γ emis-
sions. Selective internal radiation therapy (SIRT) 
with 90Y-labeled microspheres has become a 
widely employed brachytherapy for the treatment 
of primary and metastatic hepatic malignancies.

It can be produced in a reactor by neutron irra-
diation of stable yttrium-89 via 89Y(n, γ)90Y reac-
tion. Exposing a 1 cm cube (approximately 5 g), 
natural yttrium target to 1014 n/cm2/s flux would 
create Y-90 at a rate of 1.1 Ci/hr. To make high 
specific activity 90Y, e-LINAC is used to generate 
a neutron beam (12.1  MeV) and directing the 
neutron beam onto the zirconium target (90Zr) to 
isotopically convert some of the atoms to 90Y via 
90Zr(n, p)90Y. However, the most common method 
of producing high specific activity 90Y is the 
nuclear decay of parent isotope 90Sr 
(T½ = 29 years), which is a fission product of ura-
nium. The theoretical specific activity is 
20 GBq(540 mCi)/μg of Yttrium-90.

8.4.4.4   Lutetium-177
Lutetium is a transition metal and the last mem-
ber of lanthanide series. 177Lu (T½ = 6.734 days) 
is a low-energy β− emitter (Emax  =  0.498  MeV) 
with suitable γ photons (113 and 208 KeV) suit-
able for SPECT imaging studies. 
177Lu-DOTATATE (Lutathera®) is the first thera-
peutic 177Lu peptide radiopharmaceutical 
approved by FDA for TRT of patients with neu-
roendocrine tumors (NETs). Several 177Lu labeled 
peptides and antibodies are in Phase II-III clini-
cal trials for TRT.

In a nuclear reactor, 177Lu can be produced by 
direct neutron activation using enriched 176Lu or 
through the indirect route by activation of 176Yb 
followed by β− decay to 177Lu (Fig.  8.14). For 
both methods, the amount of 177Lu produced, 
however, depends on the neutron energy, neutron 
flux, and the irradiation time [37, 38]. The direct 
production route also results in formation of a 
small amount of long-lived metastable 177mLu in 
activity (<0.02%). The specific activity depends 
on the 176Lu enrichment and one can obtain 
20–40 Ci/mg with >80% enriched 176Lu targets.
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Fig. 8.14 Nuclear 
Reactions commonly 
used to produce Lu-177

The major advantage of the indirect method 
with 176Yb target followed by the decay of 177Yb 
provides no-carrier-added (NCA) 177Lu which is 
then separated by suitable radiochemical pro-
cesses. In addition, the indirect method does not 
produce any 177mLu radionuclide impurity. With 
enriched 176Yb targets, it is possible to achieve 
very high specific activity approaching the theo-
retical specific activity of 110 Ci (4.07 TBq)/mg 
[37] (Fig. 8.14).

8.4.4.5   Copper-67
67Cu, a transition metal (T½ = 2.58 days), decays 
by β− emission (Emax = 0.562 MeV) and provides 
several γ photons (91, 93, 184  KeV) for 
SPECT.  Despite the potential for both imaging 
and therapy, the use of 67Cu for therapy has been 
hampered for decades by its limited supply and 
low specific activity. The production of 67Cu has 
been tested both in reactors and in cyclotrons on 
a variety of nuclear reactions such as 
67Zn(n,p)67Cu, 68Zn(p, 2p)67Cu, and 70Zn(p, 
α)67Cu. The 68Zn(p,2p)67Cu route of production 
(using 70  MeV proton) appears to be the most 
attractive method. However, large quantities of 
64Cu(T½ = 12.7 h) and 67Ga (T½ = 78.3 h) are the 
major radionuclidic impurities. The specific 
activity is <20 Ci/mg [39].

A major breakthrough in the production of 
high specific activity 67Cu is based on the photo-
nuclear activation, using highly enriched (98.9%) 

68Zn targets. For the 68Zn(γ,p)67Cu reaction high- 
energy γ rays can be produced by bremsstrahlung 
conversion of electrons from e-LINAC [39, 40]. 
The specific activity of 67Cu so produced has 
reached over 5.55 GBq/μg (150 mCi/μg). Due to 
this breakthrough in 67Cu production, no-carrier- 
added 67Cu has been made available in large 
scales at the US-DOE National Isotope 
Development Center.

8.4.4.6   Scandium-47
47Sc with a half-life of 3.35 days and low-energy 
β− particles (Emax = 441 keV) is ideal for therapy. 
In addition, the emission of 159 KeV γ photons is 
ideal for SPECT imaging studies. Also, 43Sc 
(T½ = 3.89 h, Eβ + avg = 476 keV, I = 88.1%) and 
44Sc(T½ = 3.97 h, Eβ + avg = 632 keV, I = 94.3%) 
have been proposed for PET imaging studies.

47Sc can be produced by two different neutron 
induced reactions: 46Ca(n, γ)47Ca→47Sc or 47Ti(n, 
p). The (n, γ) reaction is induced by thermal neu-
trons, while the (n, p) reaction requires fast neu-
trons (>1  MeV). Enriched 46Ca as CaCO3 is 
generally used for thermal neutron activation 
reaction. The chemical separation of Sc from Ca 
was performed using DGA resin and SCX cation- 
exchange cartridges.

47Sc can be produced with higher specific 
activities via the 48Ti(γ, p)47Sc using the photo-
nuclear reaction by irradiation of a natural tita-
nium target foil stack using bremsstrahlung 
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radiation generated by impinging 22 MeV elec-
trons onto a 0.762-mm-thick tungsten radiator 
[41, 42]). Target foils dissolved in 2.0 M H2SO4. 
47Sc ions can be separated from natural titanium 
using AG-MP 50 cation-exchange resin. The 
recovered 47Sc is purified using CHELEX 100 
ion-exchange resin.

8.4.4.7   Strontium-89
89Sr (T½ = 50.53 days) is an alkaline earth metal 
and undergoes β− decay (Emax = 1.495 MeV) into 
89Y with no gamma emissions. 89Sr chloride 
(Metastron™) is used for bone pain palliation. 
89Sr is a anthropogenic radionuclide that is pro-
duced as a result of nuclear fission at thermal 
neutron fission yields of 4.69 ± 0.06% [43].

89Sr can also be produced by neutron activa-
tion using 88Sr(n, γ)89Sr using SrCO3 as the target 
with neutrons having a thermal neutron spec-
trum. A highly enriched target 88Sr (>99%) is 
used to eliminate strontium-85 impurity. This is a 
convenient production method and takes place in 
a normal research reactor. 89Sr can also be pro-
duced via 89Y(n, p)89Sr nuclear reaction using fast 
neutrons and yttrium oxide pellets.

8.4.4.8   Strontium-90
90Sr (T½  =  28.8  years) undergoes β− decay 
(Emax = 0.546 MeV) into 90Y. 90Sr is produced as a 
result of nuclear fission at thermal neutron fission 
yields of 5.73  ±  0.13% [43]. The approximate 
specific activity of 90Sr is about 140 mCi/mg. 90Sr 
→90Y generator provides significant amounts of 
90Y for radionuclide therapy studies.

8.4.4.9   Samarium-153
153Sm(T½ = 1.93 days) is a transition metal and 
one of the elements in the lanthanide series. It 
decays by β− emission (Emax  =  0.810  MeV) to 
europium-153, with useful γ emissions 
(103  KeV). 153Sm-EDTMP or Lexidronam 
(Quadramet®) is clinically used for bone pain 
palliation.

53Sm is produced by neutron activation of both 
natural Sm2O3 and 98% enriched 152Sm2O3 targets 
via 152Sm(n, γ)153Sm nuclear reaction [44]. 
Specific activity achieved at EOB is 14.8–
16.8 GBq (400–450 mCi)/mg oxide. The specific 

activity of enriched 152Sm targets can be up to 
1200 mCi/mg.

8.4.4.10  Holmium-166
166Ho(T½ = 26.763 h) is a transition metal and one 
of the elements in the lanthanide series. It decays 
by β− emission (Emax  =  1.854  MeV)) to 
erbium-166, with useful γ emissions (81  KeV) 
for SPECT. Several clinical applications for ther-
apy are under investigation [45].

166Ho is most frequently produced via the 
165Ho(n, γ)166Ho nuclear reaction [44]. Because 
165H0 has a natural abundance of 100% and a 
cross section of 64 b, it can be produced with a 
high purity. However, 166mHo (T½ = 1200 years), a 
beta emitter may be produced as a radionuclidic 
impurity. The specific activity is NLT 75  mCi/
mg.

166Ho can also be produced by an indirect 
method via the 164,165Dy(2n, γ)166Dy→

166Ho 
nuclear reaction. The cross section of 164Dy is 
extremely high (2650 b). The second neutron 
irradiation of the unstable 165Dy is necessary to 
result in 166Dy, which decays by beta emission to 
carrier-free 166Ho. A 166Dy→

166Ho generator can 
provide on-site supply of high specific activity 
166Ho for targeted therapy.

8.4.4.11  Rhenium-186, Re-188
186Re (T½ = 3.718 days) is a transition metal and 
decays by β− emission (Emax = 1.07 MeV) with 
useful γ photons (137 KeV) for SPECT. The pri-
mary production of 186Re in a reactor is via 185Re 
(n, γ) nuclear reaction using enriched 185Re target 
(>94%). The typical specific activity is 1.84 Ci/
mg [46].

High specific activity 186Re can be produced 
through cyclotron irradiation of enriched tung-
sten-186 target via the 186W(d, 2n)186Re nuclear 
reaction [47]. The target thickness and beam cur-
rents are critical to achieve high specific activity. 
Specific activity of 80 Ci/mg was obtained using 
a graphite- encased 186W target and 18.7  MeV 
deuteron bombardment for 2 h, at a beam current 
of 27 μA [48].

188Re (T½ = 16.9 h) also decays by β− emission 
(Emax  =  2.12  MeV) with useful γ photons 
(155 KeV) for SPECT. 188Re as no-carrier-added 
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nuclide can be produced in high specific activity 
from the 188W→188Re generator system.

Rhenium and technetium elements exhibit 
similar chemical properties and preparation and 
targeting of 186/188Re radiopharmaceuticals for 
therapy is similar to imaging agents prepared 
with 99mTc, the most commonly used diagnostic 
radionuclide.

8.4.4.12  Tin-117 m
117mSn (T½ = 13.6 days) is a post-transition metal 
that decays by isomeric transition and emits low 
and mono-energetic conversion electrons (0.127, 
0.129, and 0.152 MeV). It also emits γ photons 
(159  KeV) suitable for SPECT.  Bone marrow 
toxicity of this radionuclide is low because of its 
short range (~3 mm) electrons. It is a novel radio-
nuclide with low-energy electrons for radionu-
clide therapy applications including rheumatoid 
arthritis and bone pain palliation,

117mSn can be produced in large quantities as a 
low specific activity (up to 21 mCi/mg) product 
in reactors via the 116Sn(n, γ)117mSn or 117Sn(n, 
n’γ)117mSn reactions. A carrier-free, high specific 
activity (up to 20 Ci/mg) isotope can be manufac-
tured with >50 MeV cyclotrons employing either 
stable antimony target natSb(p, x)117mSn or 116Cd(α, 
3n) nuclear reactions [49, 50].

8.4.4.13  Molybdenum-99
Technetium-99  m (T½  =  6  h), the most widely 
used radioisotope in nuclear medicine, is pro-
duced via the decay of its parent radionuclide, 
99Mo (T½  =  65.94  h), which decays by β− 
(Emax  =  1.214  MeV) and γ (181, 740, and 
778 KeV) emissions. Mo-99 is produced by the 
fission of 235U in the highly enriched uranium 
(HEU)-bearing targets by irradiating them with 
thermal neutrons. 99Mo is a major fission product 
of 235U comprising nearly 6.1% of the total prod-
ucts of fission (by weight). The amount of 99Mo 
produced in a target is a function of irradiation 
time, the thermal neutron fission cross section for 
235U, the thermal neutron flux on the target, the 
mass of U-235 in the target, and the half-life of 
Mo-99 (IAEA TR). For typical reactor thermal 

neutron fluxes on the order of 1014 neutrons per 
square centimeter per second, irradiation times of 
about 5 to 7  days are required to achieve near 
maximum 99Mo production in the targets 
No-carrier-added 99Mo is supplied as molybdate 
in 0.2  N NaOH solution with a radionuclidic 
purity of NLT 95%. Several radionuclidic impu-
rities (103Ru, 131I, and 132Te) may be present in the 
final product.

99Mo can also be produced in a reactor using 
neutron activation via 98Mo(n, γ)99Mo nuclear 
reaction. However, the specific activity of 99Mo is 
very low since the target 98Mo cannot be sepa-
rated from 99Mo by chemical separation methods 
since they both are isotopes of the same 
element.

There are alternative routes for generating 
99Mo that do not require a fissionable target, such 
as high or low enriched uranium (i.e., HEU or 
LEU) [51]. Cyclotron production of 99Mo is 
based on proton bombardment of 100Mo(p, 
2n)99Mo nuclear reaction, while photonuclear 
activation using e-LINAC is based on 100Mo(γ, 
n)99Mo reaction using enriched 100Mo target. 
Photons for this reaction are provided from the 
electron deceleration radiation. This technology 
uses high-energy X-rays produced by a 
30–35 meV, 100 kW electron beam to irradiate a 
100Mo target [52].

8.4.4.14  Tungsten-188
188W (T½ = 69.78 days) is a transition metal and 
decays 100% by β− emission to 188Re which also 
decays by β− emission to stable 188Os. 188W is pri-
marily used as a parent for the 188W→

188Re gen-
erator system. 188W is produced in a reactor by 
double neutron capture of enriched 186W (>90%) 
targets by the double neutron capture pathway 
(IAEA.) via the nuclear reactions, 186W(n, 
γ)187W(n,γ)188W. High neutron flux (>8–10 × 1014/
cm2/s) reactor is essential to produce high spe-
cific activities.

188W is produced at the US-DOE High Flux 
Isotope Reactor at Oak Ridge National Laboratory 
and is offered as sodium tungstate in NaOH solu-
tion or loaded on a 188W→

188Re generator.
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8.4.5   Alpha Emitting Radionuclides 
for Therapy

8.4.5.1   Radium-223
223Ra (T½  =  11.4  days), historically known as 
actinium-X, was discovered in 1905 by 
T. Godlewski, a Polish chemist. 223Ra dichloride 
(RaC2) is an alpha particle-emitting radiotherapy 
drug (known as Alpharadin or Xofigo®) that mim-
ics calcium and forms complexes with hydroxy-
apatite at areas of increased bone  turnover. In 
2013, it was the first α- particle- emitting radio-
pharmaceutical approved by FDA for therapy as a 
treatment for metastatic bone cancer in patients 
with castration-resistant prostate cancer (CRPC).

Although 223Ra is naturally formed in trace 
amounts by the decay of 235U, it is generally made 
artificially in a reactor, by neutron activation of 
226Ra to produce 227Ra, which decays to 227Ac, 
which in turn decays via 227Th to 223Ra. This 
decay path makes it convenient to prepare 223Ra 
by “milking” it from an 227Ac→223Ra generator. 
The six-stage decay of 223Ra to stable 207Pb occurs 
via short-lived daughters (Fig.  8.15) and is 

accompanied predominantly by the emission of 5 
alpha particles (5–7.5 MeV). There are also beta 
and gamma emissions with different energies and 
emission probabilities.

8.4.5.2   Actinium-225
As 225Ac does not occur in any appreciable quan-
tities in nature, it must be synthesized in special-
ized nuclear reactors. The majority of 225Ac 
results from the alpha decay of parent nuclide, 
229Th. It is also possible to breed 225Ac by neutron 
activation from 226Ra via the 226Ra(p,2n)225Ac 
nuclear reaction. The potential to populate 225Ac 
using a 226Ra target was first demonstrated in 
2005, the production and handling of 226Ra, how-
ever, are difficult because of the respective cost of 
extraction and hazards of decay products such as 
222Rn gas [32]. For the current methods of 225Ac 
production, refer to Fig. 8.11.

8.5   Radionuclide Generators

Certain radionuclides may be generated by 
longer- lived parent radionuclide. The parent 
radionuclide can be made in a reactor or in a 
cyclotron. Both parent and daughter radionu-
clide pair may exist either in a transient or in a 
secular equilibrium when the parent is a longer-
lived radionuclide than the daughter. If the par-
ent and daughter nuclides are two different 
elements, they can be separated chemically, and 
the radioactivity of the daughter can be of high 
SA. Such a parent–daughter (mother–daughter) 
radionuclide pair is ideal to build a generator 
system to produce the daughter radionuclide, 
when needed [53, 54]. The radionuclide genera-
tor is a device used to separate the daughter 
radionuclide from the parent radionuclide. 
Various types of physicochemical separation 
methods, such as distillation or liquid/liquid 
extraction may be used. A chromatographic 
method based on an inorganic or resin adsorbent 
material, however, is the most practical method 
for routine clinical utility. Several important 
radionuclide generator systems (Table  8.7) are 
available commercially to produce radionuclides 
of clinical interest.

Fig. 8.15 223Ra (the daughter of 227Th) decay scheme 
shows emission of several α and β− particles before it 
reaches stable 207Pb
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8.5.1   Generators for SPECT/PET 
Imaging

8.5.1.1   99Mo→ 99mTc Generator
The 99mTc generator was first developed in 1960s 
at the Brookhaven National Laboratories in 
New York [55]. As discussed earlier, 99Mo is one 
of the fission products of 235U fission, known as 
“fission moly” and is produced in very high SA 
compared to 99Mo which is produced by neutron 
activation. Most commercial generators are made 
with fission produced 99Mo. The generator is 
made on the basis of a solid column method, in 
which 5–10  g of preheated alumina (Al2O3) is 
loaded in a plastic or glass column. The 99Mo 
activity (2–32 Ci) in the form of molybdate ion is 
adsorbed on the column. The column is thor-
oughly washed to remove undesirable contami-
nants. The amount of 99Mo activity on the column 
along with the date and time of calibration, for 
each generator, is provided. Commercial genera-
tors are sterilized and well shielded with lead or 
depleted uranium.

After the generator has been washed and cali-
brated, at time T0, there is no 99mTc activity on the 
column. As 99Mo(T½ = 66 h) decays, 99mTc activ-

ity (T½ = 6 h) is produced and builds up in the 
column as a function of time, as shown in 
Fig. 8.16. Unlike molybdenum, technetium does 
not bind to alumina but, is immediately converted 
into 99mTc-pertechnetate ion (99mTcO4−), which is 
the most stable chemical form of technetium with 
an oxidation state of +7. Typically, >75% of 
99mTc-activity can be eluted with 3–10  mL of 
physiological saline solution. The equations to 
estimate the amount of 99mTc activity in a genera-
tor have been previously shown (Eqs. (4.21) and 
(4.23)).

Small amounts of 99Mo activity may occasion-
ally breakthrough (leakage or partial elution) the 
column into the 99mTc-pertechnetate solution. 
The maximum 99Mo contamination allowed is 
0.15  μCi/mCi−1 or 0.15 KBq MBq−1 of 99mTc- 
pertechnetate solution at the time of elution. Each 
99mTc dose to a patient, however, should not con-
tain >5 μCi of 99Mo activity. As a chemical impu-
rity, Al ion concentration should be 
<10–20 μg mL−1 of eluant.

Both, 99Mo (13%) and 99mTc decay producing 
the long-lived 99Tc, which in turn decays slowly 
by beta emission, to the stable 99Ru. Since 99mTc 
and 99Tc are isomers and chemically the same 
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Fig. 8.16 In a 
radionuclide generator, 
the build-up of daughter 
activity is a function of 
time (half-life): 
Approximately 90% of 
the expected daughter 
activity will build up in 
the generator after 4 
half-lives of daughter 
radionuclide. 50% of the 
expected activity will 
build up only after 1 
half-life of the daughter
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element, 99Tc may act as a carrier in the prepara-
tion of 99mTc radiotracers. If the generator is 
eluted once a day (every 24  h), the number of 
99mTc atoms is 27% of the total Tc atoms. If the 
generator is eluted after 4 days, for example, the 
number of 99mTc atoms is only 5% of the total Tc 
atoms.

8.5.1.2   82Sr→ 82Rb Generator 
(Cardiogen®)

82Rb chloride was the first PET radiopharmaceuti-
cal approved by the FDA in 1989 for assessment 
of regional myocardial perfusion. Cardiogen® was 
first manufactured and supplied by Bracco 
Diagnostics. Rb-82 generator (RUBY- FILL™, is 
supplied by Jubilant DraxImage Inc). The parent 
82Sr (T½ = 25.6 days) is a neutron- deficient radio-
nuclide that decays by electron capture and is pro-
duced using a high-energy cyclotron [56]. 82Sr 
(90–150 mCi) is loaded on a stannic oxide col-
umn and the daughter 82Rb (T½ = 75 s) is eluted 
from the column with a sterile saline solution 
using an infusion pump calibrated to administer a 
specific unit dose to a patient.

8.5.1.3   68Ge→ 68Ga Generator
In many PET facilities, 68Ga is routinely used for 
transmission scans (for attenuation correction of 
PET data) using a 68Ge rod source (5–10 mCi). 
The parent 68Ge is a long-lived (T½ = 271 days) 
neutron-deficient radionuclide, generally pro-
duced by a high-energy cyclotron based on spall-
ation reaction [3]. The 68Ga generator was 
developed, in 1960s for brain imaging studies 
[57] and, subsequently, improved [58].

Following several modifications in the chro-
matographic column technology, 68Ga is cur-
rently produced using several 68Ge/68Ga generator 
systems in the clinical and research environ-
ments. For example, titanium dioxide-based 
IGG100 (Eckert & Ziegler), Galli EO (IRE Elit), 
Obninsk (Cyclotron Co.Ltd.), tin dioxide-based 
iThemba (iThemba Labs), and do-decyl gallate- 
modified silica-based ITG (ITG). These commer-
cial generators are supplied with 10–100  mCi 
capacity, have very low 68Ge-breakthrough, very 
low metal/chemical impurities, and are eluted 
with <0.1 M HCl.

8.5.1.4   62Zn→ 62Cu Generator
Several 62Cu radiotracers are under development 
and clinical evaluation for assessing perfusion 
and hypoxia. 62Zn (T½  =  9.13  h) is a neutron- 
deficient radionuclide produced by the proton 
irradiation of a copper disc or copper electro-
plated alloy on the basis of the nuclear reaction 
63Cu(p,2n)62Zn using 26–21  MeV protons [3]. 
62Zn is separated from the target copper using an 
anion-exchange column. Subsequently, an acidic 
solution of 62Zn can be loaded onto an anion- 
exchange column and the daughter 62Cu 
(T½ = 9.76 min) can be eluted from the generator 
for the preparation of radiotracers [59–61].

8.5.2   Generators for Radionuclide 
Therapy

8.5.2.1   90Sr→90Y0 Generator
The 90Sr parent radionuclide is very long-lived 
(T½: 28.8 years) and the generators theoretically 
have a very long lifetime. However, 90Sr may 
induce substantial radiation degradation of the 
column matrix. Several methods were developed 
to produce the generator system [62]. One of the 
designs (developed in Italy) consisted of two cat-
ion-exchange columns connected in series. The 
first column (cross-linked cation-exchange resin) 
contained the adsorbed 90Sr, while the second 
served as a safety column to trap any possible 
leakage of 90Sr from the first column, and the 90Y 
is eluted with acetate buffer solution. The pH and 
molarity of the acetate solution are optimized to 
efficiently elute the 90Y in low volumes and to 
avoid the breakthrough of 90Sr. The maximum 
permissible levels are extremely low and set up to 
74 kBq (2 μCi) to prevent excessive body burden. 
Several 90Y labeled peptides and antibodies have 
been developed for therapy [46].

8.5.2.2   188W→188Re Generator
Alumina-based chromatographic generator sys-
tems, similar to those available for 99mTc, are pre-
pared for obtaining 188Re as ReO4

−. Active acidic 
aluminum oxide is used to prepare the columns. 
Tungsten-188 (185 GBq/g) as sodium tungstate 
0.26 M sodium hydroxide solution is used to load 
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on the column after adjusting the pH to 2–3. The 
column is washed with 100 mL of 0.9% NaCl 
solution (normal saline) and, after allowing 
growth of the 188Re, eluted with 10 mL of saline. 
However, 188ReO4

− eluent from the generator is 
not suitable for the direct formulation of radio-
pharmaceuticals. Concentration of the generator 
eluent solution is essential to radioactive concen-
tration sufficient for radiopharmaceutical formu-
lation [63]. The generator system is commercially 
available from several manufacturers.

8.5.2.3   227Ac→ 227Th→ 223Ra Generator
223Ra (T½  =  11.4  days) belongs to the alkaline 
earth family and is generated naturally from the 
decay of 235U.  However, for practical reasons, 
223Ra is artificially produced through a generator 
from 227Ac parent (T½ = 21.8 years), which also is 
produced artificially in a reactor starting from 
226Ra. A natural source of 227Ac, originating from 
the decay chain of 235U, is also available in lim-
ited quantities. The decay scheme (Fig. 8.15) of 
227Th shows the daughter 223Ra and all the decay 
products from Ra-223.

The generator method is based on using 2-mL 
cartridges of UTEVA and DGA resins. The 
source material containing the mixture of 227Ac, 
227Th, and 223Ra isotopes in 4  M nitric acid is 
loaded onto the cartridges. Thorium is retained 
by UTEVA resin, while actinium is retained by 
DGA resin. Radium is not retained by these two 
cartridges. Currently, the clinical and commercial 
production of 223RaCl2 (Bayer Health Care 
Pharmaceuticals) involves 227Ac and 227Th isola-
tion from a 231Pa source (3.28 × 104 years) [64].

8.5.2.4   229Th→
225Ac Generator 

(Thorium Cow)
Actinium-225 is a pure α emitter with a half-live 
of 10 days. 225Ac is mainly produced by isolation 
from 229Th (T½  =  7340  years), which is a decay 
product of uranium-233 (T½ = 165,000 years). 233U 
is a fissile isotope of uranium and was artificially 
produced by neutron irradiation of natural tho-
rium. Between 1995 and 2005, 229Th generated by 
the decay of 233U (Fig. 5.11) was extracted and 
stored at Oak Ridge National Laboratory (ORNL). 
This 229Th now exists at ORNL (∼5.55  GBq 

(150 mCi), or ∼704 mg) and another (1.7 (46 mCi), 
or 215  mg) at the Institute for Transuranium 
Elements (ITU, Karlsruhe, Germany). A third 
229Th source (5.55  GBq (150  mCi), 704  mg) 
obtained from Russia 233U stockpiles exists at the 
Leipunskii Institute for Physics and Power 
Engineering (IPPE, Obninsk, Russia). These three 
sources provide the 229Th (parent) needed to make 
the 225Ac generator and provide approximately 
26.6  GBq (720  mCi) at ORNL and 13.1  GBq 
(350 mCi) at ITU) of 225Ac annually.

ORNL is a major producer of 225Ac based on 
Th-229 generator. The chemical separation pro-
cess consists of anion-exchange separation using 
hydrochloric and nitric acids followed by cation- 
exchange separation for the final purification. 
Gamma spectroscopy is used for quality control 
analysis of the final product before shipping, and 
mass spectroscopy data are used to evaluate 
chemical purity.

8.5.2.5   225Ac→ 213Bi Generator
The use of radioisotopes to trace flow of molecules 
through the body was first proposed by George 
Charles de Hevesy in 1913. He saw the practical 
use in 1927 when 214Bi was used as a tracer to 
study the velocity of blood.

Bismuth-213 is a hybrid α/β− emitter with a 
half-life of 45.6 min. It is generated as a decay 
product of 225Ac (Fig.  8.10). In addition, the 
decay of 213Bi is accompanied by a 440  keV γ 
photon emission. The generator requires purified 
225Ac and uses an organic anion-exchange system 
(AG-MP 50 resin) capable of isolating 213Bi from 
a HCl solution of 225Ac. The anion resin is then 
washed and stripped of the Bi product using a 
sodium acetate buffer [65]. A commercial 
Ac-225/Bi-213 Generator is currently supplied 
by iTM, Germany.

8.5.2.6   228Th→
224Ra→ 212Pb→ 212Bi 

Generator
Bismuth-212 is a hybrid α/β− emitter with a half- 
life of 60.6 min and is generated from the decay 
of 228Th, 224Ra, and 212Pb (Fig. 8.17). The major 
disadvantage of 212Bi is the high-energy 
(2.6 MeV) γ emission of 208Tl, one of the decay 
products of 212Bi.
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Fig. 8.17 Ra-224 decay scheme. 224Ra (parent radionu-
clide) generator is used to produce 212Pb and/or 212Bi 
nuclides

The original 228Th→212Bi generator used a 
Na2TiO3 column to bind both 228Th and its 
immediate daughter radionuclide 224Ra. The 
generator was operated by eluting 220Rn with 
water into a reservoir, waiting a few minutes for 
the radon gas to decay to 212Pb, followed by 
passing that solution through an organic cation-
exchanger to absorb the 212Pb. This generator 
based on 228Th experienced problems with 
radiolytic damage in the resin with consequent 
diminished yield and was also a serious radia-
tion safety problem.

To avoid problems originating from 228Th-based 
generators, another generator based on 224Ra 
(T½  =  3.7  days) was designed [66, 67]. 224Ra is 
separated from 228Th by absorbing 228Th as the 
nitrate complex onto an anion-exchanger, while 
224Ra elutes through the column. The 224Ra is then 
absorbed on to the macroporous organic cation 
ion-exchange resin (AG-MP 50) which then serves 
as the source for either a 212Bi or 212Pb. 212Bi can 
selectively be eluted from the generator with low 
acid concentrations of HI (0.05–0.2 M). At higher 
acid concentrations, a mixture of both 212Pb and 
212Bi can be eluted. Alternatively, 212Pb can be first 
eluted with 2  M HCl. The 212Pb eluate is then 
diluted to 0.1  M HCl and loaded onto a small 

AG-50 × 4 resin and the 212Bi eluted from the resin 
with 0.2  M hydroiodic acid. 224Ra→212Pb→

212Bi 
generator is available for distribution from the 
NIDC of the US Department of Energy.

8.5.2.7   227Ac→ 227Th→ 223Ra Generator
227Th belongs to the actinium series and has a 
physical half-live of 18.72  days. The decay 
chain of 227Th generates 6 α particles with an 
average energy of 6.02 MeV. 227Th can be pro-
duced by natural decay of 227Ac (T½ = 21.8 years), 
which can be produced in a reactor by neutron 
irradiation based on nuclear reaction, 226Ra (n, 
γ)227Ra. 227Ra (T½  =  42  min), which in turn 
decays by β− disintegration to provide the 
desired 227Th. The long half-life of 227Th allows 
for transportation and preparation of the 
radiopharmaceuticals.
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9Radiopharmaceuticals 
for Molecular Imaging

An experiment is a question which science poses to 
Nature, and a measurement is the recording of 
Nature’s answer. (Max Planck)

9.1  Radiotracer Vs. 
Radiopharmaceutical

In the 1920s, George de Hevesy, coined the term 
radioindicator or radiotracer and introduced the 
tracer principle in biomedical sciences. Initially, 
β−-emitting radioisotopes were used as therapeu-
tic agents. For example, 32P was used for the 
treatment of polycythemia vera and leukemia, 
and 131I was used for the treatment of thyroid dis-
ease (toxic and nontoxic goiter) and thyroid 
cancer.

Following the discovery of the scintillation 
scanner by Benedict Casen, 131I was introduced 
as a radiotracer for diagnostic imaging purpose. 
In 1956, Merrill Bender introduced 131I-labeled 
serum albumin as a radiotracer to image brain 
tumors. The introduction of the Anger camera 
and the 99mTc generator, in the 1960s, stimulated 
the development of a number of radiolabeled 
compounds as radiotracers for diagnostic studies 
in nuclear medicine.

A radiotracer can be defined as a specific 
radiolabeled molecule (or probe) that resembles 
or traces the in vivo behavior of a natural mole-
cule and can be used to provide information 
about a specific biological process. The degree of 
similarity between the radiotracer and the natural 

substance, however, may vary depending on the 
particular radiotracer. For example, [11C] glucose 
and [14C]glucose are true tracers of glucose 
because they are chemically identical to natural 
glucose, while [18F]fluorodeoxyglucose (FDG), 
an analog of glucose, also traces glucose, but 
does not behave identically to glucose since it is 
chemically different.

One of the most important characteristics of a 
true radiotracer is the ability to study the compo-
nents of a homeostatic system without disturbing 
their function. Occasionally, the term radioli-
gand is also used in the context of imaging stud-
ies. A radioligand can be defined as any 
radiolabeled molecule that can bind with another 
molecule or substance (binder) in a predictable 
way under controlled conditions. For example, 
68Ga-Dotatate (Netspot) is a radioligand that 
binds, specifically, to somatostatin type 2 recep-
tors (SSTR-2) in patients with neuroendocrine 
tumors (NETs), while [18F]Fluorodeoxyglucose 
(FDG) is a radiotracer used to image glucose 
metabolism in tumor tissue, heart, and brain.

9.1.1  Radiopharmaceutical Vs. 
Radiochemical

All radiolabeled compounds or substances used 
for the purpose of diagnosis or therapy have been 
defined as radioactive drugs or radiopharmaceu-
ticals by the U.S. Food and Drug Administration 
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(FDA). Diagnostic radiopharmaceuticals are 
administered in trace amounts (<100  μg) and, 
typically, do not induce any physiological 
response or pharmacological effect in patients. 
The term radioindicator, however, may be more 
appropriate to describe radiolabeled compounds 
or substances used for the purpose of diagnosis.

In 1954, the U.S. Atomic Energy Commission 
(AEC) and, subsequently, the U.S.  Nuclear 
Regulatory Commission (NRC) were given the 
responsibility for directing the medical use of 
reactor-produced byproducts. Since the 1960s, 
the stated mission of the FDA has been to “assure 
safety and efficacy in marketed medicinal agents 
and medicinal devices.” In 1972, the FDA took 
over the responsibility to regulate the medical 
usage of reactor-produced radiolabeled com-
pounds from the NCR.  Subsequently, in 1975, 
the FDA decided to also assume the responsibil-
ity for the cyclotron-produced radiolabeled com-
pounds. In addition, the FDA adopted the same 
regulations for radiolabeled compounds (or 
nuclear medicine imaging probes) as those in 
existence for traditional drugs (pharmaceuticals). 
As a result, the term “radiopharmaceutical” has 
become the official FDA categorization for all 
radioindicators and radiotracers used for diagno-
sis and therapy. Although the field of nuclear 
medicine evolved into a more sophisticated 
molecular imaging technology, the FDA contin-
ues to extend the usage of the term “radiophar-
maceuticals” to include the novel radiolabeled 
molecular imaging probes or radiotracers.

The term radiochemical is sometimes used for 
any radiolabeled compound or radiotracer. From 
the standpoint of chemistry and radiochemical 
purity, there is no difference between the terms 
radiochemical and radiopharmaceutical. From a 
regulatory point of view, however, a radiophar-
maceutical must also be sterile, pyrogen free, 
safe for human use, and efficacious for a specific 
indication. In contrast, a radiochemical may not 
be sterile and pyrogen-free and is not an FDA- 
approved agent for routine human use.

9.2  Radiopharmaceuticals 
for Molecular Imaging 
(RP-MI)

The terms, radiotracer, radioligand, and radiola-
beled molecular imaging probe (RMIP), have 
specific meaning depending on their specific use 
and application. However, from a regulatory 
point of view, the term radiopharmaceutical rep-
resents any radiolabeled molecule intended for 
human use.

The members of the molecular imaging center 
of excellence (MICoE) standard definitions task 
force recently developed the following standard 
definitions and terms [1]:

• Molecular imaging is the visualization, char-
acterization, and measurement of biological 
processes at the molecular and cellular levels 
in humans and other living systems.

• Molecular imaging agents are “probes used to 
visualize, characterize, and measure biologi-
cal processes in living systems”. Both, endog-
enous molecules and exogenous probes can be 
molecular imaging agents.

Because the emphasis of this textbook is on 
molecular imaging and targeted radionuclide 
therapy, it is important to understand the subtle 
difference between the conventional nuclear 
imaging technology and the molecular imaging 
technology. Some of the radiopharmaceuticals 
used in nuclear medicine are nonspecific, while 
all the RP-MI, by definition, are highly specific 
for the measurement of a specific biological pro-
cess and, therefore, can be regarded as targeted 
radiopharmaceuticals for imaging.

The current FDA-approved radiopharmaceuti-
cals for SPECT and PET can be divided into 
“specific” and nonspecific agents (Table  9.1). 
Several examples would clearly illustrate the dif-
ference between specific and nonspecific agents. 
Radioiodide (123I, 124I, or 131I) is a very good 
example of a molecular imaging probe; just like 
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Table 9.1 FDA-approved radiopharmaceuticals for planar imaging, SPECT, and PET

Radiopharmaceuticals Trade Name Indications
Non-specific radiopharmaceuticals
99mTc pertechnetate Salivary and lacrimal gland imaging, vesicoureteral imaging
99mTc-macroaggregated 
albumin (MAA)

Evaluation of pulmonary perfusion
Evaluation of peritoneo-venous shunt patency

99mTc-sulfur colloid Image area of functioning RES in liver, spleen and bone 
marrow, localization of lymph nodes draining a primary 
tumor

99mTc-tilmanocept Lymphoseek® Lymphatic mapping and to locate lymph nodes draining a 
primary tumor site

99mTc-pyrophosphate Bone imaging and blood pool imaging to detect GI bleeds
99mTc-mebrofenin Choletec® Hepatobiliary imaging agent
99mTc-bicisate Neurolite® To assess rCBF and to localize stroke
99mTc-exametazine Ceretec™ To assess rCBF and to localize stroke
99mTc-medronate (MDP) Bone imaging to delineate areas of altered osteogenesis
99mTc-oxidronate (HDP) Bone imaging to delineate areas of altered osteogenesis
99mTc-Pentetate (DTPA) Renal imaging and function
99mTc-mertiatide MAG3™ Renal imaging and function
99mTc-succimer (DMSA) Evaluation of renal parenchymal disorders
99mTc-sestamibi Cardiolite® Myocardial perfusion and evaluation of breast lesions
99mTc-tetrofosmin Myoview™ Myocardial perfusion
201Tl chloride Myocardial perfusion
67Ga-citrate Detection of certain tumors and acute infection
111In pentetate Radionuclide cisternography
111In oxyquinoline Label leukocytes and to localize areas of acute infection
Specific (targeted radiopharmaceuticals or radiolabeled molecular imaging probes (RMIP))
123I sodium iodide
(Liquid or capsules)

Thyroid uptake by active transport via NaI transporter 
evaluation of thyroid function and morphology

131 sodium iodide
(Liquid or capsules)

Evaluation of thyroid function and detection of metastases 
associated with thyroid malignancies

111In pentetreotide Octreoscan™ Localization of primary and metastatic NETs bearing SSTRs
[123I]Iobenguane Adreview™ Detection of primary or metastatic pheochromocytoma or 

neuroblastoma via norepinephrine transporter
[123I]Ioflupane DaTscan™ Imaging striatal dopamine transporters in patients with 

parkinsonian syndrome
82Rb chloride Cardiogen-82®, 

Rubi-fill®

As a K+ analog, to evaluate regional myocardial perfusion

[13N]Ammonia To evaluate regional myocardial perfusion
[18F]Fludeoxyglucose (FDG) To assess abnormal glucose metabolism in oncology

To assess myocardial hibernation
To identify foci of epileptic seizures

[18F]Sodium Fluoride To delineate areas of altered osteogenesis
[18F]Florbetapir Amvid™ To estimate β-amyloid neuritic plaque density in patients 

with cognitive impairment
[18F]Florbetaben Neuraceq™ To estimate β-amyloid neuritic plaque density in patients 

with cognitive impairment
[18F]Flutemetamol Vizamyl™ To estimate β-amyloid neuritic plaque density in patients 

with cognitive impairment
[18F]Flortaucipir Tauvid™ To estimate the density and distribution of aggregated tau 

neurofibrillary tangles (NFTs)
[18F]Piflufolastat Pylarify® To detect PSMA-positive lesions in prostate cancer

(continued)
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Table 9.1 (continued)

Radiopharmaceuticals Trade Name Indications
[11C]Choline To help identify potential sites of prostate cancer recurrence
[18F]Fluoroestradiol Cerianna™ For the detection of estrogen receptor-positive lesions in 

patients with breast cancer
[18F]Fluciclovine Auxumin™ Prostate cancer recurrence
[18F]Fluorodopa To visualize dopaminergic nerve terminals in the striatum in 

patients with suspected Parkinsonian syndromes (PS)
68Ga-DOTATATE NETspot For localization of SSTR-positive NETs
64Cu-DOTATATE Detectnet For localization of SSTR-positive NETs
68Ga-DOTATOC For localization of SSTR-positive NETs
68Ga-PSMA-HBED-CC PSMA-positive lesions in prostate cancer

the natural iodide (I−), it is actively transported 
into the thyroid gland via sodium iodide sym-
porter (NIS) and incorporated into the thyroid 
hormones. In contrast, 99mTc pertechnetate 
(TcO4

−), while useful for thyroid imaging, is not 
a specific radiotracer to assess thyroid function. 
67Ga citrate is a nonspecific diagnostic imaging 
agent to identify both tumor tissue and abscess 
(or infection), while 111In-labeled leukocytes are 
highly specific to detect the sites of acute infec-
tion but, not tumor tissue.

The metabolic and molecular information pro-
vided by [18F]FDG-PET can be considered as the 
first validated “clinically useful” molecular imag-
ing technique. FDG is a substrate for the enzyme 
hexokinase and highly specific in assessing the 
glucose metabolism of any tissue. FDG, however, 
is a non-specific molecular imaging probe to 
image malignant tissue, since it is also taken up 
by inflammatory tissue, macrophages, and many 
other normal cells that have augmented glucose 
utilization. In contrast, 111In-DTPA-octreotide 
(OctreoScan) or 68Ga-Dotatate (NetSpot) are 
highly specific agents to image neuroendocrine 
tumors (NETs) expressing somatostatin type 2 
(SSTR 2) receptors. Therefore, 111In-DTPA- 
octreotide and 68Ga-Dotatate are truly targeted 
radiopharmaceuticals (or RMIPs) designed for 
molecular imaging studies based on SPECT and 
PET, respectively [2].

9.2.1  Molecular Medicine 
and Theranostics

As previously discussed, the term homeostasis is 
used by physiologists to describe maintenance of 
static, or constant, conditions in the internal envi-
ronment by means of positive and negative feed-
back of information. Diseases can be defined as 
abnormal processes as well as abnormalities in 
molecular concentrations of different biological 
markers, signaling molecules and receptors. In 
the last two decades, there has been a revolution 
in our basic understanding of the biology and 
biochemistry of disease. With the elucidation of 
the human genome and the description of the 
genetic abnormalities, responsible for numerous 
diseases, we now have a better understanding of 
the basic molecular pathways, proteins, and sig-
nal transduction processes that are present in the 
normal cell.

The basis of molecular medicine is that chem-
ical disturbances will precede anatomical abnor-
malities in disease. The new generation of 
molecular therapeutics is based on the rational 
drug design to reverse or control chemical imbal-
ances by targeting key specific receptors, 
enzymes, membrane transporters, and antigens. 
The ultimate goal of molecular medicine is to 
treat the disease in its early stages with an appro-
priate patient-specific “targeted molecular 
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 therapy.” In order to achieve this goal, it is essen-
tial to develop highly specific RP-MI.  In the 
design and development of an ideal radiotracer, it 
is important to identify first a specific biological 
target, and then design a radiopharmaceutical, 
which may be a biochemical or a synthetic mol-
ecule (targeting vehicle or vector), specific for 
the biological target (receptor, enzyme, protein, 
antigen) or a biological process (such as metabo-
lism, angiogenesis, and apoptosis) in an organ, or 
tissue of interest. Subsequently, an appropriate 
radionuclide (such as 18F, 123I, 68Ga, 64Cu) can be 
used to synthesize a radiopharmaceutical suitable 
for imaging based on either PET or SPECT tech-
niques. A schematic of a targeted radiopharma-
ceutical for molecular imaging studies is shown 
in Fig. 9.1.

The development of RP-MI will greatly benefit 
from the science of molecular medicine and from 
the chemical insights of molecular therapeutics. 
The human brain uses glucose as the primary 
source of energy for its physiological functions. 
Alteration of blood glucose levels leads to hypo/

hyperglycemic conditions. Consequently, the 
brain undergoes dysregulation of glucose metabo-
lism which is further associated with various path-
ological disorders causing cognitive impairment 
and loss of critical brain functions. Glucose 
metabolism is connected with multiple other meta-
bolic pathways in order to generate adequate 
energy for neuronal cells to carry out their func-
tions. Therefore, glucose homeostasis plays a 
prominent role in the maintenance of healthy brain 
physiology. The Warburg effect, first proposed in 
1920s, describes a phenomenon in which cancer 
cells take up glucose more and  preferentially 
metabolize glucose by glycolysis, producing lac-
tate as an end product, even in the presence of oxy-
gen. 2-deoxy-2-[18F]fluoro-D-glucose (FDG), a 
glucose analog was developed in 1970s, by substi-
tuting 18F for the normal hydroxyl group at the C-2 
position in the glucose molecule (Fig. 9.2). FDG-
PET was used for 20  years to image glucose 
metabolism of brain and heart before it was dis-
covered that FDG is useful as a diagnostic radio-
pharmaceutical for the detection of various tumors 

Target cell RP–MI

Chelator

BT: Biological Target

TV: Targeting Vehicle

SP: Spacer

LN: Linker

RM: Radiometal

Nucleus

RM

LNSPTVBT

18F or 123I

68Ga, 64Cu

Fig. 9.1 Schematic of a targeted radiopharmaceutical for 
molecular imaging based on PET or SPECT. The targeting 
vehicle (vector) specific for a biological target can be 

labeled with 18F or 123I.  However,  labeling (or complex-
ation) with radiometals such as 68Ga or 64Cu requires conju-
gation of a chelator to the targeting vehicle via spacer/linker
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Fig. 9.2 Analogs of d-glucose: Substitution of hydrogen 
or fluorine atom for the hydroxyl group on C-2 position of 
glucose would produce DG and FDG, which can be trans-

ported into the cell by glucose transporters similar to that 
of d-glucose

and also to assess tumor response to chemother-
apy. FDG revolutionized nuclear medicine and 
accelerated the development of molecular imaging 
technology. The glucose molecule, however, is not 
suitable for radiolabeling with beta emitters such 
as 131I, 90Y, and 177Lu.

Molecular imaging agents and drugs (thera-
peutics) share common concepts of structural 
design and mechanisms of localization and/or 
action because they target the same enzyme, 
receptor, or antigen. Drugs block or inhibit their 
targets and restore the chemical imbalance asso-
ciated with a disease, while RPMIs, at tracer lev-
els, can provide noninvasive quantitative 
assessment of the functional status of the molec-
ular target in a specific disease. For example, the 
discovery of SSTRs in patients with NETs led to 
the development of chemotherapy based on 
octreotide (Sandostatin®), which binds specifi-
cally to SST type 2 receptors. Radiolabeled ana-
logs of octreotide such as 111In-DOTA-octreotide, 
68Ga-Dotatate, and 68Ga-dotatoc provided imag-

ing agents to detect SSTR-2 positive lesions in 
patients with NETs. The same molecule used for 
imaging is labeled with β− emitting radionuclide 
(177Lu) to synthesize a therapeutic agent 
(177Lu-dotatate or Lutathera™) for TRT of 
patients with NETs. Receptor specific chemo-
therapeutic drug  lead to the development of 
MIPs, and MIPs in turn lead to the development 
of drugs for TRT.  Thus, a diagnostic imaging 
agent and a therapeutic drug may have similar 
structural requirements, being the same molecule 
or structural analogs of each other [3].

The concept of theranostics integrates two dis-
tinct approaches that both encompass all steps of 
patients’ management. Theranostics in nuclear 
medicine is a personalized approach to treating 
cancer, using similar (or same) molecules for 
both imaging (diagnosis) and therapy. A target 
specific biomolecule is designed in such a man-
ner that it can be labeled with a γ or β+ emitting 
radionuclide for SPECT or PET imaging, and it 
can also be labeled with a therapeutic radionu-
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Table 9.2 Theranostic radiopharmaceuticals

Disease/Indication Target
Radiopharmaceutical for
Molecular imaging Therapy

Therapy of neuroendocrine 
tumors (NETs)

SSTR-2 Agonist 68Ga-Dotatatea 177Lu-Dotatatea

64Cu-Dotatatea 177Lu-EB-Tate
177Lu-Dotatoc
90Y-Dotatoc
177Lu-Satoreotide 
tetraxetan

SSTR-2 antagonist 68Ga-NODAGA-JR11 
(OPS202)

177Lu-DOTA-JR11 
(OPS201)

Glucagon-like peptide-1 
(GLP-1R)

68Ga-DOTA-Exendin-4 177Lu-DOTA- 
Exendin-4

Melanoma, multiple myeloma, 
small-cell lung cancer, NETs

CXCR4 68Ga-Pentixafor 177Lu-Pentixafor

Metastatic castration resistant 
prostate cancer (mCRP)

Bone mineral 
(hydroxyapatite)

[18F]sodium fluoridea 223Ra dichloridea

153Sm-EDTMP
Prostate specific membrane 
a antigen (PSMA)

68Ga-PSMA-11a 177Lu-PSMA-617
225Ac-PSMA-617

[18F]PSMA-1007 177Lu-PSMA-I&T
225Ac-PSMA-617

[18F]rhPSMA-7.3
GRPR 68Ga-RM2 177Lu-RM2

68Ga-NeoBOMB-1
Pancreatic adenocarcinomas Neurotensin receptor 

(NTSR1)

111In-3B-227 177Lu-3B-227

Bone marrow ablation in 
leukemias

CD-45 131I-IOMAB, 
Apamistamab

131I-IOMAB, 
Apamistamab

aRadiopharmaceuticals approved by FDA for routine clinical studies

clide decaying by β−, α, or EC (emitting Auger 
electrons) [4–8]. Several theranostic radiophar-
maceuticals of clinical importance are listed in 
Table 9.2.

The success of theranostics in the clinic has 
already been well established with the introduc-
tion of somatostatin analogues for PET/SPECT 
imaging and TRT in patients with SSTR-positive 
NETs. The future of theranostics is very promis-
ing and several theranostic radiopharmaceuticals 
in phase II/III clinical studies for both imaging 
and therapy are summarized in Table 9.2.

9.2.2  RPMI: Categories and Types

A number of biological processes and biochemical 
targets (Table 9.3) have been identified in order to 
develop target specific molecular imaging radio-
pharmaceuticals for PET and SPECT. On the basis 

of these molecular targets, imaging probes can be 
divided into nine different categories:

 1. Probes for the determination of perfusion and 
membrane transport

 2. Probes based on specific substrates for 
metabolism

 3. Probes based on enzyme-mediated transfor- 
mation

 4. Probes based on receptor-mediated interac- 
tions

 5. Probes based on antigen-antibody interac- 
tions

 6. Probes based on abnormal protein expression 
or protein deposits

 7. Probes based on nucleic acids (DNA and 
RNA)

 8. Probes based on nanoparticles
 9. Probes based on cellular migration or 

trafficking
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Table 9.3 Radiopharmaceuticals for molecular imaging: Biological target and biochemical process

Biochemical process Specific target Radiopharmaceutical
Thyroid function Sodium iodide symporter (NIS) 123, 124, 131I sodium iodide
Glucose metabolism Glucose transporters and hexokinase [18F]FDG
Fatty acid metabolism Thiokinase [18F]FTHA
Membrane synthesis Choline kinase [18F]Fluorocholine
DNA synthesis Thymidine kinase [11C]thymidine, [18F]FLT
Amino acid transport Sodium dependent and sodium 

independent carrier mediated process
[18F] FACBC or fluciclovine
[18F]fluoro-m-tyrosine

Dopamine synthesis and 
metabolism

Aromatic amino acid decarboxylase 
(AAADC

[18F]FDOPA

Nigrostriatal neuronal 
degeneration

Dopamine transporter [123I]Ioflupane (DatScan)

Dopamine receptor Dopamine D2 receptor [11C]Raclopride, 123I-IBZM
Dopamine reuptake Dopamine presynaptic transporter [18F]FP-CIT, 123I-β-CIT
Altered osteogenesis Bone mineral (hydroxyapatite) [18F]Sodium Fluoride
Neuroendocrine tumor Norepinephrine transporter [123I]iobenguane (MIBG) (Adreview™)
Receptor binding Estrogen receptor [18F]Fluoroestradiol

Androgen receptor [18F]Fluorodihydroxytestosterone (FDHT)
Somatostatin receptor (SSTR-2) 111In-DTPA-Octreotide 68 Ga-Dotatate, 

64Cu-Dotatate
Macrophage (microglia) Peripheral benzodiazepine receptor [11C]PK11195
Tumor antigen Prostate-Specific Membrane Antigen 

(PSMA)

68Ga-PSMA-11, [18F]Piflufolastat, [18F]
PSMA-1007, [18F]-rhPSMA-7.3
111In-DOTA-huJ591 mAb
89Zr-IABM2 minibody

Dementia, amyloid 
burden

β-Amyloid [11C]PIB, [18F]Florbetapir, [18F]Florbetaben, 
[18F]Flutemetamol

Dementia, tau burden Aggregated tau neurofibrillary tangles 
(NFTs)

[18F]Flortaucipir

Apoptosis Phosphatidylserine 124I-Annexin V
Angiogenesis Integrin receptors, αV β3

18F-FB– E[c(RGDyK)]2

Hypoxia Acidic pH in cells [18F]FMISO

Imaging radiopharmaceuticals may also be clas-
sified based on their clinical utility and the nature 
of application for which they are designed as 
tools in the drug development program [9]. Four 
classes of RMIPs have been identified:

 1. A radiolabeled drug substance in which the 
cold stable atom is replaced by a radioisotope 
of the same element, which can be used for 
assessing the pharmacokinetics and biodistri-
bution of the parent drug.

 2. A radioligand with good binding affinity for a 
biologic target, which can be used to evaluate 
the effect of other unlabeled compounds at 
that target.

 3. A pathway marker interacting with one com-
ponent of a set of related biologic molecules, 

which may be used to probe the overall status 
of that system.

 4. A biomarker, or surrogate marker, which pro-
vides a more general readout at the level of 
cell or organ for a specific biological process.

9.2.3  Choice of Radionuclide 
for SPECT and PET

A number of radionuclides that emit either γ pho-
tons or β+ are available (Table 9.4) for develop-
ing radiopharmaceuticals for imaging studies. 
These radionuclides, basically, belong to three 
groups of chemical elements: elements of organic 
radionuclides (C, N, and O), halogens (F and I), 
and metals (Cu, Ga, Y, Sc, In, Zr, and Tc). Certain 
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elements (I, Cu, Ga, and Tc) are useful for the 
development of radiotracers for both PET and 
SPECT using a radioisotope of the same chemi-
cal element.

The organic radionuclides that decay by posi-
tron emission are 11C, 13N, and 15O. These three 
radionuclides are isotopes of natural elements 
that are part of the majority of biochemicals and 
drugs. Interestingly, for these three elements 
there are no corresponding radioisotopes that 
decay by γ emission. Radiopharmaceuticals 
developed with the organic positron emitters are 
true molecular imaging radiotracers since these 
probes, biochemically, are indistinguishable 
from their natural counterparts. For example, 
[11C]thymidine, [11C]choline, [13N]NH3, or [15O]
water is chemically and biochemically the same 
as the corresponding unlabeled molecule.

The group of elements known as halogens (F, 
Cl, Br, and I) are very unique in nature. While 
chloride and iodide ions are quite common in the 
human body, fluorine, and bromine atoms, gener-
ally, are not part of the natural molecules. Among 
all the halogens, however, the fluorine atom is the 
only one that closely mimics the hydrogen atom 

in size (Table 9.5) [10]. The van der Wall’s radii 
of fluorine and hydrogen are very similar, 1.35 
and 1.2  Å, respectively. As a result, one can 
expect that, in any given organic molecule, the 
C-F bond closely mimics the biological behavior 
of the C-H bond. In addition, the fluorine atom is 
also the most electronegative of all halogens. As 
a result, the fluorine atom introduces a polarity 
more akin to a hydroxyl substituent in a mole-
cule. The other halogens are bigger in size and 
are less electronegative compared to fluorine. 
Consequently, labeling a biochemical with bro-
mine or iodine radioisotopes would alter the bio-
logical behavior of the molecule. However, 
halogen atoms in drug molecules are quite com-
mon and, sometimes, the halogen-containing 
drug molecules may have even greater affinity 
for a receptor or an enzyme, in  vivo, than the 
nonhalogenated molecules [10]. In the last two 
decades, several radiopharmaceuticals were 
developed based on 123I for SPECT imaging stud-
ies. Compared to the positron emitter, 124I, the 
theoretical specific activity (Table 9.6) of 123I is 
even higher (because of shorter half-life). Organic 
molecules containing aromatic rings can be eas-

Elements

For PET For SPECT

Radionuclide T½ β+ (MeV) Radionuclide T½ γ (MeV)
Organic elements 11C 20.4 min 0.959

13N 9.96 min 1.197
15O 2.03 min 1.738

Halogens 18F 109.8 min 0.635
75Br 98 min 1.74
76Br 16.1 hours 3.98
124I 4.2 days 2.13 123I 13.2 h 0.159

131I 8.04 d 0.364
Metals 66Ga 9.45 hours 4.153 67Ga 78.2 h 0.093, 0.184, 0.296

68Ga 68.3 min 1.898
111In 67.2 h 0.173, 0.247

44Sc 3.92 hours 1.470
61Cu 3.32 hours 1.220 67Cu 2.6 d 0.185, 0.92
62Cu 9.76 min 2.910
64Cu 12.8 hours 0.656
86Y 14.74 hours 3.150
89Zr 78.4 hours 0.900
94mTc 52 min 2.440 99mTc 6.0 h 0.140
52Mn 5.6 days

Table 9.4 Radionuclides useful for developing radiopharmaceuticals for PET and SPECT
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Table 9.5 Comparison of physico-chemical parameters of halogens with hydrogen and hydroxyl group

Hydrogen Fluorine Oxygen (OH) Iodine
Electronegativity 2.2 3.98 3.44 2.66
aBond length, Å 1.09 1.39 1.43 2.14
Van Der Wal’s radius, Å 1.20 1.35 1.40 2.15

Bond energy, KCal/mol−1 99 116 85 51
aBond length for –CH2X reported here where X = H, F, or OH. Table modified from Park et al. [10]

Table 9.6 Specific activity (SA) of radionuclides

Maximum SA Practical SA

Nuclide mCi/μg Ci/μmole Ci/μmole
11C 838,000 9220 <100
18F 95,000 1170 10–20 as F− < 0.03 as 

F2

68Ga 40,600 2766
67Ga 597 47 <3.35
111In 423 40 <5.55
123I 1926 237
124I 250 31

ily labeled with radionuclides. Therefore, 123I and 
124I play a major role in the development of radio-
tracers for molecular imaging studies.

Among the metals (Table 9.4), Ga, In, and Y 
are trivalent and have similar chemistries. The 
transition metals such as copper, scandium, and 
zirconium have complex coordination chemis-
tries. The radionuclides of all these metals can be 
used to label peptides and proteins using bifunc-
tional chelating agents. 111In, 64Cu, and 
68Ga-labeled octreotide analogs (111In-DTPA- 
octreotide, 64Cu-dotatate, and 68Ga-dotatate) have 
already been approved by FDA as molecular 
imaging probes for SPECT and PET imaging 
studies to detect SSTR-2 positive NETs. Among 
the transition metals, radioisotopes of copper 
have useful physical characteristics to develop 
RMIPs. Several other positron-emitting metals, 
such as 44Sc, 89Zr, and 94mTc (Table 9.4), may also 
be useful for developing imaging agents.

9.2.4  General Criteria for the Design 
of RP-MI

For any radiopharmaceutical to be successful as 
an imaging agent for PET or SPECT, the radio-

pharmaceutical must have the following ideal 
characteristics:

• Rapid plasma clearance to reduce blood pool 
background in the target tissue

• Rapid washout or clearance from nonspecific 
areas

• Low nonspecific binding
• Preferably must be stable in  vivo, and no 

metabolism
• High membrane permeability and intracellular 

trapping
• Target specificity and high affinity for molec-

ular targets
• Specific activity must be high to prevent satu-

ration of specific binding sites
• Tissue distribution, localization, and target 

binding should be favorable for developing 
simple kinetic modeling to estimate quantita-
tive data

• Radiation dosimetry must be favorable for 
multiple diagnostic imaging studies (if 
necessary)

• Synthesis of radiopharmaceutical under GMP 
conditions must be rapid and suitable for auto-
mation using automated synthesis modules

Developing a specific molecular imaging 
radiotracer involves careful design of the struc-
tural requirements in a molecule in order to opti-
mize target specificity and at the same time 
optimize the pharmacokinetic and pharmacody-
namic behavior of the probe to meet the demand 
of the imaging technique. The physicochemical 
properties of the radiopharmaceutical, such as 
size, charge, solubility, lipophilicity, and SA are 
very important criteria, and must be addressed in 
designing the structural features of the molecule. 
Factors, such as rapid metabolism and plasma 
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protein binding (PPB), and nonspecific binding 
in nontarget tissues are not desirable for optimal 
in  vivo behavior. It is important to identify the 
most appropriate structural analog that meets 
most of the criteria for an ideal imaging agent. 
Some of these criteria will be discussed in greater 
detail with specific examples, later, in order to 
emphasize the importance of a careful design of 
structural features in order to develop a clinically 
useful MIP.

9.2.4.1  The Size of MIP
The molecular size or molecular mass of the MIP 
is one of the major properties of a molecule that 
determines the rate of clearance from circulation. 
Small organic molecules, natural or synthetic, 
clear from circulation rapidly and provide much 
higher target/background ratios. With small 

organic molecules, however, it may not be possi-
ble to put more than one radiolabel per molecule. 
Also, with small molecules, it may be difficult to 
optimize high SA and high target affinity, and to 
achieve appropriate pharmacokinetic and meta-
bolic behavior. Therefore, with large proteins, 
such as antibody molecules (150,000 Da), it may 
be possible to label with more than one radiolabel 
per molecule. Liposomes and nanoparticles, 
because of their size, shape, structural flexibility, 
multivalency/multifunctionality characteristics, 
may offer greater potential for developing high 
specific activity imaging agents. Among the 
radiopharmaceuticals approved for routine clini-
cal studies (Table 9.1), all of them are small mol-
ecules (<1500 Da) as shown in Fig. 9.3.

Since small molecules clear from circulation 
rapidly, radiolabeling with radionuclides with 

Fig. 9.3 Examples of small molecule radiopharmaceuticals for PET. Among the agents shown in the table, 68Ga-Dotatate 
is relatively large (1500 Da) compared to Fluciclovine (132 Da)
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short-half life (such as 18F, 68Ga, and 44Sc) also 
facilitates developing radiopharmaceuticals that 
deliver less radiation dose to the critical organs. 
Therefore, radioimmunoimaging based on mono-
clonal antibodies labeled with longer-lived 
nuclides (such as 124I and 89Zr) are becoming rela-
tively less popular for routine diagnostic imaging 
studies. However, radioimmunoimaging with 
mAbs is very important in the research and devel-
opment of radioimmunoconjugates for RIT.

9.2.4.2  The Position of Radiolabel 
in the Radiotracer

The position of the radiolabel in the molecular 
imaging probe must be carefully selected so that 
the presence of a radionuclide at that position 
preserves the overall chemical and pharmacolog-
ical properties of the parent unlabeled molecule. 
In addition, the position of the radiolabel must 
also preserve the metabolic stability of the radio-
pharmaceutical during the time course of the 
imaging study. The importance of the position of 
the radiolabel in the imaging probe is illustrated 
using FDG and FLT molecules.

Design of FDG Molecule
2-[18F]Fluoro-2-deoxy-d-glucose (FDG) is 
regarded as the most important, clinically useful, 
and successful radiopharmaceutical in nuclear 
medicine. The design of FDG [11, 12] is a perfect 
example to illustrate the significance of the posi-
tion of the 18F atom in the FDG molecule 
(Fig. 9.2).

In the 1940s, 6-deoxy-6-[19F]fluoro-6-deoxy- 
d-glucose ([6-19F]FDG) was first reported [12]. 
In 1954, it was suggested that the hydroxyl group 
on carbon 2 was not essential for (1) the carrier- 
mtediated membrane transport into the cell, and 
(2) the substrate specificity of d-glucose for 
hexokinase-mediated phosphorylation reaction 
[13]. It also became apparent that the hydroxyl 
group on C-2 was essential for further metabo-
lism of the glucose-6-phosphate. Subsequently, 
2-fluoro-[19F]2-deoxy glucose ([2-19F] FDG) was 
developed as an anticancer agent [12]. However, 
due to the very high toxicity of FDG, further clin-
ical studies with FDG were abandoned. Later, 
2-[14C]-2-deoxy glucose (CDG) was developed 

as a tracer to measure cerebral glucose metabo-
lism in animals based on autoradiography [14].

On the basis of Sokoloff’s work, [11C]CDG 
would be an appropriate tracer for PET imaging 
studies [15]. However, the attachment of the 18F 
atom to the carbon 2 atom in the d-glucose mol-
ecule is justified since FDG is a good substrate 
for hexokinase. The kinetic constant (Km) of the 
reaction with hexokinase for FDG (0.19 ± 0.03) 
is very similar to that of d-glucose (0.17). 
Attaching the 18F atom to carbon 3 or 4 alters the 
substrate specificity significantly (Km > 70) [3]. 
Also, the 18F atom in the C-2 position prevents 
further metabolism of the molecule. As a result, 
FDG-6-phosphate accumulates in the cell.

Another interesting difference between FDG 
and CDG concerns the renal excretion of the 
molecule. The hydroxyl group on C-2 is essential 
for the active transport across the renal tubules 
for reabsorption of d-glucose. In contrast to 
CDG, FDG is not reabsorbed, but excreted. As a 
result, the body background of the 18F activity is 
less and the radiation dosimetry with FDG is 
much more favorable.

Design of FLT Molecule
The DNA synthesis is a measure of cell prolifera-
tion. The four nucleotides required for DNA syn-
thesis are cytosine, guanine, adenine, and 
thymidine. Thymidine is the only one incorpo-
rated exclusively into the DNA and not into the 
RNA [16]. Intracellularly, thymidine is first phos-
phorylated in the cytoplasm by the enzyme thymi-
dine kinase-1 (TK-1) to thymidine monophosphate 
(TMP), prior to incorporation into the DNA. [3H]
Thymidine was introduced to measure thymidine 
incorporation into DNA (thymidine labeling 
index) in tumor tissue [17, 18]. The nonradioac-
tive 3-[19F]fluoro-3- deoxythymidine (FLT) 
(Fig. 9.4) was first developed in 1969 as an anti-
cancer agent [19]. Subsequently, [11C]thymidine 
was introduced as a PET tracer [20]. Almost two 
decades later, 3-[18F]fluoro-3-deoxythymidine 
(FLT), the metabolically stable thymidine analog, 
was introduced for PET imaging studies [21].

FLT is transported into the cell similar to thy-
midine and then phosphorylated to [18F]FLT-5′-
monophosphate by the enzyme, TK-1. FLT-MP is 
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Fig. 9.4 Radiolabeled analogs of thymidine for imaging DNA synthesis: The hydroxyl group on C-3 in the sugar is 
essential for incorporation into DNA synthesis

further phosphorylated to FLT-TP by the enzyme 
thymidylate kinase [22]. FLT phosphates, how-
ever, are (1) impermeable to the cell membrane, 
(2) resistant to degradation, and (3) metabolically 
trapped inside the cells. The incorporation of FLT 
into the DNA, however, is relatively insignificant 
(<1%).

The pyrimidine analogs, 2′-fluoro-5-[11C]
methyl-1-β-d-arabinofuranosyluracil (FMAU) 
and 2′-[18F]fluoro-5-methyl-1-β-d-
arabinofuranosyluracil (FMAU) have been 
shown to be useful for imaging tumor cell prolif-
eration [23, 24]. FMAU can be taken up by cells 
and phosphorylated by TK-1 and TK-2 and sub-
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sequently incorporated into DNA, by DNA poly-
merase. FMAU employs the same DNA synthetic 
pathway as thymidine and, therefore, has the 
potential to image DNA synthesis. It is important 
to recognize that FMAU is incorporated into 
DNA synthesis, but not into FLT [22, 25]. This 
observation suggests that the hydroxyl group on 
the C-3 atom (Fig. 9.4) is essential for the incor-
poration of thymidine analogs into DNA, but not 
for substrate specificity of the enzyme TK-1. 
Despite the fact that FLT lacks the hydroxyl 
group on C-3, necessary for its incorporation into 
DNA, it appears to outperform both FMAU and 
FIAU in terms of uptake and retention based on 
in vitro studies [26].

Design of MIBG
In the 1980s, Dr. Wieland and his colleagues at the 
University of Michigan developed an analog of nor-
epinephrine (NE), known as 131I-meta- 
iodobenzylguanidine (MIBG), a diagnostic tracer to 
allow imaging of the adrenal medulla [27, 28]. 
MIBG was developed by linking the benzyl portion 
of bretylium with the guanidine group of guanethi-

dine (Fig. 9.5). Among the three isomers of iodo-
benzylguanidines, the meta isomer (MIBG) has less 
in vivo deiodination and liver uptake than the other 
two isomers. In 1994, [131I]MIBG, also known as 
iobenguane sulfate I-131 intravenous (low SA (LSA) 
formulation), received FDA approval as an imaging 
agent for the localization of specific sites of pheo-
chromocytomas and neuroblastomas. In 2008, [123I]
MIBG or iobenguane I-123 injection was also 
approved by FDA as a tumor imaging agent 
(AdreviewTM; GE Healthcare). To develop deriva-
tives of MIBG for PET studies, iodine atom was 
replaced with fluorine directly to obtain 18F-meta- 
fuorobenzylguanidine, ([18F]MFBG ([18F]PFBG) 
[29].

9.2.4.3  Stereospecificity
As discussed in Chap. 6, stereoisomers have the 
same bonds, but exhibit different spatial arrange-
ments of their atoms. One type, known as optical 
isomerism, is exhibited by molecules with asym-
metric carbon atoms (chiral centers) that have non-
superimposable mirror images. The optical 
isomers, called enantiomers, rotate plane- polarized 

Fig. 9.5 Norepinephrine analogs specific for norepinephrine transporter. It is the meta position of iodine or fluorine 
atom in the aromatic ring that has better tumor uptake and retention
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light in opposite directions: dextrorotatory (d or 
(+)) and levorotatory (l or (−)). These designations 
only refer to the experimental values of rotation, 
while the letters d and l relate asymmetric centers 
to glyceraldehydes (as in sugars), for which an 
absolute stereochemistry has been defined. On the 
basis of this designation, in the case of amino acids, 
l-amino acids are often dextrorotatory. Only 
l-amino acids are found in nature.

A molecule is said to be chiral if it exists as an 
enantiomer. Molecular targets such as receptors 
and enzymes often exhibit stereoselectivity or 
binding selectivity for one enantiomer over the 
other. The stereochemical requirements of bio-
logical activity have consequence for the radiola-
beled amino acids and sugars [11]. For example, 
only the radiolabeled l-amino acid and d-glucose 
analogs are biologically active. Further, it is 
important to recognize that radiolabeled drug 
molecules also exhibit stereoselective binding to 
neuroreceptors. For example, only the [11C]-(+)
McN-5652 binds to the serotonin transporter [30] 
and [11C]dexetimide binds to the muscarinic cho-
linergic receptor [31].

Development of [18F]-rhPSMA-7.3
The importance of stereospecificity on the in vivo 
behavior and target specificity of a radiotracer is 
best illustrated based on the design and develop-
ment of PSMA agent. To develop an ideal ther-
anostic small molecule PSMA inhibitor, [18F]

rhPSMA-7 was developed as a radio hybrid (rh) 
PSMA inhibitor since the molecule can be 
labeled with 18F as well as a radiometal (68Ga, 
177Lu, or 225Ac) [32, 33]. Subsequently, based on 
preclinical evaluation [18F]rhPSMA-7.3 was 
selected as the lead compound since it is a single 
diastereoisomer form of 18F-rhPSMA-7, which 
has been shown to have good diagnostic efficacy 
in patients with primary and recurrent prostate 
cancer [33].

[18F,natGa]rhPSMA-7 represents a mixture of 
four stereoisomers (Fig. 9.6), differing in the ste-
reoconfiguration of the diaminopropionic acid 
branching unit (D-Dap or L-Dap) and the glu-
tamic acid pendant arm at the DOTAGA-chelator 
(R-DOTA-GA or S-DOTA-GA). Four rhPSMA-7 
isomers are as follows:

[18F,natGa]rhPSMA-7.1 (D-Dap–R-DOTA-GA)
[18F,natGa]rhPSMA-7.2 (L-Dap–R-DOTA-GA)
[18F,natGa]rhPSMA-7.3 (D-Dap–S-DOTA-GA)
[18F,natGa]rhPSMA-7.4 (L-Dap–S-DOTA-GA)

Based on HPLC analysis, the investigators 
discovered that [18F,natGa]rhPSMA-7.3 was the 
predominant species. Biodistribution studies in 
tumor bearing mice indicated that [18F,natGa]
rhPSMA-7.3 has high tumor accumulation and 
low uptake in blood, liver, and kidneys. Therefore, 
it was selected as the preferred isomer and trans-
ferred into clinical studies [34].

Fig. 9.6 [18F,natGa]rhPSMA-7 small molecule PSMA inhibitor: It is a mixture of four stereoisomers
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9.2.4.4  Lipophilicity
Lipophilicity is the affinity of a molecule or 
moiety for a lipophilic environment. Molecular 
size, mass (weight), and hydrogen-bonding 
capacity also contribute to the overall lipophi-
licity of the molecule [35]. Lipophilicity is a 
fundamental physicochemical property of a 
compound and plays a pivotal role in the absorp-
tion, distribution, metabolism, and elimination 
of drug molecules. The most common experi-
mental lipophilicity measurement involves par-
titioning of a compound between an octanol and 
a buffer, where the log of the ratios of the com-
pound concentration in the octanol layer is 
divided by that in the buffer layer, often called 
the Log P. Lipophilicity is also expressed in sev-
eral different ways, including terms such as Log 
P, clog P, delta Log P, and Log D, depending on 
the method of estimation [36].

Very polar compounds, normally, exhibit high 
water solubility, fast clearance through the kid-
neys, and often contain ionizable functional 
groups that limit blood-brain barrier (BBB) pen-
etration. In general, only the neutral, lipophilic 
molecules can pass through the BBB and enter 
into the brain tissue. The brain penetration, and 
specific to nonspecific binding ratios, exhibited 
in vivo by radiotracers, involves a complex inter-
play between many critical factors, including 
lipophilicity, receptor affinity, metabolism, 
molecular size, and shape, etc. Based on an 
extensive literature search, Waterhouse recently 
noted that for most neutral radiotracers, the rela-
tionship between lipophilicity and molecular 
weight shows the expected parabolic relationship 
[36] (Fig. 9.7). The general criteria for adequate 
brain penetration and optimum target to nontar-
get ratios of high SA radiotracers are as follows:
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Fig. 9.7 Lipophilicity 
(log P) vs. brain uptake 
for simple low- mass 
radiolabeled compounds, 
such as [11C]ethanol and 
[11C] butanol. The 
results indicate that the 
brain uptake of these 
radiotracers does indeed 
correlate with 
lipophilicity and that the 
relationship is parabolic 
in nature. Also, the 
uptake is dependent on 
the blood flow [36]
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• Log P or Log D < 3.5
• Molecular weight <450 g mol−1

• An absence of functional groups that will 
strongly ionize at physiological pH

• No appreciable affinity for efflux pumps (such 
as PGP)

• No appreciable affinity for specific binding 
sites for high-capacity peripheral sites, includ-
ing albumin or other plasma proteins

• Not a substrate for enzymes at the BBB

9.2.4.5  Plasma Protein Binding
It is well documented that both, specific and non-
specific binding (NSB) of drugs can occur with 
plasma proteins, cell membranes, and other com-
ponents present in the blood [37]. NSB may be 
saturable when drugs are administered at high- 
enough mass and bioavailability may not be an 
issue. The NSB of radiotracers, however, may 
significantly reduce the bioavailability [37]. NSB 
to albumin and other plasma proteins is known to 
correlate positively and linearly with increasing 
lipophilicity [38]. Some radiotracers exhibit high 
NSB (>90%) and may enter the brain nearly as 
well as those that exhibit much lower plasma pro-
tein binding [35]. In addition, increasing lipophi-
licity has been correlated with increased lung 
deposition, liver and spleen uptake, and higher 
affinity to many metabolic enzymes such as cyto-
chrome P450. Such processes serve to decrease 
the percentage of the administered dose that may 
enter the brain and other target organs, and 
tissues.

9.2.4.6  Metabolism
In the design of a radiotracer for molecular imag-
ing, it is especially important that the label (radio-
nuclide) is ideally in a metabolically stable 
position. When a radiotracer is injected into a 
human subject, the signal from the radionuclide 
is detected, regardless of whether it is coming 
from the intact radiotracer or from a radiolabeled 
metabolic fragment. The fate of the radionuclide, 
as a result of metabolism, must be considered in 
selecting the position of the label in a molecule. 
Peripheral metabolism, especially in the blood, 
may dramatically decrease the delivery of the 
probe to the target site. Also, metabolism of the 

radiopharmaceutical at or near the target site may 
decrease the specific binding to the molecular tar-
get. In addition, the quantitative estimation of 
molecular target concentration based on kinetic 
modeling may get complicated if the metabolic 
products are also trapped at the target site. 
Whatever the case may be, it is essential that all 
the metabolic products and their relative concen-
trations are known so that a meaningful interpre-
tation of the imaging data can be made. Several 
examples will be discussed to emphasize the 
importance of metabolism in molecular imaging 
studies.

[18F]FDOPA Metabolism
In the presynaptic dopaminergic neuron, the 
amino acid tyrosine is converted to dihydroxy-
phenylalanine (l-DOPA). Subsequently, DOPA 
decarboxylase or aromatic amino acid decarbox-
ylase (AAAD) converts l-DOPA to dopamine. 
The position of the 11C or 18F label in the l-DOPA 
molecule clearly illustrates the importance of 
metabolism and its role in drug design (Fig. 9.8). 
A 11C label can be introduced in the carboxyl 
group (COOH) as in the case of [11C-carboxyl]l- 
DOPA.  Since AAAD eliminates the carboxyl 
group, the 11C label is quickly lost. However, if 
the β-carbon atom is labeled with 11C, as in the 
case of [β-11C]l-DOPA, the 11C activity is still 
retained with the dopamine molecule [39].

[18F]6-Fluoro-l-DOPA (FDOPA) was also 
developed as a tracer to examine the transport of 
dopamine precursor from plasma and its decarbox-
ylation by AAAD to fluorodopamine [40]. FDOPA, 
however, undergoes extensive metabolism in vivo 
[41] as shown in Fig. 9.9. FDOPA is decarboxyl-
ated by aromatic L-amino acid decarboxylase 
(AAAD) to produce [18F] Fluorodopamine (FDA). 
FDOPA can be O-methylated by catechol-O- meth-
yltransferase (COMT) to 3-O-methyl-6-[18F] flu-
oro-l-dopa (3-OMFDOPA), which is uniformly 
distributed throughout the brain. Fluorodopamine 
(FDA) can be oxidized by monoamine oxidase 
(MAO) to l-3,4-dihydroxy-6-[18F]fluorophenyl-
acetic acid ([18F]FDOPAC), which is subsequently 
O-methylated by COMT to 6-[18F] fluorohomova-
nillic acid ([18F]FHVA). AAAD and COMT are 
also present in peripheral tissues, such as liver, kid-
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Fig. 9.8 Radiolabeled analogs of l-DOPA: The position of 11C or 18F label is very important to prevent metabolic 
degradation and elimination in vivo

Fig. 9.9 In vivo metabolism of FDOPA
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neys, and lung. Both, the decarboxylation of the 
compound and the release of radiometabolites into 
the blood, however, can be reduced with carbidopa, 
a decarboxylase inhibitor.

While FDOPA has already demonstrated its 
value as a diagnostic probe in Parkinson’s disease 
and in neuroendocrine tumors, the metabolic profile 
of this probe, however, complicates the estimation 
of quantitative parameters by kinetic modeling.

Thymidine Metabolism
[11C]Thymidine was developed as a PET tracer to 
image tumors and measure proliferation rate. 
Analysis of thymidine PET images, however, is 
complicated by the fact that the tracer is rapidly 
metabolized (Fig. 9.10). As a result, much of the 
11C activity imaged in thymidine studies is in the 

form of labeled metabolites, which are no longer 
available to be incorporated into the DNA.

The large pools of thymidine phosphorylase 
(TP) present in the blood, liver and spleen rapidly 
degrade thymidine in  vivo. Thymidine can be 
degraded by TP to thymine and then be reduced 
to dihydrothymine (DHT), β-ureidoisobutyric 
acid (BUIB), and β-amino isobutyric acid 
(BAIB). For thymidine, labeled at the C-2 posi-
tion, degradation products beyond BUIB do not 
contain the label, which leaves the pathway as 
[11C]CO2. Degradation takes place rapidly in the 
liver and blood, and labeled metabolites appear in 
significant quantities in the blood within minutes 
after injection [42].

Thymidine can be labeled with 11C in the 
methyl (11CH3) or in the C-2 (11CO) position of 

Fig. 9.10 In vivo metabolism of [11C]thymidine: 
Labeling C-2 in the carbonyl group will result in the elim-
ination of 11C activity as CO2. Labeling the methyl group 

with 11C provides relatively more stable tracer for imaging 
DNA synthesis
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the pyrimidine ring. The former gives rise to 
acidic metabolites, which can accumulate in cells 
in a number of pathways and limit the ability to 
develop a comprehensive, validated kinetic 
model to measure the DNA synthesis using 
methyl-labeled thymidine. On other hand, the 
C-2 label is lost as [11C]CO2, which rapidly enters 
the large bicarbonate pool in the body.

To overcome the practical limitations of [11C]
thymidine imaging, metabolically stable 
18F-labeled thymidine analogs, FLT and FMAU 
(Fig.  9.4) have been developed [21, 43]. FLT 
does not generate significant metabolites during 
the imaging procedure as does [11C]thymidine. 
FLT is not a substrate for TP, the enzyme that 
breaks the bond between the pyrimidine and 
deoxyribose. However, FLT is glucuronidated in 
the liver and then delivered to the blood. FLT- 
glucuronide is restricted to the vascular space and 
is cleared by the kidneys.

Metabolism of WAY-100,635
WAY-100,635 is a 5HT1A receptor antagonist 
(Fig. 9.11). Initially, the 11C label was introduced 
in the methoxy group (OCH3). Subsequently, 11C 
was introduced in the carbonyl (CO) position to 
reduce the contribution of labeled metabolites 
[44]. The molecule was finally modified resulting 
in a 18F-labeled analog with improved metabolic 
stability and greater potential for commercial 
distribution.

A key step in the development of a new molec-
ular imaging agent is to characterize its binding 
specificity in vivo by imaging studies. It is impor-
tant to compare the biodistribution and pharma-
cokinetics of radiotracer with and without a 
pharmacological dose of the radiolabeled com-
pound to assess the specificity and saturation 
ability. In order to address the significance of the 
metabolism on a specific binding at the target 
site, radiotracer should be labeled at different 
positions in the molecule and then the in vivo dis-
tribution and kinetics of these analogs should be 
compared.

9.2.4.7  Specific Activity
As previously discussed, SA (Ci/μmole−1) of the 
RMIP is very important for molecular imaging 

studies based on PET and SPECT since it is a 
measure of the number of probe molecules that 
can give a radioactive signal in a given mass of 
RMIP.  The SA needed for a given radiotracer 
depends on the concentration of the target mol-
ecules (receptors, enzymes of antigens) present 
in a given cell or tissue (Table 9.7). Typically, 
the concentration of high-affinity molecular tar-
gets is between 10−12–10−9 moles L−1. For neu-
roreceptor and gene imaging studies very high 
SA (2–10 Ci μmole−1) is absolutely necessary. 
For enzyme-mediated molecular imaging stud-
ies, 100–1000 times lower SA may be adequate. 
For animal (rodent) studies, based on MicroPET 
and MicroSPECT, it is important to recognize 
that the SA requirements may be even higher 
than what is needed for clinical studies [45]. 
The relative size of the brain in different species 
(humans, rats, and mice) and dopamine receptor 
levels in striatum are compared in Table  9.7. 
With the typical dose of [11C]raclopride 
(SA = 1.0 Ci μmol−1) injected for imaging stud-
ies, the receptor occupancy in mice is almost 
70% compared to relatively insignificant levels 
of occupancy in humans (Table  9.8). These 
results suggest that for MicroPET imaging stud-
ies, the SA of radiotracers must be at least ten 
times more than what is needed for human 
studies.

9.2.4.8  Radiopharmaceutical: 
Mechanism of Localization

Radiotracers can be generally classified based on 
their ability to image a specific biochemical pro-
cess or based on their unique mechanism of 
localization in a specific organ/tissue of interest 
(Table 9.2). The localization of RMIP in a spe-
cific target organ or tissue of interest depends on 
three important phenomena:

• Rapid blood clearance and transport of radio-
tracer to the target organ or tissue of interest.

• Transport of radiotracer from capillaries into 
the extracellular fluid and subsequent trans-
port into the cells through the cell membrane. 
Transport processes such as simple diffusion, 
facilitated diffusion, active transport, and 
receptor-mediated endocytosis (Chap. 7, Sect. 
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Fig. 9.11 Radiolabeled WAY-100,635, a 5HT1A receptor 
antagonist: 11C in the carbonyl position (2) provides a 
more stable radiotracer when compared to 11C labeling in 

the methoxy group (1). The 18F-labeled analog provides 
even greater in vivo stability and is the preferred radio-
tracer (3)

9.2 Radiopharmaceuticals for Molecular Imaging (RP-MI)
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7.7) play a very important role in the localiza-
tion of the radiotracer at the target site.

• Localization at the target site and intracellular 
trapping may be due to any one of these fol-
lowing biochemical processes:

 – Specific binding to receptors on the cell 
membrane or within the cell

 – Internalization of radiotracer-receptor 
complex

 – Specific binding to the extracellular or 
intracellular antigens

 – Specific enzyme-mediated intracellular 
metabolism, followed by trapping of 
metabolites

 – Incorporation into the biochemical synthe-
sis of intracellular proteins or DNA

9.2.5  General Methods 
of Radiolabeling

Depending on the type of radioisotope chosen 
and the method used to radiolabel, three different 
strategies can be employed to synthesize radio-
pharmaceuticals as shown below:

 1. Isotope exchange: Radiopharmaceutical can 
be prepared by direct exchange (isotopic sub-
stitution) of one or more stable atoms of an 
element in a molecule with one or more 
nuclides of a radioisotope of the same ele-
ment. The radiolabeled molecule and the 
unlabeled molecule are chemically identical 
and behave in vivo in a similar manner. This 
method of radiolabeling is generally used to 
prepare radioiodinated radiopharmaceuticals 
in which the stable 127I atom is replaced with a 
123I or 124I atom (Chap. 10). Also, in the prepa-
ration of 11C compounds, the stable 12C atom 
is replaced with a 11C radionuclide but, the 
preparation of 11C compounds may involve 
multistep alkylation reactions (Chap. 11).

 2. Introduction of a foreign element: Radiotracers 
can be prepared by the introduction of a for-
eign element or radionuclide in a parent 
MIP.  Most of the radiopharmaceuticals are 
prepared based on this method. The radiola-
beled compound and the unlabeled molecule 
are not chemically identical and may have dif-
ferent in vivo behavior. For example, prepara-
tion of [18F]FDG (Fig.  9.1) involves the 
introduction of an 18F atom in the deoxyglu-
cose (DG) molecule. Also, in the preparation 
of radioiodinated peptides and hormones, 123I 
or 124I is added to the parent molecule that 
does not contain a natural stable iodine atom.

 3. Metal chelation: This method also introduces 
a foreign element, (radiometal such as 99mTc, 
64Cu, 68Ga, and 111In) into an organic com-
pound, known as bifunctional chelating agent 
(BFC). One or more atoms (such as O, N, and 
S) in the BFC donate a pair of electrons to the 
foreign metal atom to form coordinate cova-

Table 9.7 Specific activity requirements for molecular 
imaging probes

Imaging study based on

SA (Ci μmole−1) of 
radiotracer for
PET SPECT

Enzyme-mediated cellular 
trapping

0.01–0.1 0.1–
0.5

Antigen-antibody binding 0.1–1.0 1–5
Neuroreceptor binding 2–10 2–10
Gene expression 2–10 >10

Table 9.8 Brain dopamine D2 receptor occupancy of [11C]Raclopride in different speciesa

Species Body wt. (g)
Brain  
wt. (g)

Stratum  
wt. (g)

D2/D3 
receptor mol 
kg−1 Dose(mCi)

[11C]Raclopride 
(mCi μmol−1) Occupancy(%)

Humans 70,000 1500 40 13.6 10–15 1000 <1.0
Rats 250 1.5 0.05 19.8 1.0 1000 19.0
Mice 25 0.4 0.03 20.0 1.0 1000 70.0

aThe above table was modified from reference [45]
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lent bonds (Chap. 11). As a result, the chemi-
cal and biological properties of the 
radiometalchelate complex are different than 
that of the chelating agent. Two important 
radiopharmaceuticals prepared based on metal 
chelation are 68Ga-PSMA-11 and 68Ga- 
PSMA- 617 using either acyclic chelator 
DTPA-HBED-CC or cyclic chelator 
DOTA.  The chemical structures of 
68Ga-PSMA-HBED-CC (also known as 
PSMA-11), and 68Ga-PSMA-617 are shown 
in the Fig. 9.12. Both the labeled and  unlabeled 
molecules have affinity to prostate specific 
membrane antigen (PSMA).

 4. Certain peptides and macromolecules such as 
monoclonal antibodies can be labeled with 
radiometals based on the metal chelation 
method, as described above. This technique, 
however, requires conjugation of a bifunc-
tional chelate (BFC) to the peptide or protein 
first and then subsequent chelation of the 

radiometal by the BFC molecule. The radio-
metal is not directly incorporated into the pep-
tide or protein molecule.

9.2.5.1  Important Factors 
of Radiolabeling

In developing an appropriate radiolabeling tech-
nique, suitable for a specific RMIP, several 
important factors need to be considered in order 
to optimize the synthesis procedure.

Efficiency of Radiolabeling During the synthe-
sis of RMIP, the percent of radioactivity incorpo-
rated in the desired chemical form of RMIP 
compared to the total radioactivity in the reaction 
mixture is given by the labeling yield or labeling 
efficiency (LE), which may be expressed as a 
percent at the end of the synthesis (%LE @EOS) 
or at the end of bombardment (% LE @EOB), as 
in the case of cyclotron-produced PET radiophar-
maceuticals. It is always desirable to have very 
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HBED-CC, while 
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68Ga-PSMA-617 is 
based on cyclic chelator 
DOTA
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high labeling LE, but sometimes 2–5% LE is 
acceptable, provided the radiolabeled product is 
pure and acceptable for human studies.

Purification of the Final Product Most radio-
pharmaceutical preparations require a purifica-
tion step to separate or isolate the desired RMIP 
from the unlabeled radiochemical contaminants 
and/or undesirable chemical species present in 
the reaction mixture. High-pressure liquid 
 chromatography (HPLC) is one of the most com-
mon techniques used to obtain the purified 
RMIP. A number of solid-phase purification tech-
niques, using mini cartridges based on alumina 
and ion exchange resins, are becoming increas-
ingly popular. The radiochemical purity (RCP) 
of the final RMIP must be very high (>95%) for 
human studies, while the contamination of the 
final RMIP formulation with the undesirable 
radiochemical impurities must be very low (<5–
10%). For every radiopharmaceutical, an accept-
able quality control criterion, especially regarding 
the purity of the final radiolabeled drug product, 
must be carefully established.

Radiolysis Radiolabeled compounds may be 
degraded or decomposed by the high-energy 
radiations involving both γ photons and electrons 
(both β− and β+). When radiations from a radio-
nuclide in a radiotracer molecule break the chem-
ical bonds, within the same molecule, then such a 
process is known as autoradiolysis. The high- 
energy radiation may generate free radicals in 
water, such as hydrogen peroxide and perhy-
droxyl free radicals, which in turn may damage 
the radiotracer molecules. Radiolysis is very 
much dependent on the concentration of the final 
radiolabeled drug product formulation (activity/
mL); the higher the concentration, the greater the 
radiolysis effect. Peptides and protein molecules 
may be more susceptible for radiation damage 
than small organic molecules.

Stability of the Radiopharmaceutical The 
in vitro chemical stability of radiotracer is very 
important for optimal shelf life. In addition, the 
in vivo stability is critical for optimal targeting of 

the imaging probe. Radiopharmaceuticals pre-
pared, based on metal chelation, may be unstable 
in  vivo because of the presence of competing 
metallic ions and binding agents.

9.2.6  Automated Synthesis 
Modules

Computer-controlled automation of the synthesis 
of PET radiopharmaceuticals is desirable for rou-
tine commercial production and to reduce the 
radiation exposure to the personnel involved in 
the production of these PET drugs. A number of 
automated synthesis modules (ASM) for routine 
production of radiolabeled precursors (such as 
11CH3I) or FDA-approved PET radiopharmaceu-
ticals ready for clinical studies are commercially 
available (Fig.  9.13). The main purpose of the 
ASMs is to:

• Reduce exposure to high levels of harmful 
radiation

• Reduce the need for manual steps to acceler-
ate the overall radiolabeling synthesis 
procedure

• Use the time of personnel efficiently and mini-
mize operator errors due to the operator

• Obtain better reproducibility of RMIP synthe-
sis from batch-to-batch

• Facilitate compliance with FDA regulations 
regarding GMP

ASMs are based on the principle of unit oper-
ations, in which a complex synthetic procedure is 
reduced to a series of simple operations (or reac-
tions), such as evaporation, fluorination, chroma-
tography, hydrolysis, purification, and 
sterilization. These operations are controlled by 
PCs with software programs that are user friendly 
and flexible enough to change various reactions 
conditions. For the development of 11C PET 
radiopharmaceuticals, ASMs capable of generat-
ing [11C]Methyl iodide or triflate are critical for 
the reliable synthesis of radiotracers.

Some of these ASMs, such as the TracerLab 
FX are based on the use of sterile disposable kits 
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GE FSSTLab 2 Neptis Perform

Trasis, All-in-OneSvnthera+

Neptis XSpeed

itm-IQS Theranostic Synthesizer

Fig. 9.13 Automated synthesis modules for the produc-
tion of PET radiopharmaceuticals. FASTlab HPLC+ for 
efficient HPLC purification and reformulation in one sys-
tem with increased flexibility and efficiency of R&D 
tracer production for 18F and 68Ga radiopharmaceuticals, 
Neptis® perform an innovative synthesizer for the auto-
mated production of the largest range of [18F] fluoride- 
based radiotracers via nucleophilic synthesis. Neptis® 

xSeed™ is a multi-run synthesizer designed specifically 
for research and development. Synthera®+, the most com-
pact radiosynthesis module. Trasis-All-in-One PET tracer 
synthesizer, the cutting-edge solution for tracer produc-
tion and development for 18F, 11C, and radio- metals. ITM-
iQS-Theranostics Synthesizer for various radiometals for 
PET and therapy

with ready-to-use reagent vials for each batch pro-
duction. At this time, several commercial ASMs 
are used routinely for the synthesis of 18F-labeled 
radio-chemically pure, sterile, and pyrogen-free 
FDA-approved radiopharmaceuticals used in clin-
ical studies. Several ASMs for the manufacture of 
radiolabeled metal complexes are also in routine 
use in many commercial manufacturing facilities.
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10Radiohalogens for Molecular 
Imaging (Fluorine and Iodine)

10.1  Fluorine-18 
Radiopharmaceuticals 
for Molecular Imaging

F-18 as a radionuclide for medical imaging was 
first reported in 1962 to image skeletal metastases 
using 18F as sodium fluoride ([18F]NaF) [1]. In the 
early 1970s, the anti-cancer drug 5- fluorouracil 
was labeled with 18F to study the biodistribution 
and pharmacokinetics [2]. The first synthesis of 
[18F]fluoro-2-deoxy-d-glucose (FDG) was devel-
oped at the Brookhaven National Laboratories 
(BNL) in Long Island, New York, by Dr. Alfred 
Wolf, and his colleagues to study the cerebral glu-
cose metabolism based on positron emission 
tomography (PET) [3]. The first [18F]FDG scans 
were obtained at the University of Pennsylvania in 
1979 with [18F]FDG that was synthesized at BNL 
[4]. The 1986 landmark paper by Dr. Hamacher 
and colleagues (at the Institut fur Nuklearchemie, 
Julich GmbH, FRG) published  in the Journal of 
Nuclear Medicine, represents a major milestone in 
the present use of [18F]FDG in clinical nuclear 
medicine worldwide [5]. More specifically,  they 
developed an efficient stereospecific synthesis of 
No-Carrier-Added FDG using aminopolyether-
supported nucleophilic substitution.

In 1994, FDG-PET was approved by the Food 
and Drug Administration (FDA) for the measure-

ment of regional glucose metabolism in the 
human brain to assist in the diagnosis of seizures. 
The fact that cancer cells exhibit an increased rate 
of glycolysis has been known since the 1920s, and 
FDG-PET is able to assess a fundamental altera-
tion in the cellular metabolism of glucose that is 
common to all neoplasms. Increased cellular glu-
cose uptake is one of the key alterations associ-
ated with the high glycolytic rate of cancer cells. 
In March 2000, the FDA approved the use of [18F]
FDG to assist in the evaluation of malignancy in 
patients with known or suspected abnormalities 
found by other testing methods or in patients with 
an existing diagnosis of cancer.

FDG-PET revolutionized the clinical manage-
ment of patients in oncology and promoted the 
advancement of molecular imaging based on 
radiopharmaceuticals labeled with a number of 
positron-emitting radionuclides. Around the 
world, >1200 cyclotron facilities routinely manu-
facture 18F-labeled radiotracers. In the last four 
decades, 18F radionuclide has been the most pop-
ular radionuclide for developing PET radiophar-
maceuticals. As of January 2022, there are 17 
FDA-approved PET radiopharmaceuticals out of 
which 10 are based on 18F radionuclide 
(Table 10.1). In addition, hundreds of 18F-labeled 
radiotracers are under preclinical or clinical 
investigation. Several recent publications have 

If your experiment needs statistics, you ought to have done a better experiment.

Ernest Rutherford
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Table 10.1 18F-labeled PET radiopharmaceuticals approved by FDA

Radiopharmaceutical Trade name Target Indication FDA approval
[18F]
fluorodeoxyglucose

Hexokinase Oncology, cardiology, and 
neurology

2000

[18F]fluoride Hydroxyapatite 2000
[18F]florbetapir Amvid™ β-amyloid Alzheimer’s disease (AD) 

and other causes of cognitive 
decline

2012
[18F]flutemetamol Vizamyl™ 2013
[18F]florbetaben Neuroceq™ 2014
[18F]fluciclovine AuxuminTM Amino acid transporters 2016
[18F]fluorodopa Aromatic amino acid 

decarboxylase
Parkinsonian syndromes (PS) 2019

[18F]fluoroestradiol Cerianna™ Estrogen receptors Recurrent or metastatic breast 
cancer

2020

[18F]flortaucipir Tauvid™ Aggregated tau 
neurofibrillary tangles 
(NFTs)

Cognitive impairment, 
evaluated for AD

2020

[18F]piflufolastat Pylarify® Prostate specific 
membrane antigen 
(PSMA)

Prostate cancer recurrence 
and metastases

2021

Table 10.2 Physical properties of hydrogen and halogens

Element
Physical property H F Br I
Atomic number 1 9 35 53
Atomic radius (pm) 31 71 120 139
Ionic radius (pm) 154 136 196 216
Electron structure 1s1 [He]

2s2

2p5

[Ar]
3d10

4s2

4p5

[Kr]
4d10

5s2

5p5

Electronegativity 2.20 3.98 2.96 2.66
Oxidation state −1, +1 −1 −1, +1, +3, +5 −1, +1, +5, +7
First ionization potential (ev) 13.12 17.42 11.84 10.44

extensively discussed 18F production, radiochem-
istry, labeling challenges, and potential clinical 
applications [6–9].

10.1.1  Halogens

The family of Group 7A elements in the periodic 
table fluorine, chlorine, bromine, iodine, and 
astatine, known as halogens, are nonmetals, and 
generally not found in nature as free elements. 
Instead, they are found as halide ions (X−) in 
various minerals and seawater. Radioisotopes of 
chlorine and astatine are not useful for imaging 
and are not discussed further in this chapter. 
Some of the important physical properties of 

fluorine, bromine, and iodine are compared to 
those of hydrogen in Table 10.2. Stable isotopes 
of halogens and the corresponding radionuclides 
of halogens useful for developing molecular 
imaging agents are listed in Table 10.3.

All halogens are characterized by the presence 
of 5 p electrons and 2 s electrons in the outermost 
valence shell (np5, ns2). The electronegativity val-
ues reveal that among halogens, fluorine has the 
greatest attraction for electrons and iodine has 
the least. This means that a F− ion is more stable 
than an I− ion. Since fluorine is the most electro-
negative element, it has only one oxidation state 
(−1). In contrast, bromine and iodine may attain 
positive oxidation states when interacting with 
the more electronegative element—oxygen. The 
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Table 10.3 Stable isotopes and radioisotopes of halogens

Stable isotopes Radioactive isotopes

Halogen Nuclide % Nuclide T½ Decay %
Energy of β+ particle (MeV)
Emax (MeV) Emean (MeV)

Fluorine 19F 100 18F 109.77 min β+ 96.73 0.6335 0.2498

EC 3
Bromine 79Br 50.69 75Br 96.73 min β+ 75 2.040 0.732

81Br 49.31 EC 24
76Br 16.2 hours β+ 55 3.941 1.180

EC 43
Iodine 127I 100 123I 13.2 hours EC 100

γ 84 0.159 γ
124I 4.176 days β+ 25 2.137 0.820

EC, γ 75 0.602, 0.722, 1.69 γ
131I 8.025 days β−, γ 87 0.6 MeV β− 0.189

82 0.364 γ

higher ionization potentials of halogens suggest 
that it is difficult to remove an electron from hal-
ogen atoms. Also, among halogens, fluorine is 
the most powerful oxidizing agent, while iodine 
is the most powerful reducing agent.

The chemistry of bromine and iodine, how-
ever, is, in many aspects more similar compared 
to the chemistry of fluorine. In general, halogens 
can react as electrophiles, electron-deficient posi-
tively charged species; or nucleophiles, electron- 
rich negatively charged species. Electrophiles 
(X+) seek electron-rich reactants, such as carbon 
atoms with high local electron densities, while 
nucleophiles (X−) seek electron-deficient reac-
tants. Since the radioisotopes of bromine are not 
used clinically, only  the radiochemistry of fluo-
rine and iodine will be discussed in this chapter.

10.2  Chemistry of 18F-Labeled 
Radiopharmaceuticals

10.2.1  Production of Fluorine-18

The production of 18F radionuclide was first reported 
in 1937 based on the nuclear reaction 20Ne(d,α)18F, 
developed at the Radiation Laboratory of the 
University of California [10]. Several nuclear reac-
tions are reported for the production of 18F radionu-
clide using the cyclotron. 18F is produced with a 
cyclotron primarily based on the nuclear reaction 

18O(p,n)18F by proton (1H) irradiation of 18O, a sta-
ble naturally occurring isotope of oxygen. When the 
target is liquid H2

18O, an aqueous solution of 
18F-fluoride ion (used for nucleophilic reactions) is 
obtained; when the target is 18O2 gas, [18F]F2 gas 
(used for electrophilic reactions) is obtained. [18F]F2 
is also prepared from deuteron-irradiation of neon 
gas based on nuclear reaction, 20Ne(d,α)18F.  The 
production method used is dependent on the desired 
subsequent chemical reactions [8, 11].

The most common method for the production 
of 18F as no carrier added (nca) nucleophilic fluo-
ride ion (18F−) is based on the use of water tar-
get. Several curies (~370 GBq) of 18F can easily 
be made in 1–2 h using 10–19 MeV protons using 
20–35 μA. Recently, cyclotron targets have been 
developed to produce >10 Ci of 18F as fluoride. 
While the theoretical SA of 18F is 1700 Ci/μmol, 
the NCA) 18F produced is generally <10 Ci/μmol 
(~100 GB/ μmol).

The most common nuclear reaction to pro-
duce 18F as electrophilic fluorine gas ([18F]F2) is 
based on the reaction 20Ne(d,α)18F.  Following 
bombardment for 1–2 h, with 8–9 MeV deuter-
ons, <1.0  Ci (37  GBq) of [18F]F2 is generated 
with very low SA (10–20 mCi/μmole−1). A “dou-
ble shoot” method was developed to produce 
[18F] fluorine gas based on the reaction 18O(p,n)18F 
using [18O]O2 gas. Electrophilic [18F]F2 has much 
lower specific activity (100–600  MBq/μmol) 
because fluorine-19 gas (0.1–0.3%) must be 
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added as a carrier to extract the [18F]F2 from the 
target. The SA becomes crucial when preparing 
radiotracers for low-capacity systems such as 
ligand-receptor binding. The addition of a carrier, 
stable fluorine gas ([19F]F2) leads to increased 
mass of the final radiotracer, which may result in 
receptor saturation and reduction of PET signal 
from specific binding. High mass may also cause 
pharmacological effects. The high yield from 
cyclotron production along with higher SA that is 
crucial for PET imaging of receptor-ligand inter-
action dictates that most of the fluorine-18 reac-
tions in nuclear medicine use nucleophilic 
18F-fluoride. However, it is important to under-
stand that fluorination chemistry with [18F]F2 gas 
is less cumbersomes compared to the nucleo-
philic reaction with [18F]fluoride ions.

10.2.1.1  [18F]Fluoride Production 
Using [18O]H2O Target

Several important considerations are as follows:

• The cross section for the 18O(p,n)18F nuclear 
reaction is 2.3–18.0 MeV and peaks at 6 MeV 
protons. The broad cross section for this reac-
tion permits the production of large quantities 
of 18F using medium-energy cyclotron (16–
20 MeV protons). A major advantage of this 
route of production is that there are no com-
peting nuclear reactions yielding radionuclide 
impurities while using higher-energy protons.

• Isotopically enriched (~98%) water [18O]H2O) 
is used as recommended target material to 
produce [18F]fluoride. 13N will be produced 
based on 16O(p,α)13N nuclear reaction.

• Higher beam currents increase production 
yields. Typical beam currents are 20–40 μA 
but, commercial cyclotrons up to 300  μA 
beam current are available in the market for 
routine production of 18F.  For example, IBA 
Kiube or Advanced cyclotron with 18 or 
20 MeV proton at 300 μAs beam current can 
produce 1110 GBq (30 Ci) of [18F]fluoride [8].

• Metallic target body (0.5–4.0  mL volume) 
used should be inert, withstand high tempera-
tures, and must have high thermal conductiv-
ity to enable heat transfer during proton 

bombardment. The target metal should not 
react with the [18F]fluoride ions and not reduce 
the chemical reactivity of the fluoride ion. 
While silver, aluminum, nickel, titanium, nio-
bium, and tantalum metals are used for target 
body, niobium and tantalum targets are find-
ing increasing usage by cyclotron 
manufacturers.

• The most commonly used materials to make 
target foils are havar, aluminum, niobium, and 
titanium. Havar is a cobalt-based alloy con-
taining several metals (such as Co, Cr, Ni, Mn, 
and Fe), which can produce long-lived radio-
isotopes (such as 56Co, 57Co, 58Co, 51Cr, and 
54Mn). The amount of these impurities pro-
duced depends on the material used for target 
foil and the proton dose (μAh). Higher beam 
currents may produce higher levels of impuri-
ties [12].

• The materials used for [18F]fluoride transfer 
lines (Tefzel, PEEK, and PP) must be resistant 
to high pressure up to 3000 psi (210 bar), flex-
ible robust, and should not decrease the spe-
cific activity of [18F]fluoride ion.

10.2.1.2  18F-Labeled Precursors
In addition, to the two primary 18F precursors 
([18F]fluoride and [18F]F2 gas), several secondary 
precursors have been developed to radiolabel a 
number of organic molecules. Figure 10.1 shows 
examples of secondary precursors. Fluoride ion 
has to be activated (discussed below) prior to 
fluorination reactions. Metal fluorides (such as 
K18F, Cs18F) and tetra-n-butyl ammonium fluo-
ride (nBu4N18F) are the most widely used 18F pre-

18F

18F–

18F2

K[18F2], Cs[18F]

[18F]Fluorobenzyliodide

[18F]FCH2Br

[18F]FCH2CH2CH2Br

[18F]nBu4NF

[18F]CH3COOF

Fig. 10.1 18F primary and secondary precursors used in 
nucleophilic and electrophilic fluorination reactions
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Table 10.4 Physicochemical properties of carbon-fluorine bond

Element Electro negativity
Bond length CH2X, 
Å

Van der Walls radius 
(Å) Bond energy (kcal mol−1)

H 2.1 1.09 1.20 98
F 4.0 1.39 1.35 112
O (OH) 3.5 1.43 1.40 85

cursors in nucleophilic fluorination reactions 
[13], while [18F]CH3COOF (acetyl hypofluorite) 
is the most common precursor in the electrophilic 
reactions.

10.2.2  F-18 Radiochemistry

For the development of PET radiopharmaceuti-
cals, 18F appears to be an ideal radionuclide due 
to the several reasons summarized below: Some 
of these are related to the inherent nature of the 
element fluorine (Table 10.4), some are related to 
the radionuclide 18F (Table 10.3) and its versatile 
chemistry, and others are related to the imaging 
instrumentation.

• F-18 decays predominantly by positron emis-
sion (97%) and the rest by electron capture 
(3%), making it one of the best PET radionu-
clides with high abundance (196%) of 511 keV 
photons.

• Can be produced in high specific activity (20–
50 Ci/μmol).

• Can be produced in large amounts (>10 Ci) in 
a cyclotron.

• Low positron energy (Emax  =  0.635  MeV) 
with a short range in tissue (RMax = 2.4 mm) 
and provides high resolution images.

• Fluorine is a favorable element for drug devel-
opment due to its physical properties such as 
high electronegativity, small van der Waals 
radius (1.37 Å), and ability to form a strong 
bond with carbon; Fluorine is the most elec-
tronegative of all elements and can react with 
many organic and inorganic chemicals.

• The C-F energy bond is 112  kcal/mol com-
pared to C-H bond energy of 98 kcal/mol. It is 
more thermally stable and oxidation resistant 
and, hence, yields highly stable products. This 
property is especially useful because the 

radiopharmaceuticals produced with 18F are 
highly stable despite the deposition of a sig-
nificant amount of radiation energy due to the 
decaying 18F; it can react as an electrophile or 
a nucleophile chemical species.

• Relatively high labeling yields (20–70%) in 
the synthesis of 18F-PET tracers.

• Acceptable radiation dosimetry for multiple 
studies in a patient.

• The physical T½ (110  min) allows for the 
transport from the production site to the PET 
centers.

The fluorine atom is only slightly smaller than 
a hydrogen atom (Table 10.2). The replacement 
of a hydrogen atom or hydroxyl group by a fluo-
rine atom is a strategy, widely used in drug devel-
opment, to alter the biological function. The 
introduction of a fluorine atom as a substitute to a 
hydrogen atom or a hydroxyl group (F for H or 
OH) in a drug or metabolic substrate, however, 
does not cause any steric changes (Table  10.3) 
but, may induce changes in the in vivo behavior 
of the fluorinated molecule [14]. For example, as 
a substituent, fluorine can alter the metabolic 
properties of the parent molecule and prolong 
drug action by preventing hydroxylation. Also, 
the higher electronegativity of the fluorine atom 
may alter the lipophilicity of the compound. A 
large number of pharmaceuticals contain fluorine 
atom and in the last few decades, hundreds of 
18F-labeled radiotracers have been developed.

The design and synthesis of 18F-labeled radio-
pharmaceuticals of clinical interest (have been 
extensively reviewed previously in several publica-
tions [15–19]. Many different approaches have been 
used to produce 18F-labeled  radiopharmaceuticals 
and new developments on fluorination chemistry are 
constantly published. This chapter describes general 
considerations with respect to the synthesis of FDA-
approved radiopharmaceuticals.
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10.2.3  Fluorination Reactions

Three important strategies are used for the attach-
ment of 18F atom to the molecule of interest.

• Creation of a C-F bond through nucleophilic 
fluorination reactions using [18F]fluoride ion.

• Creation of a C-F bond through electrophilic 
fluorination reactions using [18F]F2 gas. 
Reaction of [18F]F+ electrophilic fluorination.

• Creation of a C-C bond starting from a [18F]
Fluorinated synthon.

10.2.3.1  Nucleophilic Fluorination 
Reactions

Although fluoride ion is a strong nucleophile, in 
aqueous solution it forms hydrogen bonds with 
the surrounding water molecules and becomes 
unreactive for nucleophilic substitution. The [18F]
fluoride ion is first extracted from target water 
and then activated.

Metal target impurities need to be removed as 
well as water, often by SPE purification, followed 
by azeotropic evaporation (acetonitrile/water) in 
the presence of cationic counterion. The first step 
is to trap the [18F]fluoride ion in target water 
using an anionic exchange cartridge such as qua-
ternary ammonium chloride polymer (QMA). 
The target water with metal impurities is col-
lected separately and the [18F]fluoride ion is 
recovered from the QMA with K222/tetrabutyl 
ammonium (TBA) carbonate solution. The solu-
bility and nucleophilicity of fluoride ion in 
organic solvents is enhanced by the addition of a 
phase transfer catalyst (PTC) (such that the 
cryptand Kryptofix222 complexes potassium) or 
by the addition of bulky tetrabutylammonium 
cation. Radiofluorinations are typically con-
ducted in the presence of poorly nucleophilic 
bases (typically carbonate or bicarbonate ions). 
The fluoride ion is dried by the removal of water, 
assisted by azeotropic distillation of water using 
acetonitrile.

Sometimes, the [18F]fluoride ion is first 
converted to another reactive species, such as 
alkyl halides (Fig. 10.1) ([18F]fluorobromoeth-
ane, [18F]fluorobromopropane) and benzylic 
halides [13].

The most successful approach to preparing 
high SA 18F radiotracers is based on nucleophilic 
fluorination reactions. Synthesis of 18F radiophar-
maceuticals using fluoride ion utilizes two general 
categories or types of chemical reactions [13]; (1) 
aliphatic nucleophilic substitution, also known as 
substitution nucleophilic bimolecular (SN2) and 
(2) aromatic nucleophilic substitution (SNAr).

Nucleophilic Aliphatic Substitution
Aliphatic nucleophilic fluorination involves the 
SN2 substitution of [18F]fluoride into precursors 
that contain a leaving group (LG). The fluoride 
ion attacks and binds to the carbon atom of the 
substrate at 180° opposite to a leaving group 
(Fig. 10.2) which is a weak base such as iodide, 
bromide, triflate, tosylate, nosylate, mesylate, 
etc. Choosing the best leaving group is a critical 
step of the radiosynthetic design and should take 
into consideration the reactivity of the leaving 
group and the stability of the precursor to basic 
conditions of the fluorination reaction. Also, 
competing sites of nucleophilic attack (such as 
acid, alcohol, or amine groups) in the molecule 
of interest need to be protected when precursors 
are developed, as shown in Fig. 10.3. Typically, 
these reactions are performed in polar aprotic 
solvents, often in acetonitrile, DMF, or 
DMSO. Overall, aliphatic nucleophilic substitu-
tion with [18F]fluoride remains a method of 
choice and well established for the majority of 
routine 18F radiotracer productions (such as [18F]
FDG, [18F]FCH, [18F]Florbetaben, and [18F]FLT) 
and is employed in most commercially available 
synthesis platforms.

Nucleophilic Aromatic Substitution
SNAr nucleophilic reactions were designed to 
incorporate 18F atom directly into the aromatic 
ring as well as into prosthetic groups contain-
ing the  aromatic ring of a molecule. In these 
 reactions, the leaving group is activated by the 
electron- withdrawing groups ortho and or para 
to the leaving group (Fig. 10.2), such as halide, 
NO2, and R3N+. A wide range of precursors 
(Fig. 10.3), leaving groups, and reaction condi-
tions can be utilized for 18F-fluoride nucleo-
philic substitution (Fig.  10.2). Dipolar aprotic 
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1. Aliphatic Nucleophilic Substitution (SN2)

2. Aromatic Nucleophilic Substitution (SNAr)

3. Electrophilic fluorination

C

A A

C +

+

C

Y = Leaving group such as halide. triflate. tosylate. etc

Y

Y = Leaving group such as halide. NO2, R3N

Y Y+

Y–

Y–

F+

F–

F– F

F

F

F

Y = Leaving group such as H, SnR3, HgR, SiR3

A = Electron withdrawing group such as CHO, COR, COOR, CN, NO2

A = Electrondonating group such as OH, OCH3, NH2, SR

A A ++

+

+ Y Y

Fig. 10.2 Nucleophilic and electrophilic fluorination reactions

solvents such as dimethyl sulfoxide (DMSO), 
N, N-dimethylformamide (DMF), dimethyl-
acetamide, and CH3CN are preferred solvents. 
It is important to optimize the fluorination reac-
tion for a particular tracer by selecting the right 
solvent, temperature, counterion, and concen-
tration. For SNAr reactions, it is necessary that 
the aromatic ring must be electron deficient in 
order to achieve fluorination. Heteroarenes con-
taining a nitrogen atom are more electron defi-
cient than the corresponding aromatic 
hydrocarbon and, thus, are amenable to direct 
substitution for 18F-fluoride without an addi-
tional activating group [11]. [18F]Flutemetamol 
(Fig. 10.11), [18F]Flumazenil, and [18F]PSMA-
1007 are some of the important radiopharma-

ceuticals synthesized based on SNAr 
nucleophilic fluorination reaction.

To introduce an 18F into arenes that are not 
bearing electron-withdrawing substituents, sev-
eral methods have been developed and include 
Balz-Schiemann reaction, Wallach reaction, and 
reactions using diaryliodonium salts, and tri-
azenes as precursors [8].

10.2.3.2  Electrophilic Fluorination 
Reactions

The [18F]F2 precursor has only one of the atoms 
as 18F, while the other atom is stable 19F atom. 
Therefore, the labeling yields are always <50%. 
Since fluorine is a nonselective electrophile and 
acts as an oxidizing agent, it is frequently con-
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Fig. 10.3 Organic precursors for the synthesis of 
18F-labeled radiopharmaceuticals: For FDG synthesis, 
glucose (1) is converted to mannose triflate (2). For 
FDOPA synthesis, l-DOPA (3) is converted to trimethyl-

stannyl l-DOPA (4). For these two precursors, the func-
tional groups (OH, COOH, and NH2) are protected to 
prevent fluorination. For the synthesis of fallypride (5), 
the precursor is simply a tosyl-fallypride analog (6)

verted to [18F]acetyl hypofluorite, a milder fluo-
rinating agent, much less reactive and with 
greater solubility than the elemental fluorine. 
With these precursors, direct electrophilic fluo-
rinations are not necessarily regioselective and 
the 18F atom can attack any of the C–C double 
bonds in the molecule. Therefore, these precur-
sors are used only in rare situations where 
nucleophilic reactions are not appropriate. 
However, regioselective electrophilic fluoro-
demetallation reactions were developed to take 
advantage of the reactive electrophiles in the 
preparation of 18F PET tracers. Electrophilic 
fluorination reactions (Fig. 10.2) are facilitated 
by the presence of electron- donating groups 
(such as OH, OCH3, NH2, etc.) and appropriate 

leaving groups (such as H, SnR3, SiR3, and 
HgR) in the precursor molecule.

In order to synthesize relatively high SA 18F 
radiotracers based on electrophilic reactions, a 
multistep method was also developed to generate 
high SA [18F]F2 by using [18F]fluoride ion [20]. The 
reactive 18F− is first converted to [18F]methyl fluo-
ride and purified by gas chromatography. 
Subsequently, when methyl fluoride is passed 
through a discharge chamber (operating at 
20–30 kV and 280 μA), small amounts of high SA 
[18F]F2 can be generated and collected using very 
small amounts of carrier (<0.2 μmole) fluorine gas. 
Several mild electrophilic fluorination 
reagents  such as 18F-N-fluorobenzenesulfonimide 
(18F-NFSi) and 18F-Selectfluor  can be used. 
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However, these methods have not been utilized for 
clinically useful 18F tracers [11].

10.2.3.3  Organic Precursors for 18F 
Labeling

The synthesis of 18F-labeled PET tracer is a mul-
tistep process, and it is ideal to introduce 18F in 
the last step to reduce synthesis time. In the 
design and development of a PET tracer, the most 
important step is the synthesis of an appropriate 
precursor of the desired radiotracer, which will 
facilitate 18F labeling. As discussed above, the 18F 
reactions require an appropriate leaving group 
(halide, triflate, triflate, tosylate, H, SnR3, etc.) in 
the precursor molecule.

In addition, the molecules to be labeled may 
have a number of functional groups (such as OH, 
COOH, NH2), which may react and interfere with 
the labeling of radioisotope in a specific position 
in a molecule. Therefore, in order to facilitate the 
regioselective labeling of substrates, organic pre-
cursors have to be synthesized first with protec-
tive groups attached to functional groups. It is 
very important that the protective groups are very 
stable during the labeling procedure and can be 
removed (functional groups deprotected) rapidly 
and easily under conditions favorable to maintain 
the stability of the radiolabeled molecule. A num-
ber of precursors for 18F labeling have been 
developed over the years and are now commer-
cially available.

Several examples of precursors with appro-
priate leaving and protective groups, developed 
for the synthesis of [18F]FDG, [18F]Fallypride, 
and [18F]FDOPA are shown in Fig. 10.3. In the 
case of FDG, the precursor mannose triflate was 
developed, in which the four hydroxyl groups of 
deoxyglucose are protected by adding acetate 
(Ac) groups. Also, in order to facilitate 18F label-
ing, a leaving group, trifluoromethane sulfonate 
(TFMS) is added to the carbon in the second 
position. SNAr nucleophilic reactions were 
designed to incorporate the 18F atom directly 
into the aromatic ring as well as into the pros-
thetic groups containing the aromatic ring of a 

molecule. In these reactions, the leaving group 
is activated by the electron-withdrawing groups 
ortho and or para to the leaving group. The pre-
cursors for the synthesis of 18F-altanserin [21] 
and [18F]MPPF [22] have been designed to have 
a leaving nitro group (NO2) situated para to a 
carbonyl group, which activates the leaving 
group to be substituted by the reactive [18F]fluo-
ride ion.

In the preparation of certain radiotracers, the 
18F-labeled alkyl halides are prepared first using 
aliphatic nucleophilic reaction and the [18F]alkyl 
halide (also known as “synthon”) is subsequently 
used to prepare the radiotracer of interest [23]. 
For example, [18F]fluorobromomethane is reacted 
with N,N-dimethylamino-ethanol (precursor) to 
synthesize [18F]fluoromethylcholine (FCH) [24, 
25]. Similarly, 1-[18] fluoro-3-bromopropane is 
used to synthesize [18F]β-CFT-FP [26].

10.2.4  Radiotracers Based 
on Nucleophilic Reactions

A number of radiotracers of clinical interest (Tables 
10.1 and 10.5), such as 2-deoxy-2-[18F]fluoro-
d-glucose (FDG), [18F]3′-deoxy-3′-fluorothymidne 
(FLT), 9-(4-[18F]fluoro- 3- hydroxymethylbutyl)-
guanine (FHBG), 1-amino-3-[18F] fluorocyclo-
butane-1-carboxylic acid (FCBCA), [18F] 
Fallypride, and 16α-[18F]Fluoroestradiol, can all be 
prepared using commercially available precursors 
[8, 11, 19, 27–30].

10.2.4.1  [18F]FDG
The original synthesis developed by the 
Brookhaven group, in 1976, was based on elec-
trophilic reaction [3]. Most of the current synthe-
sis procedures use a modification of a nucleophilic 
procedure developed in 1986 [31]. The synthesis 
of FDG is the most established procedure to date, 
and PET centers all over the world use automated 
synthesis modules for the production, and distri-
bution of FDG. The synthesis of FDG (Fig. 10.4) 
involves the following basic steps:
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Table 10.5 18F-labeled PET radiopharmaceuticals of clinical interest

Biochemical process Radiotracer Mechanism of uptake or localization
Glucose metabolism [18F]FDG Substrate for hexokinase in glucose 

metabolism
Bone metabolism 18F-fluoride Incorporation in the hydroxyapatite crystals in 

bone
Membrane synthesis [18F]Fluoromethylcholine

[18F]Fluoroethylcholine
Substrates for choline kinase in choline 
metabolism

Lipid synthesis [18F]Fluoroacetate Substrate for acetyl-CoA synthetase
Amino acid transport [18F]FACBC

[18]FDOPA
[18F]FET

Uptake facilitated by the amino acid 
transporters

Brain amyloid burden [18F]Florbetapir Bind to β-amyloid plaques
[18F]Florbetaben
[18F]Flutemetamol

Brain tau neurofibrillary 
tangles

[18F]Av-1451
[18F]MK-6240

Bind to neurofibrillary tangles in Alzheimer 
disease

Precursor for dopamine 
synthesis

[18F]FDOPA Substrate for aromatic amino acid 
decarboxylase

Antigen binding [18F]DCFPyL
[18F]PSMA-1007
[18F]rhPSMA-7.3

Binds specifically to the zinc-binding site of 
prostate-specific membrane antigen (PSMA)

Fibroblasts in the tumor 
microenvironment

18F-labeled FAP inhibitors Specific binding to fibroblast activating 
protein

DNA synthesis [18F]Fluorothymidine (FLT) Substrates for thymidine kinase in DNA 
synthesis

[18F]FMAU
Hypoxia [18F]FMISO, [18F]FAZA Intracellular reduction and binding

[18F]FAZA
Neuroinflammation [18F]DPA-714

[18F]JNJ-64413739
Specific binding to TSPO on activated 
microglia

Estrogen/progesterone 
receptors

16α-[18F]fluoro-17β-estradiol ([18F]
FES)
[18F]fluoro-furanyl-norprogesterone 
([18F]FFNP)

Specific binding to estrogen and progesterone 
receptors in breast cancer

Androgen receptor [18F]Fluorodihydroxytestosterone 
FDHT

Specific binding to androgen receptor in 
prostate cancer

Somatostatin receptors Al[18F]-NOTA-octreotide
Gluc-Lys-[18F]FP-TOCA
[18F]FET-βAG-TOCA

Specific binding to somatostatin receptor 
(SSTR-II) in neuroendocrine tumors

Dopamine receptors [18F]Fallypride Specific binding to D2/D3 receptors
Dopamine transporters [18F]FP-CIT Binding to presynaptic dopamine transporters
Benzodiazepine receptors [18F]flumazenil Specific binding to central benzodiazepine 

receptors to assess neuronal integrity
Amino acid transport and 
protein synthesis

[18F]FDOPA Precursor for the synthesis of dopamine

Apoptosis 18F-Annexin V, Specific binding to phosphatidylserine (PS)
Angiogenesis 18F-FB-E[c(RGDyK)]2 Integrin receptors (αVβ3) on endothelial cells
Myocardial perfusion [18F]Flurpiridaz Specific binding to mitochondrial complex
Gene expression [18F]oligonucleotide In vivo hybridization with mRNA

[18F]FHBG Substrate to herpes virus thymidine kinase
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Fig. 10.4 Synthesis of [18F]fluoro-2-deoxy-d-glucose or 
FDG (3). Following evaporation and drying, the K[18F] 
and kryptofix complex are incubated at 80  °C with the 

precursor mannose triflate (1) in acetonitrile. Subsequently, 
FDG (3) is obtained following acid or base hydrolysis of 
the fluorinated intermediate (2)

• Following production of 18F in the cyclotron, 
the target water ([18O]H2O), containing several 
curies of [18F]fluoride ion, is trapped on a 
small column of anion exchange resin (Waters 
Accel plus QMA cartridge) and then collected 
in a vial for future use.

• The [18F]fluoride ion is eluted into a reaction vial 
using a solution of aqueous base, potassium car-
bonate (K2CO3), and Kryptofix 222 in acetoni-
trile. Some procedures substitute Kryptofix with 
either tetramethyl ammonium carbonate or tetra-
butyl ammonium bi- carbonate or hydroxide.

• The residual water is removed by repeated 
azeotropic distillations using anhydrous ace-
tonitrile and a stream of nitrogen.

• The organic precursor, mannose triflate (10–
25  mg) in acetonitrile, is added to the dried 
fluoride ion and the mixture is heated at 
80–90 °C for 5 min.

• In order to generate FDG from [18F]acetyl- 
protected FDG (intermediate complex), hydro-
lysis of acetyl groups (deprotection) is 
performed using an acidic (HCl) solution by 
heating the mixture at 130 °C for 10–15 min. 
With automated synthesis modules, the acety-
lated FDG intermediate is loaded on a solid 
support (C18 Sep-Pak® cartridge) and hydroly-
sis is performed under basic conditions at room 
temperature using KOH or NaOH solution.

• The purification procedures involve passing 
the intermediate mixtures or the final FDG 
solution through the C18 Sep-Pak and alumina 
cartridges and washing them with water to 
eliminate Kryptofix and organic solvent 
contamination.

• The purified FDG is finally obtained from the 
cartridge by eluting it with physiological 

saline, sterilizing it by passing it through a 
0.2 μ membrane filter, and collecting it in a 
sterile vial.

• Almost all of the automated FDG synthesis 
modules provide FDG with a radiochemical 
yield of 40–70% and a radiochemical purity of 
>90% in 30–45 min of total synthesis time.

10.2.4.2  [18F]Flt
The synthesis of FLT was first reported in 1991, 
but the low radiochemical yield prevented routine 
clinical use of the compound. Subsequent 
improvements in synthesis and radiochemical 
yields helped start clinical evaluations of FLT 
[32]. Since then, a number of precursors and dif-
ferent labeling protocols have been evaluated to 
improve labeling yields and radiochemical purity 
[33–36]. The most reliable radiosynthesis of [18F]
FLT involves a simple three-step procedure based 
on a protected nosylate precursor known as 
3-N-Boc-5′-O-dimethoxytrityl-3′-O-nosyl- 
thymidine (Fig.  10.5). Fluorination reactions 
involve displacement of a 3-O-nosyl group with 
[18F]fluoride and yield an 18F-labeled protected 
intermediate, which generates [18F]FLT follow-
ing hydrolysis. The final radiochemical yields of 
FLT vary (10–40%) and depend on the amount of 
mass, precursor, and kryptofix used. Increased 
amounts of precursor may result in higher label-
ing yields but may also increase the chemical 
impurities in the final product. It has also been 
shown that the kryptofix plays a very important 
role and that by carefully adjusting the precursor/
kryptofix molar ratio, higher labeling yields with 
minimal chemical impurities can be obtained 
[36]. HPLC purification is essential to reduce 
chemical impurities (Fig.  10.6). A fully auto-
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Fig. 10.5 Synthesis of 3′-deoxy-[18F]fluorothymidine or 
FLT (3). The protected nosylate precursor, 3-N-Boc-5′-O- 
dimethoxytrityl- 3′-O-nosyl-thymidine (1). The fluori-

nated intermediate (2) upon hydrolysis will produce FLT, 
which subsequently is purified using HPLC

Fig. 10.6 Purification of FLT using HPLC: Following 
fluorination and hydrolysis, several radiochemical and 
chemical impurities are generated as seen by UV absor-

bance (top). The fraction of eluent representing FLT 
radioactive peak (bottom) is collected
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mated method for the synthesis of FLT with a 
50% radiochemical yield, by modifying a com-
mercial FDG synthesizer and its disposable fluid 
pathway has also been reported [35].

10.2.4.3  [18F]FMISO Synthesis
The first synthesis of fluoronitroimidazoles was 
reported in 1986 [37]. Subsequently, a two-step 
synthesis of FMISO was developed with a high 
yield (40% at EOB) and purity with a SA of 37 TBq 
mmol−1 [38]. The first step involves the synthesis of 
fluoroalkylating agent [18F]epifluorohydrin, which 
subsequently reacts with 2-nitroimidazole to yield 
FMISO. HPLC purification is needed to obtain high 
radiochemical purity. Further modifications have 
been reported with increasing labeling yields [39, 
40]. The most practical method is based on the 
nucleophilic substitution of the tosylate leaving 
group by [18F]fluoride on the tetrahydropyranyl-
protected precursor 1-(2′-nitro-1′-imidazolyl)-2-O- 
tetrahydropyranyl-3-O-  toluenesulfonylpropanediol 
(NITTP), followed by the hydrolysis of the protect-
ing group (Fig.  10.7). An automated synthesis of 
[18F] FMISO by this method, using either HPLC or 
Sep-Pak for the purification of the radiotracer, was 
also reported [41]. The radiochemical yield obtained 
when using NITTP was found to be ≤40% and 
reproducible, with a radiochemical purity ≥97% 
and a SA of about 34 TBq mmol−1. Further, the 
whole synthesis time was <50 min.

10.2.4.4  [18F]Fluoroestradiol (FES)
FES, a PET radiotracer for the estrogen receptor 
(ER) in breast cancer, was the first receptor- 
targeted PET radiotracer for oncology and is 
continuing to prove its value in clinical research, 
antiestrogen development, and breast cancer 
care. The story of its conception, design, evalua-
tion, and use in clinical studies parallels the evo-
lution of the whole field of receptor-targeted 
radiotracers, [42]. The first synthesis of FES [43] 
was based on the nucleophilic displacement of 
the aliphatic triflate of 3,16β-bis 
(trifluoromethane- sulfonyloxy)-estrone using 
tetrabutylammonium [18F]fluoride, followed by 
hydrolysis and ketone reduction. HPLC purifica-
tion provided a 30% radiochemical yield of FES 
in about 90 min. Subsequently, a new procedure 
was developed in which the nucleophilic substi-
tution of [19F]fluoride led directly to [19F]FES 
using-3-O- Methoxymethyl-16, 17-O-sulfuryl-
16-epiestriol (MMSE) as a precursor [44]. This 
procedure worked well with non-radioactive 
fluoride, with carrier-added [18F] fluoride. The 
first successful preparation with [18F]fluoride 
with further modifications, however, was pub-
lished subsequently [45]. A one-pot synthesis of 
FES (Fig. 10.8) based on the MMSE precursor 
was also developed to provide radiochemical 
yields of 30–45% with a SA of about 
37 GBq μmol−1 (1.0 Ci μmol−1) in 60–120 min. 

NO2

NO2

NO2

[K/K222]+18F–

100°C for 10 min

Acid hydrolysis at

100°C for 5 min

N N

N N

N N

OH

[18F]FMISO

18F-intermediate
18F

18F

O

O
O

S

O

OO

NITTP

Fig. 10.7 Synthesis of [18F]Fluoromisonidazole (FMISO) (3): Following fluorination reaction with the precursor, 
NITTP (1), the intermediate (2) is hydrolyzed to yield the final drug product
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Fig. 10.8 Synthesis of 16α-[18F]Fluoroestradiol (FES) (3): The precursor is 3-O-Methoxymethyl-16, 17-O-sulfuryl- 
16-epiestriol (MMSE) (1). The fluorinated intermediate (2) after hydrolysis will produce FES
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Fig. 10.9 Synthesis of [18F]fluorocholine (FCH): 
Dibromomethane is first fluorinated to generate fluorobro-
momethane (FBR) which reacts with the precursor, 
dimethylethanolamine to produce FCH.  In a second 

method, FBR can also be converted to fluoromethyltriflate 
which would react more efficiently with the precursor to 
produce FCH

Subsequently, an automated module for the syn-
thesis of FES was developed using the same 
method to give about 50% radiochemical yields 
in 50 min [46].

10.2.4.5  FCH Synthesis
In the1990s, Hara and his colleagues devel-
oped the synthesis of both [11C] choline (CH) 
and the 18F-labeled choline analog, 2-[18F]fluo-
roethylcholine (FEC) [47]. Subsequently, on 
the basis of structural similarity, it was specu-
lated that [18F]fluoromethylated choline (FCH) 
would mimic choline transport and metabolism 
more closely than FEC [24] and the first syn-
thesis of FCH based on nucleophilic fluorina-
tion method was reported. The 18F precursor, 
[18F]fluorobromomethane (FBM) was first pre-
pared using [18F]fluoride and dibromomethane 
(DBM). Subsequently, FBM was reacted with 
dimethylethanolamine to yield FCH with 

radiochemical purity greater than 98% and an 
uncorrected radiochemical yield of 20–40%. 
This method was modified to automate the syn-
thesis using a commercial FDG synthesis mod-
ule [48]. An automated method of FCH 
synthesis was also achieved by the reaction of 
[18F]fluoromethyl triflate (FMT) with dimeth-
ylethanolamine on a Sep-Pak column [25]. The 
total time required for obtaining the finished 
chemical was 30 min, while the radiochemical 
yield (decay corrected) was 80% with a radio-
chemical and chemical purity of >98%. The 
synthesis procedure using both FBM and FMT 
is shown in Fig. 10.9.

10.2.4.6  [18F]FACBC (Fluciclovine F18, 
Axumin)

Fluciclovine F18 or [18F]FACBC (1-amino- 3-
fluomcyclobutane-1-carboxylic acid), an unnatu-
ral amino acid, is transported across cell 
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membranes by amino acid transporters (LAT1 and 
ASCT2), which are upregulated in prostate cancer 
cells. In 2016, the FDA approved AXUMIN for 
PET imaging in men with suspected prostate can-
cer recurrence. The investigators at Emory 
University, Atlanta, Georgia developed the first 
synthesis of [18F]FACBC [49]. The no-carrier-
added nucleophilic radiofluorination with K-18F 
and subsequent hydrolysis procedures are similar 
to those used for the production of [18F]FDG 
(Fig.  10.10). A solution of 8  mg  l-terr-butyl 
carbamate-3- trifluromethanesulfonoxy- l -cyclobu-
tane l-carboxylic acid methyl ester (precursor) in 
dry acetonitrile was added to the reaction vial, and 
the fluorination (no carrier added [INCA]) reac-
tion was performed at 85 °C for 5 m. Following 
sepPak purification and hydrolysis, the final drug 
product was obtained.

10.2.4.7  Florbetapir 
and Flutemetamol

The presence of β-amyloid plaques (Aβ plaque) 
in the brain is a defining pathologic feature for 
Alzheimer disease. Fluoropegylated stilbene 
derivatives were successfully developed for 
detecting Aβ plaques in the living human brain. 
18F-AV-45 (Florbetapir) and 18F-AV-1 (BAY94–
9172, Florbetaben) are structurally related agents 
[50, 51]. FDA approved both these agents in 
2012 and 2013 for PET imaging of amyloid bur-
den in the brain.

The synthesis of 18F-AV45 is based on a 
nucleophilic substitution reaction similar to that 
of [18F]FDG synthesis, followed by an acid 
hydrolysis (Fig.  10.11a) [50]. Briefly, nca [18F]
fluoride was extracted using Accel Plus QMA 
cartridge, and then eluted a 1  mL mixture of 

TFO

H

NH’BOC

CO2CH3
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K+ / 18F– 

K222

4N HCI

H

120°C
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Fig. 10.10 Synthesis of 
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Fig. 10.11 Synthesis of [18F]Florbetapir (a) and [18F]Flutemetamol (b) involves nucleophilic substitution reactions
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Fig. 10.12 Synthesis of [18F]AV1451

K2CO3 (3.6 mg)/K222 (7.1 mg) in a solution of 
acetonitrile/water. Following azeotropic drying, 
the dry [18F]fluoride was reacted with the 1 mg of 
precursor (AV-105) in DMSO and heated for 
10 min at 130 °C. Following alkaline hydrolysis, 
sepPak, and HPLC purification the final drug 
product 18F-AV-45 was prepared in saline con-
taining sodium ascorbate.

The 11C-labeled Pittsburgh compound B (11C]
PiB), a neutral derivative of thioflavin-T (termed 
benzothiazole-aniline or BTA derivative), is the 
most commonly used PET tracer for the detec-
tion of Aβ plaques in many research investiga-
tions. But the short half-life of 11C restricts the 
use of this tracer for commercial distribution. 
18F-labeled PiB derivative, 3’-F-PiB, is also 
known as GE-067 and Flutemetamol [52]. The 
general synthetic route involves nucleophilic 
substitution of a nitro group in the precursor 
(AH111907) by [18F]fluoride followed by depro-
tection (Fig. 10.11b) [53]. However, the physico-
chemical similarity of the product to its 
deprotected precursor requires the use of HPLC 
to obtain the required purification. Sodium 
methoxide reacts selectively with the nitro- 
containing precursor to give species which are 
much more polar than flutemetamol. 
Flutemetamol was separated from these polar 
species using 2 reverse phase and 1 normal phase 
SPE cartridges [54].

10.2.4.8  AV-1451 (Flortaucipir, 
TauvidTM)

In May 2020, the FDA approved flortaucipir, also 
called [18F]AV-1451 or [18F]T807), as the first 
PET drug to image the presence of tau tangles, 
one of the hallmarks of Alzheimer’s disease [55]. 

The synthesis of [18F]AV1451 (Fig.  10.12) is 
based on AV1451 N-Boc nitro-precursor and 
nucleophilic fluorination (Fig.  10.12) [56]. The 
precursor in DMSO (0.5  mg in 500  μL) was 
added to the dried [18F]fluoride and was heated to 
130  °C with stirring for 10  min. Subsequently, 
the reaction mixture was cooled, diluted with 
HPLC mobile phase, and purified by semi- 
preparative HPLC.  The product peak 
(tR = 21–22 min) was collected into the dilution 
flask and diluted with 50 mL of sterile water. The 
resulting solution was passed through an Oasis 
HLB cartridge, which was then washed with 
10 mL of sterile water. [18F]AV1451 was eluted 
with 0.5  mL of EtOH and collected in the 
Tracerlab FXFN product vial, containing 3 mL of 
saline. The sepPak was washed with 6.5 mL of 
saline to bring the final formulation volume to 
10  mL.  The final sterile drug product was 
obtained following 0.22 μm membrane filtration.

10.2.4.9  DCFPyL (Pylarify)
In May 2021, the FDA approved the 18F-labeled 
prostate-specific membrane antigen (PSMA)–tar-
geted positron emission tomography (PET) imag-
ing agent 18F-DCFPyL (Pylarify), a small molecule 
PSMA inhibitor for use in prostate cancer [57]. 
The development of PSMA inhibitors has been 
mainly based on the Lys-urea-Glu (KuE) core as 
binding motif  (Chap. 22). The investigators at 
John Hopkins reported the first synthesis of this 
tracer [58]. [18F]DCFPyL was synthesized in two 
steps from the p- methoxybenzyl (PMB) protected 
lys-C(O)-glu urea precursor using 6-[18F]fluoro-
nicotinic acid tetrafluorophenyl ester ([18F]F-Py-
TFP) for the fluorination reaction. Subsequently, a 
revised procedure was developed using a pros-
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thetic group [18F]FPYL-TFP as the fluorinating 
agent [59, 60]; et al. 2017). The 18F-labeled pros-
thetic group, 2,3,5,6- tetrafluorophenyl- 6-[18F]fluo-
ronicotinate (18F-FPyL-TEP) [61] was synthesized 
and purified by solid-phase extraction, followed 
by coupling to (S)-di-tert- butyl 2-(3-((S)-6-amino-
1-(tertbutoxy)-1- oxohexan- 2-yL)ureido)pentane-
dioate formate salt and acid hydrolysis to afford 
[18F]DCFPyL The synthesis of 18F-DCFPyL based 
on these two methods is shown in Fig. 10.13.

10.2.5  Radiotracers Based 
on Electrophilic Reaction

10.2.5.1  Synthesis of 6-[18F]Fluoro-l- 
DOPA (FDOPA)

The first 18F-labeled analog of l-DOPA was 5-[18F] 
Fluoro-DOPA [62]. The metabolism of this tracer, 
however, was accelerated because the fluorine 
atom was close to the hydroxyl groups of 
FDOPA.  Consequently, 6-[18F]Fluoro-l-DOPA 
was developed, and the first FDOPA-PET brain 
imaging was performed to visualize the dopami-
nergic neurons in the basal ganglia [63]. A number 
of methods have been developed to synthesize 
FDOPA [64–67]. The organic precursor is an aryl-
substituted trialkyl tin derivative in which the tri-
methylstannyl group (Sn(CH3)3) is replaced by the 
18F atom. The electrophilic radiofluorination by 
destannylation of FDOPA precursor has emerged 
as the preparation method of choice and has been 
used by many groups, employing a custom- built 
apparatus or a commercial PC-controlled auto-

mated synthesis module. Fluorination of the pre-
cursor (Fig.  10.14a) in freon solvent can be 
performed using [18F]F2 gas directly or acetylhy-
pofluorite reagent, [18F]CH3COOF.  Finally, fol-
lowing acidic removal (deprotection) of the 
protective groups using HBr or HCl, [18F]FDOPA 
can be generated. HPLC purification is required to 
achieve high chemical and radiochemical purity. 
The final-decay corrected yields are typically 
20–30% and the SA is about 37  GBq  μmol−1 
(1.0 Ci μmol−1) at the EOS. Nucleophilic methods 
using the [18F]fluoride ion have been developed 
and may have the potential to provide a higher 
yield and a higher SA.

Similarly, the synthesis of [18F]fluoro-meta- 
tyrosine (FMT) [68] and [18F]β-CFT [69] have 
been developed using fluorodemetallation reac-
tions. In general, electrophilic fluorination reac-
tions produce low SA (<30  mCi μmole−1) PET 
radiopharmaceuticals.

Given that radioactive fluoride ([18F]F−) can be 
produced in multi-curie amounts, nucleophilic 
radiosynthesis of [18F]FDOPA using [18F]F− is 
desired to reach large amount of radioactivity with 
high molar activity. For conventional nucleophilic 
aromatic substitution (SNAr) synthesis of [18F] 
FDOPA requires the existence of strong electron-
withdrawing groups in the ortho- or para-positions 
of the aromatic structure and an appropriate leav-
ing group [70, 71]. Nucleophilic synthesis using 
(S)-3-(5-formyl-4- methoxymethoxy-2-nitro-
phenyl)-2-(trityl- amino)-propionic acid tert-butyl 
ester (precursor) can be performed as shown in 
Fig. 10.14b.
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Fig. 10.14 (a) Electrophilic Synthesis of 6-[18F]fluoro- L- 
FDOPA (FDOPA). The precursor is an aryl-substituted trial-
kyl tin derivative, known as Triboc-l-Dopa ethyl ester. The 
fluorinated intermediate upon hydrolysis will produce [18F]
FDOPA. (b) Nucleophilic synthesis using [18F]Fluoride. 

The precursor is (S)-3-(5-formyl-4- methoxymethoxy-2-
nitro-phenyl)-2-(trityl-amino)-propionic acid tert-butyl ester 
(Precursor for NS). Following reaction with fluoride 
and upon hydrolysis of the intermediate with meta-chloro-
peroxybenzoic acid (mCPBA), [18F]FDOPA can be obtained

10.2.6  F-18 Labeling of Peptides 
and Biomolecules

18F has the ideal half-life and a unique and diverse 
chemistry for labeling of peptides and biomole-
cules. Fluorination of peptides may be conducted 
by direct methods or indirect methods. Direct 
methods are those in which the 18F-fluoride is 
reacted directly with the peptide, which may have 
been previously modified to facilitate radiolabel-
ing, and only subsequent purification is required 
to obtain the final product. Indirect methods 
require the prior radiosynthesis of a prosthetic 
group (PG) and subsequent bioconjugation to 
peptide that has been modified for site-specific 
reaction [6, 11, 18, 72].

Several successful attempts to introduce 18F 
directly into small peptides have been reported 
in the literature  [73]. Direct substitution meth-
ods, however, usually require some non-physio-
logical conditions of pH or temperature and 
most peptides do not tolerate such conditions 
and may undergo hydrolysis. The use of PGs for 

the direct 18F-labelling of peptides was first 
reported based on trimethylammonium- 
substituted modified peptides. This methodol-
ogy has demonstrated usefulness toward direct 
18F-fluorination of peptides containing histidine, 
tryptophan, lysine, and arginine residues with-
out the need of protecting groups [6]. Several 
new strategies for direct 18F labeling have also 
been developed, recently. An elegant site-selec-
tive C–H 18F-fluorination of leucine residue 
within peptide using [18F]-N-
fluorobenzenesulfonimide ([18F]NFSI) showed 
that a combination of photoactivated sodium 
decatungstate and ([18F]NFSI effects site-selec-
tive 18F-fluorination at the branched position, in 
leucine residues, in unprotected and unaltered 
native peptides [74]. A method to introduce a 
4-[18F]fluorophenylalanine residue into peptide 
sequences by chemo selective radiodeoxyfluori-
nation of a tyrosine residue can label small pep-
tides by formally replacing a single hydrogen, 
the para-hydrogen atom in Phenylalanine resi-
due with [18F]fluoride [75].
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In the indirect labeling methods, the pep-
tides are attached to the PGs mostly through 
amine- or thiol-reactive groups via acylation, 
alkylation, amidation, imidation, oxime, hydra-
zone formation, or using click chemistry [11]. 
Selected examples of prosthetic groups 
(Fig. 10.15) include N-(hydroxysuccinimidyl)-
[18F]fluorobenzoate [18F]SFB, [18F]fluoroben-

zoic acid [18F]FBA, [18F]FBAM, and [18F]
FBEM.  The choice of prosthetic group, how-
ever, is critical for radiotracer development, as 
it may adversely alter the physical and physio-
logical characteristics of the labeled molecule. 
Several examples of radiofluorination tech-
niques based on substitution or addition reac-
tions are shown in Fig. 10.16.
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10.2.6.1  Click Chemistry for 18F 
Labeling

Click chemistry was introduced in 2001 to 
describe Cu(I)-catalyzed formation of 
1,2,3- triazole by Huisgen’s [2 + 3] cycloaddition 
of terminal alkynes and azides [76]. These reac-
tions include certain characteristics such as high 
yields and broad substrate scope, and tolerance of 
air, and moisture [77, 78]. In 2006, 18F-labeled 
peptides were prepared based on copper-cata-
lyzed azide-alkyne cycloaddition (CuAAC) [79]. 
2-[18F]fluoroethylazide ([18F]FEA (Fig.  10.15) 
despite the difficult handling of volatile [18F]
FEA, is convenient for labeling using automated 
synthesis modules. Hence, FEA is the most pop-
ular 18F-prosthetic group used in click chemistry 
for the preparation of various radiotracers and 
biomolecules [77]. Since copper is known to be 
toxic, copper-free click (CFC) reaction was 
developed, which was referred to as strain-pro-
moted azide-alkyne cycloaddition (SPAAC) [80]. 
As an alternative to SPAAC reaction, another 
click ligation method, known as the inverse elec-
tron demand [4 + 2] Diels-Alder (IEDDA) cyclo-
addition between a 1,2,4,5-tetrazine and strained 
alkene dienophile, was also developed [81]. 
Several PGs used in click chemistry are shown in 
Fig.  10.15. Radiosynthesis of 18F-galacto-RGD 
peptide using the click reaction is shown in 
Fig. 10.17.

10.2.6.2  18F Labeling Based on [18F]
AlF2+ Cation

Since fluorine was known to bind and form sta-
ble complexes with many metals, a successful 
method was developed to form a stable NOTA 
Al − 18F complex of a peptide conjugated with 
macrocyclic chelators (such as NOTA) [82]. 
This labeling methodology has been used by 
several groups for the labeling of small mole-
cules, peptides, and proteins using several acy-
clic and macrocyclic chelators (Fig. 10.18) [9, 
11, 84]. The Al-[18F]fluoride ([18F]AlF) radiola-
beling method combines the favorable decay 
characteristics of 18F with the convenience and 
familiarity of metal- based radiochemistry. This 
method  has been used to parallel 68Ga radio-
pharmaceutical developments. As such, the 
[18F]AlF method is popular and widely imple-
mented in the development of radiopharmaceu-
ticals for the clinic [83].

In the last ten years, the heteroatom-based 
18F methodologies, click chemistry, and the 
Al-based 18F radiochemistry have grown sub-
stantially. The [18F]AlF method has benefited 
from the application of new macrocyclic che-
lating moieties. The use of these methods to 
label peptide probes is becoming more com-
mon, with many performing well in clinical tri-
als. The simplicity and practicality of these 
methods represent a major advantage over the 

OAc OAc

AcO AcO

HO

HN

OH

OH

HO O

NH NH

H
N

N
NN

H

H2
N N

HN

HN

N3 N3

K+[18F], K222, CAN
NaOH, 60°C, 5 m 

C(RGDfPra), CuSO4

Na-ascorbate, 50% Ethanol

60°C, 20 m

OAc OAc

OTs

O O

O O
O

O

OO

18F

18F

Fig. 10.17 Synthesis of 18F-galacto-RGD peptide using the click reaction

10 Radiohalogens for Molecular Imaging (Fluorine and Iodine)



233

DTPA
(N3O4)

HO

HO

HN

HO

HO

HO

HN
BM

BM

BM

BM

BM

BM

OH

OH
OH

OH
OH

OH

OH

O

O

O

O

O

O

O

O

O

O O

O

N

N
N

H

N

N

N

N N

N

N

O

O AI

AI

AI

O

O

O

O

O

O

O

O

O

O

O
O

O

O

O

O
N

N
N N

N

N N

N

N
N

H

NOTA
(N3O2)

NODAGA
(N3O3)

18F

18F

[18F]AIF2+

0.1 M NaOAc, pH 4.0
110°C for 15 m

0.5 M NaOAc, pH 4.0
100°C for 15 m

0.1 M NaOAc, pH 4.5
100°C for 15 m

[18F]AIF2+

[18F]AIF2+

18F

Fig. 10.18 18F labeling of peptides or biomolecules (BM) using aluminum-fluoride method [18F]AlF. (Figure modified 
from [83])

classical carbon-fluorine bond formation reac-
tions, and they may soon be used to create com-
pounds to replace some standard clinical tracers 
used for PET imaging [8].

10.3  Radioiodinated 
Radiopharmaceuticals

Among the radioisotopes of iodine, 123I, 124I, and 
131I have physical characteristics suitable for 
developing molecular imaging radiopharmaceu-
ticals for both PET and SPECT (Table  10.2). 
Since 131I decays by β− emission, it is predomi-
nantly useful for radionuclide therapy. However, 
the abundant 364 KeV γ emissions and relatively 
longer half-life (8.025 days) of 131I do offer cer-
tain advantages in developing certain radiotracers 
with relatively longer biological clearance, such 
as monoclonal antibodies. However, the β+ emit-
ter 124I with a moderate half-life (4.2 days) may 
be more appropriate for developing radioiodin-

ated antibodies as imaging probes based on 
PET.  Several important and clinically useful 
radioiodinated molecular imaging agents are 
summarized in Table 10.6.

10.3.1  Production of 123I and 124I

Depending on the target material and the proton 
energy used in the cyclotron, several nuclear 
reactions can be utilized to produce 123I, as shown 
below.

Currently, the best source of 123I, having the 
least contamination with other radioiodides, is 
the proton bombardment of highly enriched 
124Xe. Based on this method, high purity, no- 
carrier- added (nca) 123I can be produced with 
high SA (8695 GBq mmol−1), suitable for prepar-
ing receptor-binding radiopharmaceuticals [85]. 
The reaction, (p,5 n) using natural iodine target 
also produces high SA 123I but requires 
69–70 MeV protons.

10.3 Radioiodinated Radiopharmaceuticals
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Table 10.6 123I-labeled PET radiopharmaceuticals of clinical interest

Radioiodinated compound Biological process
[131I]MIBG sulfate (low specific 
activity)

Imaging of adrenal tumors 1994a

[123I]MIBG (Adreview) For the detection of primary or metastatic 
pheochromocytoma or neuroblastoma

2008a

[131I]MIBG (Iobenguane, Azedra) 
(high specific activity)

Pheochromocytoma, Paraganglioma. NETs 2018a

[123I]Ioflupane (FP-CIT, DaTSCAN) For brain DaT visualization in patients with 
suspected Parkinsonian syndromes (PS)

2011a

123I-IBZM Dopamine D2 receptors
123I-Iomezenil Central benzodiazepine receptors
123I-β-CIT Brain dopamine transporters (DaT)
123I-BMIPP Myocardial free fatty acid metabolism
123I-Iodo-α-methyltyrosine Brain amino acid transport

aFDA-approved radiopharmaceuticals
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The most common method used for 124I produc-
tion is based on the reaction 124Te(p,n)124I using 
enriched 124Te and low energy <15 MeV protons. 
[86]. The solid target material consists of a solid 
solution matrix containing aluminum oxide and 
enriched 124Te oxide. [124I]iodide is recovered 
from the target using dry distillation. The volatile 
radioiodine is trapped on a thin pyrex glass tube 
coated with a small amount of sodium hydroxide. 
The SA of 124I is typically around 150 mCi/μg−1.

10.3.2  Chemistry of Iodine 
and Radioiodination

Iodine (I2) sublimes at atmospheric pressure and 
temperature, resulting in a blue-violet gas with an 
irritating odor. Iodine occurs in nature mostly in 
the form of salts or iodides of sodium and potas-
sium. Iodine exists as a diatomic molecule, I2, in 
its elemental state, and unlike fluorine, can also 

exist in several oxidation states. Several iodine 
oxides (such as I2O4, I4O9, I2O7, I2O5) do exist in 
nature but, readily decompose to iodine and oxy-
gen at high temperatures. Iodine dissolves readily 
in nonpolar solvents, such as chloroform and car-
bon tetrachloride but, is only slightly soluble in 
water. Elemental iodine (I2) is where two iodine 
atoms share a pair of electrons to achieve a stable 
octet for themselves. The iodide anion (I−), is the 
strongest reducing agent among the stable halo-
gens, being the most easily oxidized back to 
diatomic I2.

The free molecular iodine (I2) has the struc-
ture of I+–I− in aqueous solution. However, the 
electrophilic species (I+) does not exist as a free 
species but, forms complexes with nucleophilic 
entities such as water or pyridine. The reactions 
with water can be written as follows:

 I H O H OI I2 2 2+ → ++ −

 (10.1)

 I OH I2 + → +− −HOI  (10.2)

 3 6 5 32 3 2I OH I H O+ → + +− − −OI  (10.3)

The hydrated iodonium ion, H2OI+, and the 
hypoiodous acid, HOI, are believed to be highly 
reactive electrophilic species. In an iodination 
reaction (Fig.  10.19), radioiodination occurs by 
(a) electrophilic substitution of a hydrogen ion in 
a molecule of interest by a radio-iodonium ion or 
(b) nucleophilic substitution (isotope exchange), 
where a stable iodine atom that is already present 
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Fig. 
10.19 Electrophilic 
and nucleophilic 
radioiodination reactions

in the molecule is exchanged with a radioactive 
iodine atom.

The advantages and disadvantages of different 
radioiodination techniques  have been  reviewed 
extensively [85, 87–89]. In the preparation of 
radioiodinated compounds, the radioiodine is pref-
erentially attached to a carbon atom, in a vinylic or 
aromatic moiety, in which the C-I bond strength is 
relatively high compared to aliphatic C-I bond. 
Since radioiodine isotopes (123I, 124I, and 131I) are 
produced in iodide form, early methods have 
involved nucleophilic substitution reactions, such 
as the use of high temperature and solid-state halo-
gen exchange reactions. Alternatively, radioactive 
iodide can be oxidized to iodine or iodine mono-
chloride and used in electrophilic substitution reac-
tions, such as the iododestannylation of aryltin 
compounds.

10.3.2.1  Electrophilic Substitution 
Reaction

The electrophilic species (HO*I, H2O*I) gener-
ated from the radioiodide and the oxidant react 
directly with the aromatic moiety of the com-
pound to be labeled. The aromatic amino acids 
tyrosine and histidine are the sites of iodination 
in protein molecules [90, 91]. With tyrosine sub-
stitution of a hydrogen ion with the reactive 
iodonium ion occurs ortho- to the phenolic 
hydroxyl group. With histidine, substitution 
occurs at the second position of the imidazole 
ring. Electrophilic substitutions can often be 

 performed quickly on a nonderivatized substrate 
under mild reaction conditions.

The most frequently used oxidizing agents 
(Fig. 10.20) are peracetic acid and the N-chloro 
compounds, such as chloramine-T, iodogen, and 
succinimides. The N-chloro compounds are the 
most popular oxidants; however, their relatively 
strong oxidizing properties often induce by- 
products. To limit these oxidative side reactions, 
chloramine-T is immobilized on spherical poly-
styrene particles (iodobeads), while iodogen, 
which contains four functional chlorine atoms, is 
coated as a thin layer on the walls of a reaction 
vessel. Of the two immobilized oxidants, which 
are mostly used for protein labeling, iodogen is 
the best to prevent loss of immunoreactivity [92]. 
For the labeling of small organic molecules, per-
acetic acid is also often preferred due to its mild 
oxidizing properties.

The enzyme lactoperoxidase from bovine 
milk is also an effective oxidant for iodide oxida-
tion and the radioiodination of proteins. In the 
presence of minute quantities of hydrogen perox-
ide (H2O2), lactoperoxidase oxidizes and binds 
radioiodide to proteins in the reaction mixture. 
The pH optimum of iodide oxidation by lactoper-
oxidase is 4–8.5, with an optimum at pH 5. The 
reaction is extremely rapid under very mild con-
ditions and the denaturation of proteins is low. 
The separation of lactoperoxidase from the 
labeled protein may be avoided by using the 
immobilized enzyme [93]. This technique applies 
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immobilized lactoperoxidase together with glu-
cose oxidase, which produces H2O2 in the pres-
ence of glucose.

Proteins lacking tyrosine amino acid residues 
or proteins sensitive against the denaturing influ-
ence of oxidizing agents are indirectly radioio-
dinated via amide bond formation at lysine 
residues using Bolton and Hunter reagent [90]. A 
prosthetic group for radioiodination contains an 
aromatic moiety, like tyrosine, which can be 
iodinated and covalently attached to the lysine 
moiety in the protein under milder conditions 
than those found in direct radioiodinations.

The addition of one radioiodine atom to large 
molecules such as antibodies does not usually 
affect their immunoreactivity. The labeling pro-
cess using oxidation agents as well as the addi-
tion of reducing agents to stop the labeling 
reaction may have destructive effects on sensitive 
sites of the biomolecules. Depending on the 
labeling conditions, denaturation can occur due 
to oligomerization, conformational changes due 
to the changes of functional groups, or the cleav-
age of disulfide bonds. Consequently, labeling 
reactions must be adapted and optimized to the 
individual proteins or peptides, including proof 
of functional integrity.

10.3.2.2  Nucleophilic Substitution 
Reaction

Direct replacement of stable iodine isotopes on 
organic molecules by a radioiodine, also called 

isotopic exchange, is a well-known radioiodin-
ation method. The reaction is usually performed 
with the radioiodide ion at very high temperature 
and most often in the presence of sulfate salts and 
oxidants, such as oxygen from the air. The 
method of choice in nucleophilic radioiodination 
is the well-established Cu(I)-catalyzed halogen–
halogen exchange reaction in an acidic, aqueous 
medium (Fig. 10.19). The exchange reaction can 
be either isotopic (*I/I) or non-isotopic (*I/Br), 
which specifically enables the synthesis of a high 
SA radiopharmaceuticals [94]. A nucleophilic 
exchange can be successfully applied on acti-
vated (presence of electron-deficient substitu-
ents, e.g., carbonyl group) or nonactivated (e.g., 
alkyl group) aromatic compounds. However, in 
organic media, electron-donating substituents are 
also well tolerated. The purity, labeling yield, and 
SA can be controlled by carefully optimizing the 
concentration of copper and the precursor.

10.3.3  123/131I-Labeled 
Radiopharmaceuticals

In the last four decades, several 123/131I-labeled 
small molecules, peptides, and mAbs were devel-
oped as radiopharmaceuticals for imaging and 
TRT ([95, 96]. However, [123I]Iobenguane 
(Adreview) and [123I]Ioflupane (DaTSCAN) are 
the only two radiopharmaceuticals that received 
FDA approval for planar/SPECT imaging studies. 
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[131I]Iobenguane (MIBG sulfate) was approved 
also as an imaging agent in 1994. More recently, 
[131I]Iobenguane I-131 injection (AZEDRA®), 
with a higher specific activity, was approved as an 
imaging and therapeutic agent.

10.3.3.1  Synthesis of [131I]MIBG 
(Iobenguane)

The drug substance iobenguane I-131 is a substi-
tuted benzylguanidine with I-131  in the meta 
position of the benzene ring. Iobenguane I-131 is 
also described as [131I]meta-iodobenzylguanidine 
(MIBG). specific activity of ~2500  mCi/mg 
(92,500 MBq/mg).

The synthesis of [131I]MIBG (Fig. 10.21a) was 
first developed based on the radioiodide exchange 
reaction [97, 98]. The SA of 131I-MIBG based on 
this method is typically <400  MBq/μmole−1). 
Subsequently, several radioiodination methods 
were developed to increase the specific activity 
[99]. High SA [131I]MIBG for therapy was pro-
duced using the Ultratrace solid-phase electro-
philic substitution reaction method [100]. The 
Ultratrace process uses a solid polystyrene resin 
containing the covalently bound stannylbenzyl-
guanidine precursor, which undergoes a 1:1 dis-
placement reaction with radioiodine 
(Fig. 10.21b). Briefly, the solid-phase precursor 
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is suspended in a dilute mixture of radioactive 
131I-sodium iodide, H2O2/HOAc at 25  °C for 
60 min. The oxidized 131I-iodine reacts to disrupt 
the covalent bond between the tin and benzylgua-
nidine (BG) precursor with radioiodine insertion 
at the meta position of the phenyl ring to form 
[131I]MIBG, which simultaneously cleaves from 
the resin and dissolves into the liquid phase. The 
labeled [131I]MIBG is then purified by using cat-
ion exchange cartridge. The formulated final 
product solution is membrane filtered and asepti-
cally filled into 30-mL glass vials, which are then 
aseptically capped, sealed, and frozen. The RCP 
of the drug product is >97% and the minimum 
SA is about 1650 mCi/mg or 460 mCi/μmol.

10.3.3.2  Synthesis of [123I]Ioflupane
The dopamine transporter (DaT) imaging pro-
vides an objective tool for the assessment of 
dopaminergic function of presynaptic terminals 
which is valuable for the differential diagnosis of 
Parkinsonian disorders related to a striatal dopa-
minergic deficiency from movement disorders 
not related to a striatal dopaminergic deficiency. 
DAT imaging with [123I]Ioflupane SPECT can be 
used to confirm or exclude a diagnosis of 
dopamine- deficient parkinsonism in cases where 
the diagnosis is unclear. The synthesis [123I]
β-CIT-FP (Ioflupane) was prepared as previously 
described for the synthesis of [123]β-CIT by iodo- 
destannylation of the trimethyl-stannyl precursor 
with 123I sodium iodide in the presence of perace-
tic acid at pH  3–4 and purified by HPLC 
(Fig. 10.22) [101].

10.3.3.3  Synthesis of Radioiodinated 
Peptides

The overexpression of peptide receptors in cer-
tain tumors as compared to endogenous expres-
sion levels represents the molecular basis for the 
design of peptide-based tools for targeted nuclear 
imaging and therapy. Recent developments and 
synthetic methods have been reviewed [102]. 
125I-labeled peptides are routinely used in pre-
clinical studies and autoradiography studies to 
determine receptor expression and density. 124I 
and 131I nuclides are a perfect theranostic pair for 
the development of radiopharmaceuticals. 
Targeting somatostatin (SST) receptor, the vaso-
active intestinal peptide receptor (VPAC-1), and 
the αvβ3 integrin receptor are some of the major 
areas of iodinated tracer development. However, 
none of them has been approved as a radiophar-
maceutical, thus far but, radioiodinated biomole-
cules have a significant potential as targeted 
radiopharmaceuticals.
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11Organic Radionuclides 
for Molecular Imaging (C, N, and O)

Science is built up of facts, as a house is built of 
stones; but an accumulation of facts is no more a 
science than a heap of stones is a house. (Henri 
Poincaré)

11.1  Advantages of Organic 
Radionuclides

All natural organic molecules or biochemicals in 
the human body and many drug molecules are 
made up of carbon, hydrogen, nitrogen, and oxy-
gen. The organic radionuclides useful for devel-
oping radiotracers for PET are 11C, 13N, and 15O 
(Table 11.1). These three elements, however, do 

not have any radionuclides suitable for develop-
ing radiotracers for SPECT.

Among the three organic radionuclides, 11C 
offers the greatest potential to develop radiotracers 
for routine clinical applications because 11C, as a 
label, can be easily substituted for a stable carbon in 
an organic compound without changing the bio-
chemical and pharmacological properties of the 
molecule. Furthermore, the short half-life of 11C 
provides favorable radiation dosimetry to perform 
multiple studies in the same subject under different 
conditions. The short half-life of 11C may be disad-
vantageous for commercial production of radiotrac-
ers but, has significant potential for developing:

Table 11.1 Organic chemical elements: stable and radioactive isotopes

Element Radionuclide Decay mode % Half-life

β+ Energy (MeV)
β+ Emean (MeV) Range (mm)
Max Mean Max Mean

Carbon 10C β+ and γ 19.3 s 3.65
11C β+, EC 99.8 20.3 months 0.960 0.382 4.2 1.2
12C Stable 98.9
13C Stable 1.1
14C β− 100 5715 years 0.156 (β−)

Nitrogen 13N β+ decay 99.8 9.97 months 1.1999 0.492 5.5 1.8
14N Stable 99.634
15N Stable 0.366

Oxygen 14O β+ and γ 70.6 s 5.143
15O β+ decay 99.9 122.2 s 1.732 0.735 8.4 3.0
16O Stable 99.762
17O Stable 0.038
18O Stable 0.20
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• Radiotracers with high specific activity (SA) 
to study drug interactions associated with 
exceedingly small concentrations of 
neuroreceptors.

• Radiolabeled drugs for monitoring the 
response to treatment.

• The relatively short physical half-life of 11C 
(20 min) allows for multiple imaging studies 
to be obtained in the same subject within a 
brief period of time (3–4  h) with the same 
tracer (at base line followed by experimental 
intervention) or with multiple tracers to assess 
the specificity of the receptor interaction.

Compared to 11C, the potential clinical utility 
of 13N and 15O radiotracers is extremely limited. 
In the last four decades, [13N]ammonia and [15O]
water are the only tracers that have shown clini-
cal utility in the assessment of regional blood 
flow, and perfusion. The radiochemistry of 13N 
and 15O is described briefly at the end of this 
chapter.

11.2  11C-Labeled 
Radiopharmaceuticals

11C was first produced in 1934 [1] and the first bio-
logical application was based on the use of [11C]
CO2 to investigate the photosynthesis in plants [2]. 
[11C]CO was the first radiotracer used in human 
subjects to investigate the fixation of CO by red 
blood cells [3]. Several reviews have extensively 
discussed the chemistry and potential application 
of 11C-labeled radiotracers [4–9]. In the last three 
decades, a spectrum of carbon-11 PET radiotrac-
ers has been developed to image many of the 
upregulated and emerging targets for the diagno-
sis, prognosis, prediction, and therapy in the fields 
of oncology, cardiology, and neurology.

11.2.1  Production of 11C

The most commonly used method of 11C produc-
tion is based on the nuclear reaction, 14N(p,α)11C, 
in which the natural nitrogen gas is used as the 
target. One of the competing nuclear reactions is 
14N(p,pn)13N or via 16O(p,α)13N but, the relative 
amount of 13N activity produced is dose- 
dependent and short irradiation times may lead to 
relatively enormous amounts of 13N [5, 10]. With 
trace amounts of oxygen in the target (<1%), 
[11C]CO2 and [11C]CO are formed [11]. With rel-
atively higher proton energies (>13 MeV), longer 
irradiation times (>30 min) and higher beam cur-
rents (>30 μA), the most predominant 11C precur-
sor generated is [11C]CO2 gas. In the presence of 
hydrogen (5%) in the target, [11C]methane (CH4) 
and [11C]hydrogen cyanide (HCN) can be pro-
duced by a recoil synthesis; however, due to radi-
olysis, [11C]CH4 is the main precursor available 
for processing [12, 13].

11C radioactivity from the cyclotron target can 
be recovered in the form of two major precursors: 
[11C]carbon dioxide or [11C]methane. Subsequently, 
these gases can be converted into several secondary 
precursors, such as methyl iodide, methyl triflate, 
HCN, nitromethane, and phosgene.

11.2.1.1  Specific Activity (SA) of 11C
The theoretical SA of 11C is 9220 Ci μmol−1 or 
9.22 Ci nmol−1 (Table 11.2). Since the contami-
nation of the target and the gas lines with stable 
12C is unavoidable, 11C is always contaminated 
with 12C atoms. Also, both CO2 and CH4 gases are 
present in the atmosphere and provide a ubiqui-
tous source of carrier as a contaminant that 
decreases the SA. As a consequence, the practi-
cal SA of 11C precursors achieved from the typi-
cal production in a cyclotron target varies from 
0.01 to 0.1 Ci nmol−1 depending on a number of 

Table 11.2 Specific activity (SA) of 11C and 18F

Radionuclide

Half-life Theoretical SA Practical SA

min Ci nmol−1 nmol Ci−1 Ci nmol−1 nmol Ci−1

11C 20.4 9.22 0.108 0.01–0.1 10–100
18F 110 1.71 0.585 0.001–0.02 50–1000

11 Organic Radionuclides for Molecular Imaging (C, N, and O)
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factors. In other words, every 11C atom is con-
taminated with 100 or 1000 atoms of stable car-
bon atoms, which implies that the majority of the 
mass is mostly due to stable 12C and extraordi-
narily little of the carbon is from the 11C activity. 
There is a significant potential and also a need to 
improve the SA of 11C production with the  current 
cyclotron targets, and generate 11C precursors 
with ultrahigh SA.

11.2.2  11C Precursors

The carbon-11 precursors (Fig. 11.1) are classi-
fied into primary and secondary based on their 
utility, and wide range of applications in the 
radiolabeling of various compounds like ali-
phatic, aromatic, and heterocyclic compounds 
after the production of carbon-11 radionuclide. 
The carbon-11 precursors  in the chemical form 
of [11C]CO2 and [11C]CH4 are considered as the 
primary precursors, which can be produced dur-
ing in-target production. These are converted into 
secondary precursors by rapid and efficient 
online or one- pot synthetic procedures to pro-
duce building blockers for generating carbon-11 
radiotracers. Most of the 11C tracers are synthe-
sized using the secondary precursors. Several 
useful transformations for the generation of sec-
ondary precursors are summarized in Fig. 11.1. 
From the secondary precursors such as 

[11C]methyl iodide, other secondary precursors 
can be synthesized, as shown in Fig. 11.2.

[11C]Methyl iodide is the precursor of choice 
for introducing 11C into organic molecules. 
However, a number of other precursors (Fig. 11.1) 
have been developed in the last few decades in 
order to meet the demands of synthetic strategies 
used for the development of 11C-labeled radio-
tracers. [11C]Methyl iodide can also be used to 
prepare a number of secondary 11C precursors, 
such as methyl triflate (CH3OSO2CF3), methyl 
lithium, nitromethane, and methyl magnesium 
iodide or bromide. Starting with [11C]methane, 
precursors, such as hydrogen cyanide, cupric 
cyanide, carbon tetrachloride, and phosgene can 
be prepared [14, 15].

Methyl triflate, introduced in 1991 as an alkyl-
ating agent, is more advantageous than methyl 
iodide for alkylation reactions under mild condi-
tions [16]. More specifically, it can be easily pre-
pared by passing [11C]methyl iodide through a 
small soda-glass column containing sliver 
triflate- impregnated graphitized carbon and the 
conversion to [11C]methyl triflate is very effi-
cient, and fast. The other precursor for methyl-
ations under mild conditions is methyl lithium 
[11C] CH3Li, which can be prepared by an equi-
librium reaction between n-butyl lithium 
(n-BuLi) and [11C] methyl iodide [17].

The Grignard reagent, methyl magnesium 
iodide, [11C]CH3MgI, is useful to add a methyl 

Fig. 11.1 11C-labeled precursors prepared from [11C]carbon dioxide and [11C] methane
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AgOSO2CF3Fig. 11.2 Methods for 
the synthesis of 
11C-labeled precursors

group to a carbonyl (CO) group in a molecule. 
This precursor can be prepared by the interaction 
of [11C]methyl iodide with magnesium turnings 
mixed with iodobenzene in ether [18].

Nitroalkanes, such as nitromethane [11C]
CH3NO2, can easily be converted into carbon 
nucleophile in the presence of a base. Also, an 
aldehyde group in a molecule can easily be sub-
stituted with a nitromethane. Subsequently, the 
nitrogroup can be reduced to an amine [19]. [11C]
CH3NO2 can also be easily prepared by the reac-
tion of methyl iodide with silver nitrate at 80 °C 
[20]. Other nitroalkanes, such as nitroethane and 
nitropropane, can also be prepared similarly.

Cyanide (HCN) can be an extremely useful 
precursor for replacing halogen atoms, through 
nucleophilic substitution, with the cyano group. 
[11C]HCN can be used to label amines, amino 
acids, aldehydes, and acids, and can be easily 
prepared by the reaction of [11C]methane with 
ammonia over a platinum catalyst, at a very high 
temperature [12]. Since copper salts mediate cer-
tain aromatic nucleophilic substitutions, [11C]
HCN can easily be converted to Cu[11C]CN [21].

Phosgene, [11C]COCl2) is a useful precursor 
that can be prepared easily by the catalytic chlo-
rination of [11C] CO, which typically is produced 
through the reduction of [11C]CO2 over hot zinc 
[22]. Phosgene can also be prepared by convert-
ing [11C]methane to carbon tetrachloride, [11C]
CCl4 through reaction with hot Cl2 gas. Carbon 
tetrachloride is then mixed in a stream of oxygen 
gas and passed through a second furnace at 
300  °C containing iron granules [23]. [11C]
Phosgene has been used to prepare [11C] urea, a 
precursor for the synthesis of 2-[11C]thymidine.

11.2.2.1  [11C]Methylation Reaction
The most common method in 11C chemistry is 
heteroatom methylation using [11C]methyl iodide 
or iodomethane (CH3I) and [11C]methyl triflate 
(CH3Tf), the most common precursors used to 
make 11C radiotracers. CH3I was first prepared in 
1976 to synthesize [11C]methionine [24]. Two 
methods are used for the synthesis of [11C] CH3I 
(Fig.  11.3). In a “liquid-phase” synthesis, [11C]
CO2 is first reduced to methanol [11C]CH3OH, 
using lithium aluminum hydroxide (LiAlH4) 
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a

b

Fig. 11.3 Synthesis of 
[11C]methyl iodide: 
Liquid phase method (a) 
and gas phase method 
(b)

GE TRACERlabTM

FX2 Mel
TRACElabTM

FX2 C

Fig. 11.4 TRACERlab FX2 MeI provides a patented gas 
phase [11C] methyl iodide production method via direct 
reaction of Iodine with [11C] methane. [11C] methane can 
either be supplied from a [11C] methane target, or in case 
a [11C]CO2 target is used, the integrated conversion step of 

[11C]CO2 to [11C] methane can be utilized. TRACERlab 
FX2 C provides [11C]methyl iodide or [11C]methyl triflate 
production and methylation of PET tracers in one module. 
For labeling processes starting directly with [11C]CO2 the 
methylation step can be bypassed

which then reacts with hydroiodic acid (HI) to 
generate methyl iodide. In a “gas-phase” synthe-
sis, [11CH4] gas (either from the target directly or 
produced from [11CO2]) reacts with iodine vapors 
generating methyl iodide [25, 26]. Commercial 
automated synthesis modules (Fig.  11.4) are 
available to synthesize [11C]CH3I and [11C]CH3.
Tf. The [11C]methylation reactions for making 
[11C]-radiotracers are described according to the 
final bond between the carbon-11 and the other 
atom; the most common alkylations can be 
divided into N-alkylation, O-alkylation, and 
S-alkylation. The N-alkylation reaction uses 
[11C]CH3I or [11C]CH3OTf as an electrophile to 
react with a either a primary, secondary, or even 

tertiary amine group to give the corresponding 
[11C]N-methyl radiotracer.

Generally, the radiochemical purity and SA of 
[11C] CH3I depend on the synthesis procedure 
and the automated module employed [27, 28]. 
The specific activity of [11C]CH3I (collected in 
DMF or acetone) can be determined by analytical 
HPLC using a Novapak C18 column (Waters, 
4.6 × 150 mm) and a mobile phase consisting of 
acetonitrile/water (40/60) containing 0.1  M 
ammonium formate at a flow rate of 2 mL min−1. 
The retention time of [11C]CH3I is 2.7  min 
(Fig.  11.5). The gas-phase method generates 
higher SA of [11C]CH3I and may be appropriate 
for receptor binding radiotracers [29].

11.2 11C-Labeled Radiopharmaceuticals
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11.2.3  Synthesis of 11C Labeled MIPs

A number of 11C-labeled molecular imaging 
probes of significant clinical interest have 
been developed in the last few decades 
(Table  11.3). Historically, several different 
approaches have been used for the production 
of 11C-labeled radiotracers, but the most prac-
tical approaches have been based on either (a) 
organic synthetic methods or (b) enzyme 
catalysis [4, 14].

The methods based on organic synthesis typ-
ically involve alkylations of C, N, O, and S 
nucleophiles with [11C]methyl iodide or [11C]
methyl triflate. The alkylation reactions require 
an organic precursor, also known as nor com-
pound (a molecule of interest without a methyl 
group on a specific C, N, O, or S atom). If a 
molecule of interest has several reactive groups, 
the organic precursors must have protective 
groups that can be easily deprotected by hydro-

lysis following methylation to generate the final 
drug product. This is the most common syn-
thetic approach used in the routine production 
of 11C-labeled radiopharmaceuticals and several 
examples are discussed below. 11C labeling 
based on methyl-iodide or triflate method may 
not be possible in certain compounds and 11C 
labeling through C-C bond formation may be 
the correct approach. Therefore, several differ-
ent methods have been developed in recent 
years to synthesize 11C-labeled radiotracers [5, 
7]. The first novel method is the direct forma-
tion of 11C-labeled carbonyl groups, where 
organic bases are utilized as “[11C]CO2 fixation 
agents.” The second method is a low pressure 
[11C]carbonylation technique that utilizes solv-
able xenon gas. These new methods have been 
reviewed recently in greater detail [7]. In sum-
mary, the following methods are utilized for the 
synthesis of 11C-labeled tracers through C-C 
bond formation [7]:
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Table 11.3 Examples of C-11-labeled PET radiotracers developed for applications in oncology, cardiology, neurology, 
and psychiatry

Biological process Radiotracer Target mechanism of uptake Clinical application
Phosphatidylcholine (PC)
Membrane synthesis

[11C]Choline (CHO) Choline kinase Prostate cancer, brain tumors

DNA synthesis [11C]Thymidine, 
[11C]4-DST

Thymidine kinase (TK) Tumor aggressiveness (Ki67)

Amino acid transport and 
protein synthesis

[11C]l-methionine
[11C]phenylalanine
[11C]ACBC
[11C]5–5-HTP)
[11C]AMT

Amino acid transporters 
(LAT 1–4)

Many tumors, including brain 
tumors, prostate cancer, and 
neuroendocrine tumors (NETs)

Cardiac oxygen 
metabolism

[11C]Acetate Utilized in TCA cycle and 
oxidative phosphorylation

Myocardial blood flow and 
oxygen consumption

Fatty acid metabolism [11C]Palmitate β-Oxidation in 
mitochondria

Myocardial metabolism and 
infarct quantitation

Cardiac neuroreceptors [11C]CGP-12388 β-Receptor antagonists Heart failure

Myocardial neuronal 
imaging

[11C]
Hydroxyephedrine 
(HED)

Norepinephrine reuptake 
transporter (NET)

Heart failure and NETs

Dopamine transporters 
(DATs)

[11C]-l-DOPA Analog of l-DOPA, 
substrate for AAAD

Parkinson’s disease (PD)

[11C]Cocaine Bind selectively to DAT Cocaine addiction

[11C]β-CIT DAT Parkinson’s disease (PD)

[11C]PE2i DAT Parkinson’s disease (PD)
Vesicular monoamine 
transporter type 2 
(VMAT2)

[11C]DTBZ DAT Parkinson’s disease (PD)

Dopamine D1 receptors [11C]NNC-112
[11C]SCH-23390

D1 receptor antagonist Schizophrenia, PD, cognitive 
disorders

Dopamine D2/3 receptors [11C]Raclopride
[11C]FLB-457

Non-selective antagonists 
for D2/3 receptors

Schizophrenia, PD, drug 
addiction, anxiety, Huntington’s 
disease (HD)

(+)-[11C]PHNO Specific for D3 receptors PD
Monoamine oxidase 
(MAO) expression

[11C]clorgyline
[11C]-L-deprenyl

Suicide MAO inhibitors PD

Adenosine receptors [11C]KF18446
[11C]MPDX

A2A receptor HD, chronic diffuse axonal 
injuries

Glutamatergic receptors 
(GluR)

[11C]ABP-688 Selective metabotropic 
GluR antagonist

HD, Alzheimer disease (AD)

[11C]MeNBI GluN1/GluN2 containing 
NMDA receptors

Various neurological disorders

Opiate receptors [11C]Carfentanil High-affinity μ opiate 
receptor agonist

Cocaine addiction

[11C]Diprenorphine Nonselective partial opiate 
receptor (μ, δ, κ) agonist

HD

GABA receptors [11C]Flumazenil 
(FMZ)

GABAA receptor 
antagonist

Amyotrophic lateral sclerosis 
(ALS), epilepsy

[11C]PK11195 Peripheral benzodiazepine 
(PBR) receptor

Activate microglia in 
neuroinflammation[11C]DPA-713

Serotonergic system [11C]HTP Serotonin synthesis Serotonin metabolism
NETs[11C]AMT

(continued)
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Table 11.3 (continued)

Biological process Radiotracer Target mechanism of uptake Clinical application
Serotonin receptors [11C]WAY100635 5HT1A receptor antagonist ALS, AD-dementia, temporal 

lobe epilepsy[11C]Desmethyl 
WAY100635
[11C]MDL-100907 5HT2A receptor antagonist
[11C]NMSP

Serotonin transporter 
(SERT)

(+)-[11C]McN-5652 Binds to SERT Depression, AD-dementia
[11C]DSAB
[11C]DASB
[11C]Citalopram

Cholinergic system [11C]Nicotine nAchR subtype α4β2 Leaning, memory, and AD

[11C]epibatidine
[11C]MP4P
[11C]MP4A

Acetylcholinesterase 
enzyme inhibitor

AD

Amyloid plaques [11C]6-OH-BTA- 
1(PiB)

Binds β-amyloid plaque AD, mild cognitive impairment 
(MCI)

[11C]AZD2184
[11C]SB-13

Fig. 11.6 Synthesis of l-[S-methyl-11C]methionine

• The alkylation of carbanions (nucleophiles) 
with 11C-labeled alkyl halides, nitroalkanes, 
and cyanide.

• The carboxylation of organometallic reagents, 
copper, and other metal-mediated catalysts.

• Transition-metal-mediated (Pd, Rh) chemical 
reactions with [11C]CH3I and [11C]CO.

• Well-known reactions mechanisms like Stille 
reaction, Negishi coupling reaction, Suzuki 
cross-coupling reaction, and Heck reaction.

11.2.3.1  l-[S-Methyl-11C]Methionine
The amino acid l-Methionine, labeled with 11C 
in the methyl position, has been used for imag-
ing of brain tumors. The routine production 
involves an alkylation on a sulfur nucleophile 
by the reaction of [11C] methyl iodide with 
S-benzyl- l-homocysteine in the presence of 
liquid ammonia and sodium, as shown in 
Fig.  11.6 [24, 30]. Following reverse phase 
HPLC of the reaction mixture, the final drug 
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product, l-[S-methyl-11C]methionine, is eluted 
using a phosphate buffer.

11.2.3.2  Synthesis of [O-Methyl-11C]
Raclopride

Raclopride is a dopamine D2 receptor antagonist 
and is one of the most extensively used neurore-
ceptor imaging probes. Raclopride is labeled 
with 11C by O-methylation using [11C]methyl 
iodide, as shown in Fig. 11.7. The enantiomeri-
cally pure S-precursor (O-desmethylraclopride) 
in DMSO is reacted with [11C] CH3I in the pres-
ence of sodium hydroxide. The purified drug 
product, [11C]raclopride, is obtained following 
reverse phase HPLC of the reaction mixture 
using a C-18 column, a 10 mM phosphoric acid, 

and acetonitrile (70:30  v/v) as an eluent. The 
fraction containing [11C]raclopride is, subse-
quently, evaporated to remove acetonitrile, refor-
mulated in physiological saline, and sterilized by 
membrane filtration.

11.2.3.3  Synthesis of R-[N-Methyl-11C]
PK11195

PK11195, a peripheral benzodiazepine receptor 
ligand, labeled with 11C, was originally devel-
oped as a tracer to image activated microglia in 
the brain [31, 32]. PK11195 can be labeled with 
11C by N-methylation using [11C]methyl iodide, 
as shown in Fig. 11.8. The precursor, R-desmethyl 
PK11195 (1.0 mg), is mixed with KOH (20 mg) 
in DMSO (0.4 mL) for 5 min. Subsequently, the 

Fig. 11.7 Synthesis of [11C]Raclopride

Fig. 11.8 Synthesis of [11C]PK11195

11.2 11C-Labeled Radiopharmaceuticals



252

mixture is reacted with [11C]CH3I for 3  min at 
80  °C.  The mixture is diluted with 2–3  mL of 
mobile phase (70% methanol and 30% water) 
and purified using reverse phase HPLC column. 
The eluent fraction containing the drug product is 
passed through a C18 sep-pack cartridge to 
remove methanol. The final drug product is refor-
mulated in 10% ethanol and physiological saline, 
and sterilized by membrane filtration.

11.2.3.4  [11C]PIB
Based on an amyloid dye thioflavin-T, a 11C 
tracer, N-Methyl-11C-2-(4′-methylaminophenyl)-

6-hydroxy-benzothiazole (11C-6-OH-BTA-1, 
also known as “Pittsburgh Compound-B” or 
[11C]-PIB), was developed to image brain amy-
loid plaques in patients with Alzheimer’s disease 
[33, 34]. PIB can be labeled with 11C by 
N-methylation using [11C] methyl iodide, as 
shown in Fig. 11.9. The precursor, desmethyl PIB 
with a protective group known as MOMO-BTA-0 
(1.5 mg) is mixed with KOH (10 mg) in DMSO 
(0.4 mL) for 5 min. Subsequently, the mixture is 
reacted with [11C]CH3I for 5 min at 125 °C. At 
the end, the protective group is removed by 
hydrolysis at 80  °C for 5 min using 0.5 mL of 

Fig. 11.9 Synthesis of [11C]PIB
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methanolic HCl (2:1). The mixture is diluted 
with mobile phase (35%) acetonitrile and 65% 
triethyl ammonium phosphate, pH 7.2), and puri-
fied using reverse phase HPLC. The eluent frac-
tion containing [11C]PIB is passed through the 
C18 sep-pak cartridge to remove the organic sol-
vent. The final drug product can be reformulated 
in physiological saline with 10% ethanol and 
sterilized by membrane filtration.

The preparation of PiB based on the second-
ary precursors [11C]CH3I or [11C]CH3OTf is 
always time and activity consuming. As dis-
cussed before, any approach capable of eliminat-
ing the steps of synthesis of the 11C-methylating 
agents would be advantageous for a better over-
all performance in terms of the RCY and the 
available activity for PET scans. [11C]CO2 is an 
attractive starting material for synthesizing 
11C-labeled tracers. The use of [11C]CO2 via the 
so-called fixation to synthesize 11C-ureas, 
11C-carbamates, 11C-oxazolidinones, 
11C-carboxilic acids, and 11C-amides is well-doc-
umented in the literature [5, 7]. Therefore, sev-
eral investigators developed methods to 
synthesize [11C]PiB using [11C]CO2 directly 
from the cyclotron [35].

11.2.3.5  Synthesis of [11C]5-Hydroxy-
l- Tryptophan (HTP)

Preparation of certain 11C radiopharmaceuticals 
can be very complicated and may involve many 
steps in the synthesis followed by purification 
procedures. 11C-labeled amino acids can be pre-
pared using enzyme catalyzed reactions (spe-
cially to prepare the desired enantiomer with 
biological activity rather than a racemic mixture). 
For example, in the synthesis of [11C]5-HTP [36], 
[11C]-l-alanine is synthesized first, by reacting 
[11C]CH3I with N-(Diphenyl methylene)glycine 
tertiary butyl ester. Subsequently, [11C]-l-alanine 
is converted to pyruvic acid using enzymes GPT, 
DAO and GPT. The interaction of labeled alanine 
with 5-hydroxyindole, in the presence of trypto-
phanase, will finally produce [11C]5-HTP 
(Fig. 11.10). The final drug product is purified by 
HPLC and sterilized by membrane filtration.

11.2.3.6  Synthesis of [11C]Choline 
(CHO)

The biological basis of [11C]choline as a cancer 
imaging PET tracer is its role as a precursor in 
the biosynthesis of phosphatidylcholine and 
the biosynthesis of phospholipid-rich mem-

Fig. 11.10 Synthesis of [11C]5-Hydroxytryptophan (5HTP)
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Fig. 11.11 Synthesis of [11C]Choline based on [11C]CH3I (methyl iodide) and 2-amino-(N,N-dimethyl)-ethanol 
(DMAE) precursor

branes. CHO-PET is used to image tumors, 
prostate cancer, and breast cancer in patients. 
The original synthesis of [11C] choline trapped 
the [11C]CH3I in a reaction flask, then reacted 
with 2-amino-(N,N- dimethyl)-ethanol 
(DMAE) in acetone with KHCO3 as base 
(Fig. 11.11). After stirring the reaction mixture 
at room temperature for 20 min, the final HPLC 
product has high specific activity (37  GBq/
μmol), high radiochemical purity as well as 
chemical purity (98%), in about 30% radiola-
beling yield [37, 38]. Subsequently, investiga-
tors have been optimizing the procedure and 
modifying automated systems to make the pro-
duction of CHO more efficient with greater 
activities per single batch run [9]. [11C]choline 
has been produced via N-[11C]methylation of 
the precursor DMAE with either [11C]methyl 
iodide/bromide or [11C]methyl triflate, fol-
lowed by purification using solid phase extrac-
tion (SPE) method [39].

[11C]Choline is the first and the only PET 
radiopharmaceutical approved by FDA for rou-
tine clinical studies. In spite of the extraordinary 
clinical investigations with hundreds of 
11C-labeled PET radiotracers in neurology, 
 oncology, and cardiology, the clinical utility of 
these tracers is still not well established.

11.3  13N-Labeled 
Radiopharmaceuticals

13N was first produced by the bombardment of 
boron with α particles using the 10B(α,n)13N reac-
tion [40]. The first 13N radiotracer of biological 

interest was [13N]ammonia (NH3). A number of 
nuclear reactions were used over the years to pro-
duce 13N [41]. However, the most popular method 
of producing 13N is based on the proton 
(8–15  MeV) bombardment of natural oxygen 
gas, using the 16O(p,α)13N reaction [42]. 13N can 
also be produced by the proton (4–9 MeV) bom-
bardment of isotopically enriched 13C using the 
13C(p,n)13N reaction [43].

11.3.1  [13N]Ammonia (NH3)

The most predominant chemical species of 13N 
produced in the water target is [13N]nitrate 

NO
3

−( ) , while the other two species, [13N]nitrite 

(NO2) and [13N] ammonia, may represent only a 
small fraction of the total 13N radioactivity 
(Table 11.4). [13N]ammonia is formed as the pri-
mary product by the abstraction of hydrogen 
atoms from the water, as shown in the Fig. 11.12. 
As the irradiation dose to target is increased, 
radiolytic oxidation occurs producing oxoanions 
of nitrogen, consisting of mainly nitrates and 
nitrites [44]. The most common method of 
increasing the radiochemical yield of [13N]
ammonia is by the addition of free radical scav-
engers, such as ethanol and acetic acid, to the tar-

get water [45]. Subsequently, the 13

4
N NH 

+  ion 

can be trapped on a small cation exchange car-
tridge from which it can be eluted using physio-
logical saline.

[13N]Ammonia can be used to prepare a num-
ber of 13N-labeled amino acids for the determina-
tion of protein synthesis rates in tumors. [13N]

11 Organic Radionuclides for Molecular Imaging (C, N, and O)



255

Table 11.4 Methods for the production of 13N and 15O radiotracers

Target material
Nuclear 
reaction

In-target 
product(s) Post irradiation treatment Final product

H2O 16O(p,α)13N
NO

3

− , BO
2

− , 
NH

2

+

Reduction of anions using DeVarda’s 
alloy and NaOH

[13N]NH3

H2O/Ethanol 
(1 mM)

16O(p,α)13N NH4
+ Radiochemical purification using cation 

exchange cartridge
[13N]NH3

N2/O2 
(0.1–4.0%)

14N(d,n)15O [15O]O2 Remove traces of NO2 and O3 [15O]O2

15N(d,n) 15O
N2/CO2 
(0.1–2.0%)

14N(d,n)15O [15O]CO2 Remove traces of [15O]O2 [15O]CO2 with trace 
13N levels

N2/H2 (5.0%) 14N(d,n)15O [15O]CO2 Remove traces of [15O]O2 [15O]CO2 with trace 
13N levels

Fig. 11.12 Reactions 
of 13N with water in the 
cyclotron target

Ammonia has also been used to prepare 
13N-labeled anticancer drugs, such as CCNU, 
BCNU, and cisplatin [44].

11.3.2  Synthesis of [13N]Gemcitabine

Gemcitabine (Gemzar®, Eli Lilly) is a chemother-
apy drug most commonly used to treat non- small 
cell lung, pancreatic, bladder, and breast cancer. 
[13N]Gemcitabine (GT) can be prepared using 
[13N]ammonia, as shown in Fig. 11.13. Following 
production of [13N]ammonia based on 16O(p,α)13N 
reaction, the target water is passed through an ion 
exchange CM cartridge to trap [13N] ammonia. 
Subsequently, it is eluted into a vial containing a 
DeTet, (a gemcitabine precursor containing a tet-
razol group) using 0.6 mL of sodium acetate buf-
fer (1 M, pH 8.5). The mixture is then heated at 
150–160 °C for 5 min. Finally, at the end of the 
reaction, the mixture is filtered and the filtrate is 
purified by HPLC to isolate the pure [13N]GT, 
which is then sterilized using membrane filtration 
[46].

11.4  15O-Labeled Radiotracers

The potential utility of [15O]oxygen to study 
regional tracer biology was first demonstrated in 
murine experimental neoplasms at the 
Washington University in St Louis [47]. Since 
that time, different chemical forms of 15O, such 
as carbon dioxide (CO2), carbon monoxide (CO), 
water (H2O), and n-butanol (CH3(CH2)3OH) have 
been used to study oxygen metabolism, blood 
volume, and blood flow in humans with PET.

15O can be produced in a cyclotron using a variety 
of nuclear reactions [44] but, the most commonly 
used reactions are 14N(d,n)15O and 15N(p,n)15O. The 
chemical forms of 15O generated in the target vessel 
depend on the nuclear reaction, energy of the bom-
barding particle, and the mixture of target gases 
(such as N2/O2, N2/CO2, and N2/H2) (Table 11.4).

11.4.1  15O-Labeled Gases

When N2 gas is bombarded with deuterons, the 
presence of oxygen (0.1–4.0%) leads to the gen-
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Fig. 11.13 Synthesis of [13N]Gemcitabine

eration of [15O]O2 with higher radiochemical 
purity. Subsequently, [15]O2 can be used to syn-
thesize labeled CO and CO2 gases.

[15O]CO can be synthesized, when [15]O2 is 
reacted with carbon (activated charcoal) at 900–
950 °C. However, when [15]O2 reacts with carbon 
at 400–450 °C, the predominant species formed 
is [15O]CO2. Methods for the in-target production 
of 15O-labeled CO and CO2 gases have also been 
developed. When the target N2 gas is mixed with 
minimal O2 levels (0.25%), [15O]CO is produced. 
Also, the presence of a source of hot carbon 
within the target volume has been shown to be 
optimal for the in-target production of [15O]CO 
[48, 49]. When N2/CO2 gas mixture is used as the 
target gas, the product 15O2 is converted to [15O]
CO2 in the target. Due to secondary nuclear reac-
tion, 12C(d,n)13N, the major radionuclidic impu-
rity in [15O]CO2 preparations is [13N]N2 gas.

11.4.2  Synthesis of [15O]Water

When a N2/H2 mixture is bombarded with deuter-
ons, the predominant 15O-labeled product in the 
target vessel is [15O]H2O [50]. Also, [15O]H2O is 
readily synthesized outside the target by the 
palladium- catalyzed reaction of [15O]O2 with H2 
gas [51]. A flow of purified [15O]O2 in nitrogen is 

mixed with hydrogen and passed over a few pel-
lets of palladium-alumina catalyst, and the result-
ing [15O]H2O vapor is trapped by bubbling the 
nitrogen carrier through a sterile saline solution. 
Based on this principle, an advanced automated 
system for the administration of [15O]water at the 
bedside was developed by the investigators at the 
Hammersmith Hospital in London.
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12Metal Radionuclides for Molecular 
Imaging

12.1  Introduction

Several prominent investigators have recently stated 
that the future of nuclear medicine is molecular 
imaging and theranostics [1, 2]. Nuclear medicine 
now provides diagnostic, prognostic, predictive, and 
intermediate endpoint biomarkers in oncology, car-
diology, neurology, and infectious and inflamma-
tory disorders. Whole- body target expression can be 
quantified and used for predicting therapy response. 
Treatment- induced metabolic changes serve as 
early prognosticators of therapy effectiveness. At 
the same time, technologic advances such as total-

body hybrid PET/CT PET/MR imaging are revolu-
tionizing the diagnostic capabilities of PET systems. 
In the last 20 years, 18F-labeled PET tracers domi-
nated the field of molecular imaging. As of January 
2022, there are 16 FDA-approved PET tracers, out 
of which 10 are based on 18F and only 4 or based on 
radiometals (Table 12.1) [3]. With the FDA approval 
of 68Ga-Dotatate, 68Ga-Dotatoc, 68Ga-PSMA−11, 
and 64Cu-dotatate, the future of molecular imaging 
in the coming decade may be based on PET radio-
pharmaceuticals with radiometals.

Extensive knowledge, experience, and under-
standing of the metal chemistry at the tracer level 

The doubter is a true man of science; he doubts only himself and his interpretations, but 
he believes in science.

Claude Bernard

Table 12.1 Approved metal-based radiopharmaceuticals in clinical use for PET and SPECT

Radiopharmaceutical Trade name Decay Target Indication
FDA 
approval

111In-DTPA-octreotide OctreoScan EC Somatostatin type II 
receptor (SSTR-II)

Neuroendocrine 
tumors

1994

99mTc-Apcitide 
(99mTc-P280)

AcuTect IT GP IIb/IIIa receptor Deep vein 
thrombosis (DVT)

1997

68Ga-DOTA-TOC 
(68Ga-endotreotide)

Somakit β+ Somatostatin type II 
receptor (SSTR-II)

Neuroendocrine 
tumors

2016, 2019

99mTc-Hynic-octreotide Tektreotyd IT 2018
68Ga-DOTATATE NetSpot® β+ 2018
64Cu-Dotatate DetectNet β+, β−, EC 2020
68Ga-PSMA-11 β+ Prostate specific 

membrane antigen 
(PSMA)

Prostate cancer 2020

© Springer Nature Switzerland AG 2023 
S. Vallabhajosula, Molecular Imaging and Targeted Therapy, 
https://doi.org/10.1007/978-3-031-23205-3_12
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would enable us to develop a number of new molec-
ular imaging radiotracers based on β+-emitting 
radiometals. 99mTc and 111In labeled SPECT radio-
pharmaceuticals will continue to play a prominent 
role in the development of SPECT radiopharmaceu-
ticals. Since targeted radionuclide therapy (TRT) is 
primarily based on metal radionuclides (such as 90Y, 
177Lu, 225Ac, and 227Th), the theranostics and person-
alized medicine dictate that the development of 
radiopharmaceuticals for imaging and therapy must 
be based on theranostic pair of radiometals. The 
advantages of metal-labeled molecular imaging 
radiotracers can be summarized as follows:

• Easy availability: 68Ga generators are avail-
able for easy in-house preparation based on kit 
production.

• Cyclotron production of metallic nuclides 
(68Ga, 89Zr, and 44Sc) has been optimized using 
medical cyclotrons using primarily (p,n) 
nuclear reactions.

• Fifty-year experience with the development of 
bifunctional chelating agents (BFCs) and 
metal-labeled radiopharmaceuticals.

• Ability to label target specific biomolecules 
(peptides and proteins).

• Availability of theranostic radionuclide pairs 
for imaging and therapy.

• High SA of radiometal.
• High SA of metal-labeled peptide and/or 

protein.
• High in vivo stability of metal-labeled tracers.
• Favorable radiation dosimetry, especially with 

68Ga and 44Sc.

12.2  Radiometals for PET 
and SPECT

Radioisotopes of various metals useful for PET 
and SPECT imaging studies are listed in Tables 
12.2 and 12.3. The selection of a radiometal for 

Table 12.2 Important radioisotopes of metals useful for PET and SPECT

Metal Stable isotopes Radioactive isotopes
Z Name Nuclide % Nuclide T½ (h) Decay % β+ emission SA (Ci μmole−1)
21 Scandium 45Sc 100 44Sc 3.927 EC, β+ β+ (94.27)
22 Titanium 46Sc 8.25 45Ti 3.10 EC, β+ β+ (84.82)

47Sc 7.44
48Sc 73.72
49Sc 5.41
50Sc 5.18

27 Cobalt 59Co 100 55Co 17.53 EC, β+ β+ (77)
29 Copper 63Cu 69.17 60Cu 0.39 EC, β+ β+ (93)

65Cu 30.83 61Cu 3.32 EC, β+ β+ (62)
62Cu 0.163 EC β+ β+ (98) 19,310
64Cu 12.80 EC, β+, β− β+ (19) 245

31 Gallium 69Ga 60.10 66Ga 9.45 EC, β+ β+ (62) 331
71Ga 30.90 67Ga 78.24 EC, γ 40

68Ga 1.14 EC, β+ β+ (90) 2766

37 Rubidium 85Rb 72.16 82Rb 75 s EC, β+ β+ (96)
87Rb 27.84

39 Yttrium 89Y 100 86Y 14.74 EC, β+ β+ (34) 213

40 Zirconium 90Zr 51.45 89Zr 78.48 EC, β+ β+ (23) 39.9
91Zr 11.22
92Zr 17.15
94Zr 17.38
96Zr 2.80

49 Indium 113In 4.3 110In 1.1 EC, β+, γ β+ (71)
115In 95.7 111In 67.2 EC, γ 47

Technetium No stable isotope 94mTc 0.88 EC, β+ β+ (72)
99mTc 6.01 IT 522

12 Metal Radionuclides for Molecular Imaging



261

Table 12.3 The most common nuclear reactions for the production of positron-emitting radiometals

Radiometal Nuclear reaction Target abundance (%) Proton energy range (MeV)
44Sc 44Ca (p,n) 44Sc 2.086 ~11
45Ti 45Sc (p,n) 45Ti 100 ~11
61Cu 61Ni (p,n) 61Cu 1.25 9–12
64Cu 64Ni (p,n) 64Cu 0.91 8–15
66Ga 66Zn (p,n) 66Ga 27.8 8–15
67Ga 68Zn (p,2n) 67Ga 19.0 12–22
68Ga 68Zn (p,n) 68Ga >97% 11–12
86Y 86Sr (p,n) 86Y 9.86 10–15
89Zr 89Y (p,n) 89Zr 100 ~14
94mTc 94Mo (p,n) 94mTc 9.12 10–15
110In 110Cd (p,n) 110In 12.5 10–20
111In 112Cd (p,2n)111In 24.0 12–22

labeling a specific peptide or protein is dependent 
on several factors, such as physical half-life, SA, 
type(s) of decay and emission(s), energy of the 
emission(s), and cost and availability. In addi-
tion, pharmacokinetics, drug delivery of the 
radio-metal-complex to the target site and clear-
ance of the radiometal complex from both the 
target and nontarget tissues are all important fac-
tors that determine the selection of an appropriate 
radiometal in tracer development.

Among the β+-emitting metallic nuclides, 64Cu 
(T = 12.6 h), 66Ga (T½ = 9.45 h), 86Y (T½ = 14.74 h), 
and 89Zr (T½ = 3.27 days) are more appropriate for 
development of commercial PET radiopharma-
ceuticals since they can be transported across the 
country. For most of these metallic radionuclides, 
cyclotron production methods have been opti-
mized, using medical cyclotrons using primarily 
(p,n) nuclear reactions (Table  12.3). The two 
nuclides with short half-lives, 68Ga (T½ = 68.3 min) 
and 62Cu (T½  =  9.76  min) can be produced on 
demand from commercial generator systems 
without the need for an on-site cyclotron. 
However, cyclotron production methods for 68Ga 
have been well optimized both for liquid targets 
(3–5 GBq) and solid targets (50–100 GBq). Also, 
the 82Sr(T½ = 25 days) → 82Rb (T½ = 75 seconds) 
generator (cardioGen-82®) has been FDA 
approved for myocardial perfusion studies. The 
positron-emitting metals such as 44Sc, 45Ti, and 
radiometals 55Co have optimal half-lives and posi-
tron kinetic energies and are actively investigated 
by several groups for labeling small molecules, 
and peptides for molecular imaging studies.

12.2.1  Specific Activity 
of Radiometals

The SA of the radiometal is an indicator of 
potency; the higher the SA of the radiometal, the 
higher is the SA of the radiometal-labeled bio-
molecule. The theoretical SA of carrier-free 
radiometals, useful for developing PET and 
SPECT radiotracers, is shown in Table 12.2. The 
practical SA that can be achieved by cyclotron 
production or by generator, however, depends on 
many other factors. In general, SA of all β+-
emitting radiometals is much higher than the cor-
responding SPECT nuclides, except for 89Zr. 
Also, the SA of 68Ga (2.766 Ci nmol−1) is even 
much higher than that of 18F (1.71 Ci nmol−1).

The maximum theoretical SA of 64Cu is 
∼4000 mCi μg−1 but, the cyclotron production of 
64Cu achieves a maximum SA of ∼200 mCi μg−1 
at EOB [4]. In practice, purity control difficulties 
in solid target production often cause much lower 
SA to be delivered due to cold Cu contamination. 
In comparison, the SA of generator-produced 
62Cu is >70,000 mCi μg−1 and levels approaching 
this maximum can be routinely achieved.

12.2.2  Decay Characteristics 
of Radiometals

The intensity of β+ emission from a radionuclide 
or branching ratio directly affects the rate of true 
coincidences because lower β+ decay fraction 
results in fewer annihilation events per MBq [5]. 

12.2 Radiometals for PET and SPECT
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Also, the β+ must slow down and rest before it 
can annihilate with an electron. Thus, annihila-
tion takes place in a spherical volume whose 
radius depends on the energy. Consequently, with 
PET, positrons with lower energy will have 
shorter range in tissue and higher expected spa-
tial resolution [6]. In addition, the ability to visu-
alize a lesion depends on the amount of activity 
in the lesion compared to  the background. The 
short half-life metals such as 68Ga are ideal for 
radiotracers,  such as peptides and small mole-
cules, which clear from circulation rapidly.

Another important consideration is the emis-
sion of γ photons associated with certain positron 
emitters. The number of photons, amount of 
energy, and the abundance (%) for several radio-
metals useful for PET are shown in Table 12.4. 
Except for 62Cu, 64Cu, and 68Ga, all other radio-
metals have significant gamma emissions. 
Radionuclides, such as 66Ga, 86Y, 89Zr, and 124I, 
have a very high proportion of γ emission com-
pared to the intensity of β+ emission. Detection of 
gamma photons or scattered photons, along with 
annihilation photons, may reduce the coincidence 
count rate performance (true counts) in several 
different ways [7, 8]. Also, the associated gamma 
emission will have a significant impact on the 
radiation dose to the patient, radiation exposure, 
and burden to the technical staff [5].

For the development of PET tracers, it is impor-
tant to recognize that each radionuclide has unique 
imaging characteristics with respect to image qual-
ity, biological vector compatibility, cost, availabil-
ity, and dosimetry. In principle, PET performance, 
in terms of spatial resolution and the range in tissue 
(Table  12.5), will change with positron-emitting 
radionuclide due to the kinetic energy of the posi-
tron [6, 9, 10]. Therefore, it is vital to understand 
and characterize the variables that will impact 
image quality. Among the radiometals listed in 
Tables 12.4 and 12.5, the positron from 64Cu has 
lowest energy compared to that from 86Y and 66Ga. 
In contrast, the positron from 89Zr has energy com-
parable to that of 18F. As a result, 89Zr has become 
more popular for the molecular imaging studies, 
especially with monoclonal antibodies.

Table 12.4 Positron-emitting radionuclides and decay characteristics

Nuclide
T½ β+ decay β+ Energy (MeV) Major γ energy (KeV) and abundance (%)

(%) Emax Emean 1 2 3
44Sc 3.927 94.27 1.473 0.632 1157 (100)
45Ti 3.10 84.82 1.027 0.439
55Co 17.53 76.0 1.498 0.573 931 (75) 1408 (16.9)
62Cu 0.163 97.83 2.937 1.319
64Cu 12.80 17.6 0.653 0.2782 1346 (0.47)
66Ga 9.49 57.0 4.153 1.75 1039 (37) 2751 (23) 4.295 (4)
68Ga 1.14 88.9 1.899 0.830 1077 (3)
82Rb 75 s 95.4 3.382 1.481 777 (13.4
86Y 14.74 31.9 3.141 0.662 443 (17) 627 (33) 1.076 (83)
89Zr 78.48 22.74 0.902 0.396 908 (100)
94mTc 0.88 72.0 2.47 1.0942 871 (94.2) 1522 (4.5) 1869 (5.7)

Table 12.5 Range of positrons in watera

Radionuclide T½
β + Emean
(KeV)

CDSA rangeb

(mm)
72As 26 h 1170 5.16
68Ga 68 m 830 3.37
86Y 14.7 h 660 2.50
89Zr 78.4 h 396 1.23
18F 110 m 250 0.62
52Mn 5.59 d 242 0.59

aData from [6]
bContinuous slowing down approximation (CSDA) for the 
average energy of positron

12 Metal Radionuclides for Molecular Imaging
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12.3  Chemistry of Radiometals

Some of the important physical properties and the 
electron configuration of various metals useful in 
developing molecular imaging probes are sum-
marized in Table 12.6. Among these metals, gal-
lium and indium are post-transition metals (group 
13 or IIIB in the periodic table). All other metals, 
useful for developing radiopharmaceuticals for 
molecular imaging, are transition metals with 
complex coordination chemistries. The therapeu-
tic radionuclides 177Lu (lanthanide), 225Ac, and 
227Th (actinides) are included here to compare the 
chemistry with PET/SPECT nuclides. All the 
metals in Table 12.6 requite a bifunctional chelat-
ing agent (BFC) to complex the radiometal and to 
form a covalent bond with the targeting vehicle 
(or vector), such as small molecule, peptide, or 
protein (monoclonal intact antibodies 
(mAb)  or  different size fragments derived from 
antibodies). Figure  12.1 shows a schematic of 
metal-based molecular imaging radiopharmaceu-
tical composed of four different components: tar-
geting vehicle, spacer, linker, and chelating agent.

12.3.1  Chelators for Metal 
Complexation

Coordination chemistry is the study of com-
pounds that have a central metal atom (coordi-
nation center) surrounded by molecules or 
anions, known as ligands. The ligands are 
attached to the central metal atom by coordinate 
bonds (also known as dipolar or dative bonds), 
in which both electrons in the bond are supplied 
by the same atom on the ligand. The atom within 
a ligand that is bonded to the central metal atom 
or ion is called the donor atom. The number of 
donor atoms attached to the central atom, or ion, 
is called the coordination number. In coordina-
tion compounds, the metal ions have two types 
of valences; primary valence (also known as 
oxidation state) refers to the ability of metal ion 
to form ionic bonds with oppositely charged 
ions, while secondary valence (also known as 
coordination number) refers to the ability of a 
metal ion to bind to Lewis bases (ligands) to 
form complex ions. Therefore, the coordination 
number is the number of bonds formed by the 

Property
Transition metals Post-transition metals Lanthanides Actinides
Sc Cu Y Zr Tc Ga In Lu Ac Th

Atomic 
number

21 29 39 40 43 31 49 71 89 90

Group 3 11 3 4 7 13 13 3 n/a n/a
Block d d d D d p p D f? f
Atomic radius 
(pm)

162 128 181 160 136 122 163 174 126 108–
135

Ionic radius 
(pm)

75–
87

80 90–
108

109 56 47– 62 62–92 86–103 112 105

Electron 
structure

[Ar]
3d1 
4s2

[Ar] 
3d10 4s1

[Kr] 
4d1

5s2

[Kr]
4d2

5s2

[Kr]
4d5

5s2

[Ar] 
3d10 4s2 
4p1

[Kr] 
4d10 5s2 
5p1

[Xe] 4f14 
5d1 6s2

[Rn] 
6d1 7s2

[Rn]
6d2

7s2

Electronegativity 1.36 1.90 1.22 1.33 1.90 1.81 1.78 1.27 1.1 1.3
Oxidation state +3 +1, +2 +3 +4 −1 to 

+7
+3 +3 +3 +3 +4

Coordination 
number

6–8 4 6–9 6–8 2–8 6 4–8 6–9 9–10 >8

Data for effective ionic radii were derived from http://abulafia.mt.ic.ac.uk/shannon/ptable.php

Table 12.6 Physical and chemical characteristics of radiometals
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RP for MI

BT

BT: Biological Target

TV

TV: Targeting Vehicle (vector)

SP

RM
SP: Spacer

Chelator

LN

LN: Linker

RM: Radiometal
68Ga, 64Cu, 89Zr

Fig. 12.1 Schematic of a metal-based molecular imaging radiopharmaceutical for PET and SPECT

metal ion with the atoms (that can donate a pair 
of electrons) in a chelating agent. This number 
varies from 2 to 8 (Table  12.6), depending on 
the size, charge, and electron configuration of 
the metal ion. The ligand geometric arrange-
ments of coordination compounds can be linear, 
square planar, tetrahedral, or octahedral, 
depending on the coordination number.

Monodentate ligands (such as F−, Cl− ions) 
donate one pair of electrons to the central metal 
atoms. Polydentate ligands, also called chelates or 
chelating agents, donate more than one pair of 
electrons to the metal atom forming a stronger 
bond and a more stable complex. The metal com-
plex can be neutral or charged. When the metal 
complex is charged, it is stabilized by neighboring 
counter-ions. These metal complexes are called 
chelate complexes and the formation of such 
complexes is called chelation  or  complexation 
and coordination. Alfred Werner, a Swiss chemist, 
won the Nobel Prize in chemistry in 1913 for his 
work on transition metal complexes.

As shown in Fig. 18.1, the radiometals used 
for imaging and targeted therapy form strong 

coordinate covalent bonds with chelating agents. 
The main goal in the synthesis of metal-based 
radiopharmaceuticals is to form a robust coordi-
nation complex that is stable and does not release 
the free metal in vivo. BFCs serve the dual pur-
pose of radiometal complexation and bioconju-
gation to the targeting vehicle (or the vector). 
Two classes of chelators known as acyclic and 
macrocyclic have been developed in the last four 
decades for the development of metal-based 
radiopharmaceuticals.

12.3.1.1  Chelating Agents
Some of the important acyclic and macrocyclic 
chelators used in the synthesis of metal-based 
therapeutic radiopharmaceuticals are shown in 
the Figs.  12.2 and 12.3 and summarized in 
Table 12.7. Each of these chelating agents differ 
in size and offer different donor groups such as 
carboxylic acids, alcohols, amines, thiols,  and 
phosphonic acids. Since the chelating agent must 
form complexes with the metal ion with high 
thermodynamic stability and kinetic inertness at 
pH  5–7.5, chelating agents must meet specific 
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Table 12.7 Acyclic and macrocyclic chelators used to prepare radiometal therapeutic radiopharmaceuticals

Chelator Chemical name Donor atoms CN Metal
DTPA Diethylenetriaminepentaacetic acid N3O5 8 Ga, In
CHX-A”-DTPA Trans-(S,S)-cyclohexane-1,2-diamine-pentaacetic 

acid
N3O5 8 Y

EDTA Ethylenediaminetetraacetic acid N2O4 6 Ga, In
H2dedpa 1,2-[[6-(carboxy)-pyridin-2-yl]-Methylamino]

ethane
N4O2

H4octopa N,N′-bis(6-carboxy-2-pyridylmethyl)-
Ethylenediamine-N,N′-diacetic acid

N4O4 8

HBED-CC 3-[3-[4-[5-(2-carboxyethyl)-2-hydroxyphenyl]-
1,4-bis (carboxymethylamino)butyl]-4- 
hydroxyphenyl]propanoic acid

N2O6 8 Ga

Desferrioxamine B 
(DFO)

1-Amino-6,17-dihydroxy-7,10,18,21-tetraoxo-27-
(N-acetyl 
hydroxylamino)-6,11,17,22-tetraazaheptaeicosane

O6 6 Zr

NOTA 1,4,7-triazacyclononane-1,4,7-tri-acetic acid N4O3 6 Ga, Sc
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10- 

tetraacetic acid
N4O4 8 In, Sc, Ga, Y, 

Bi, Lu, Ac, Th
TETA 1,4,8,11-tetraazacyclotetradecane-1,4,8,11- 

tetraacetic acid
N4O4 8 Cu

CB-TE2A 4,11-bis-(carboxymethyl)-1,4,8,11- 
tetraazabicyclo[6.6.2]-hexadecane

N4O2 6 Cu

SarAr 1-N-(4-aminobenzyl)-3,6,10,13,16,19- 
hexaazabicyclo[6.6.6]eicosane-1,8-diamine 
(SarAr)

N6 6 Cu

PCTA 3,6,9,15-Tetraazabicyclo[9.3.1]pentadeca- 
1(15),11,13-triene-3,6,9-triacetic acid

N4O3 7 Ga, Cu

requirements. The fundamental metal ion charac-
teristics (Table  12.6), such as atomic number, 
charge, and radius, which vary from metal ion to 
metal ion,  and result in distinct preferences for 
geometry, coordination number, and ionic/cova-
lent bond contribution. For optimal stability, the 
coordinating functional groups of the chelator 
should adopt the favored geometry of the metal 
ion while, simultaneously, satisfying metal coor-
dination requirements to prevent competition 
from extraneous ligands, especially in biological 
systems [11–13]. The metal-ligand compatibility 
is dependent on the hard-soft acid-base (HSAB) 
character of the involved atoms.

Most of the radiometals are hard acids with 2+ 
and 3+ as their major oxidation states in aqueous 
solution. Hard metal ions have high charge den-
sity, have nonpolarizable electron shells, and tend 
to form predominantly ionic bonds, in which elec-
trostatic attraction is the primary driving force of 
bond formation. A useful metric for hard-soft 
character is the Drago-Wayland parameter, IA, 

(IA = EA/CA) which conveys the electrostatic (EA) 
and covalent (CA) contributions to the formation 
constants of Lewis acid-base complexes (includes 
metal complexes) in aqueous solution [13]. A 
higher value of IA indicates greater hardness of the 
metal (Table  12.8). Therefore, hard metal ions 
prefer hard donating groups (e.g., carboxylic 
acids), which possess dense anionic character 
(e.g., carboxylic acids). Conversely, soft metals 
have low charge density and polarizable electron 
shells, and form covalent bonds with softer, more 
electron-disperse donor groups.

Acyclic Chelating Agents
Diethylenetriaminepentaacetic acid (DTPA) was 
one of the first acyclic chelators (Fig. 12.2) used in 
the  1980s to label peptides and antibodies with 
111In and 90Y. DTPA has been successfully used to 
develop FDA approved peptide, 111In-DTPA- 
Octreotide (Octreoscan®), a SPECT imaging agent 
for the detection of neuroendocrine tumors. 
Subsequently, several DTPA analogs such as 
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Table 12.8 Metal-chelate complexes and stability parametersa

Metal DOTA DTPA
Hardness IA CN Log KML pM CN Log KML pM

Sc3+ Hard 10.49 N4O4 27.0–30.8 23.9–26.5 N3O5 26.3–27.4
Cu2+ Borderline soft N4O2 22.7 17.6
Ga3+ Hard 7.07 N4O2 21.3–26.1 15.2 N3O4 24.3 20.2
Y3+ Hard 10.64 N4O4 24.3–24.9 19.3–19.8 N3O5 21.9–22.5 17.6–18.3
In3+ Borderline hard 6.3 N4O4 23.9 18.8 N3O5 29.0–29.5 24.4–25.7

aThe table is revised from reference Kostelnik and Orvig 2018

1B4M-DTPA (Tiuxetan) and CHX-A”-DTPA 
were developed to improve the in vivo stability of 
radiolabeled complexes. To increase the stability, 
preorganizing groups have been attached to the 
carbon backbone which can stabilize the confor-
mation of the free chelator to form a more kineti-
cally stable complex. Tiuxetan was used to develop 
the FDA-approved 111In or 90Y-labeled anti-B1 
mAb (Zevalin®) for the targeted therapy of patients 
with non-Hodgkin’s lymphoma (NHL).

EDTA analogs such as HBED-CC, H4-Octopa 
were also developed to improve stability of 
metal-labeled complexes in  vivo. HBED-CC 
chelator was used to prepare FDA approved 
68Ga-PSMA-11 for imaging PSMA-positive 
prostate cancer. Acyclic chelators are of special 
interest when antibodies or short-lived radiomet-
als are used because radiolabeling can be per-
formed within minutes at room temperature.

Macrocyclic Chelating Agents
Macrocyclic ligands are not only multi-dentate, 
but because they are covalently constrained to 
their cyclic form, they allow less conformational 
freedom. The ligand is said to be pre-organized 
for binding and there is little entropy penalty for 
wrapping it around the metal ion. To increase the 
kinetic stability of metal complexes, the structure 
of acyclic polyamino-polycarboxylate ligands 
was modified to cyclic chelates such as DOTA, 
NOTA, TETA, PEPA, and HEHA (Fig. 12.3).

The first synthesis of DOTA was reported in 
1976 by Stetter and Frank. DOTA (also known 
as H4DOTA) is derived from the macrocycle, 
cyclen. Subsequently, macrocyclic BFCs based 
on DOTA were developed by strategically incor-
porating functionalized side chain to facilitate 
binding to antibodies [14]. In the last three 

decades, DOTA chelator and its derivatives have 
become the most important chelating agents in 
the development of both diagnostic and thera-
peutic radiopharmaceuticals.

DOTA-based chelators tend to exhibit high 
in  vivo stability for most trivalent radiometals 
but, require somewhat elevated temperatures and/
or longer complexation reaction times. For anti-
bodies, higher temperature is not appropriate but, 
if peptides are used as vector molecules, the slow 
kinetic of formation can be overcome by heating 
(close to 100 °C) or the use of microwave tech-
nology, which usually does not destroy the bio-
molecule. Once the metal is inside the macrocyclic 
tetraaza core, the metal will remain there under 
physiological conditions [15].

12.3.1.2  Stability of Metal-Chelate 
Complex

The electronegativity and oxidation state play a 
major role in the formation of metal-ligand com-
plexes. Evaluation of a chelator’s metal affinity 
requires knowledge of its acid-base properties 
(protonation constants) and the thermodynamic 
stability of its metal complexes. The metal ions 
dissolved in water are complexed to form aqua 
ions. However, in the presence of a chelating 
agent or the ligand (L) with greater affinity for 
the metal than the affinity of OH− ion for the 
metal, the formation of metal-chelate complex is 
preferred, as shown below.

 M L ML+ ?  (12.1)

 
K

s

ML

M L
=

[ ]
[ ][ ] 

(12.2)

In the above equation, [ML] represents the con-
centration of the metal-ligand complex, while 
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[M] and [L] represent the concentrations of the 
free metal and the free ligand, respectively. The 
stability of the metal-ligand complex is defined 
by the stability constant (KS or KML) when the 
system reaches an equilibrium between inter-
acting chemical species [16]. The higher the 
value of KML, the greater the thermodynamic 
stability of the metal-ligand complex 
(Table 12.8). The values of KML (such as 104 or 
1030) are normally represented as log KML val-
ues (such as 4 and 30). A more useful thermo-
dynamic parameter is the pM value 
(−log[M]Free), and the pM values are linearly 
correlated with KML values and express the 
extent to which a metal ion complex is formed 
in solution under physiologically relevant con-
ditions [13]. The KML values are usually deter-
mined for metal-chelate reactions under ideal 
conditions of buffer, pH and temperature, and 
do not necessarily reflect the stability of metal-
ligand complex in vivo. For a specific metal, a 
chelating agent with a higher pM value is desir-
able but, does not predict kinetic stability.

It is important to appreciate that the stability 
constant can only reveal the direction of the 
reaction (formation or dissociation) but, not the 
rate of the reaction. For example, when a puri-
fied metal-ligand complex is injected into the 
circulation, the rate of dissociation of the com-
plex may be significantly increased due to 
extreme dilution of the complex. Therefore, the 
kinetic stability of the metal-ligand complex is 
very important under in vivo conditions where 
competing ions (such as Fe3+, Ca2+, Cu2+, Zn2+) 
and ligands (serum proteins, enzymes) may 
augment the transchelation of the radiometal 
[16]. A quantity known as conditional stability 
constant can be measured or estimated as a 
function of pH and in the presence of different 
amounts of other competing ligands. The 
in  vivo stability or the kinetic inertness of a 
radiotracer is evaluated more appropriately 
based on biodistribution studies in animal mod-
els using a radiometal-labeled chelate conju-
gated target vehicle (vector) with high 
radiochemical purity (RCP) and optimal spe-
cific activity (SA).

12.3.1.3  Bifunctional Chelating 
Agents

When a chelating agent has two different func-
tional groups (such as alcohol, carboxylic acid, 
or  amide), it is called a bifunctional chelating 
agent (BFC or BFCA). The BFC consists of a 
chelating moiety to complex the radiometal and a 
functional group for the covalent attachment of 
the biomolecule (such as peptide and mAb). The 
BFCs contain a side chain (not participating in 
the chelation of metal) for conjugation to a pep-
tide or protein. The side chain can be attached to 
the carbon backbone of the chelate 
(C-functionalized chelate) or by substitution to 
one of the nitrogen atoms in the molecule. 
C-functionalized chelating agents are preferable 
and provide greater stability to the metal-chelate 
complex, since all the donor atoms (nitrogen and 
oxygen) will be available for coordination with 
the metal ion. Once an appropriate chelating 
agent is selected for a specific metal, BFC is syn-
thesized by adding the functional group to the 
chelating agent. Some of the most common com-
mercially available BFCs used in the synthesis of 
radiometal complexes for therapeutic applica-
tions are shown in Fig.  12.4. In the last three 
decades, an array of reactive functional groups 
for conjugation of BFCs to proteins have been 
reported in the literature [13, 17–19].

As shown in Fig. 12.1, in the design of target- 
specific metal-labeled radiopharmaceuticals, a 
pharmacokinetic modifying (PKM) linker is 
attached between the targeting vehicle and the 
BFC-radiometal complex. The RKM Linkers and 
spacers are often employed to separate the BFC 
and the bioconjugate for two reasons. The first is 
to avoid detrimental interactions of the biomole-
cule with the coordination complex formation of 
the chelator with the radiometal. The second 
more important reason is to modify the excretion 
kinetics and optimize the biodistribution and 
pharmacokinetics of the radiolabeled complex to 
enhance the target/background (T/B) ratios. 
These linkers can be neutral or charged (cationic 
or anionic), or metabolically cleavable and biode-
gradable. A simple hydrocarbon chain will 
increase lipophilicity while a peptide sequence 
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Fig. 12.4 Bifunctional chelating agents (BFCA) commonly used to conjugate a biomolecule and complex a radio-
metal. The nitrogen and oxygen donor atoms for metal coordination shown in color

will increase hydrophilicity and renal clearance. 
Polyethylene glycol (PEG) linker can alter the 
excretion kinetics and improve tumor targeting.

Coupling of BFC to Biomolecule
To combine a biomolecule with a BFC, two dif-
ferent strategies are generally used. In the pre- 
conjugation strategy, the BFC is first radiolabeled 
with the metal and the purified radiometal-BFC 
complex is then conjugated to the biomolecule. 
Since the conjugation step is not quantitative and 
requires additional purification steps, pre- 
conjugation strategy may not be practical for rou-
tine use. In the post-conjugation radiolabeling 

approach, the BFC is first conjugated to the bio-
molecule and the purified BFC-biomolecule 
complex (precursor) can be stored under appro-
priate conditions for several months or years 
before the labeling with the radiometal is per-
formed. To achieve high labeling yields and 
radiochemical purity (RCP), the precursor mass 
(molar ratio) should be significantly more than 
the radiometal mass. This strategy is more practi-
cal and suitable for routine manufacture of thera-
peutic radiopharmaceuticals.

Coupling of the biomolecule or the targeting 
vector to the BFC often relies on nucleophilic 
attack from the bioconjugate. Electrophiles, such 
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as anhydrides, bromo- or iodoacetamides, iso-
thiocyanates, N-hydroxysuccinimide (NHS) 
esters, carboxylic acid active esters, and 
maleimides are typical groups for conjugation 
that have been developed to modify biomolecules 
with the appropriate BFCAs. Primary amines are 
reactive towards isothiocyanates and active 
esters, while maleimide is reactive towards thiols 
[19]. The use of copper mediated “click- 
chemistry” and Diels-Alder coupling has also 
been utilized in the preparation of radiometal 
complexes of biomolecules. Some of the most 
important and routinely used strategies for conju-
gating BFC to a biomolecule are summarized in 
Fig. 12.5.

The activation of a carboxylate group of the 
BFC via an active ester, which reacts with a pri-
mary amine of the biomolecule (sidechain of a 
lysine residue or N-terminal amine of a pep-
tide) leads to a peptide bond that is highly sta-
ble under physiological conditions. An example 
of the activation of the carboxylate is the for-
mation of N-hydroxysuccinimide (NHS) ester. 
Isothiocyanates are reactive to amines, as well. 
They may be formed from nitro groups and 

react in aqueous solutions at pH 9–9.5 with pri-
mary amines to form thiourea bonds. This reac-
tion restricts this method to biomolecules that 
are not sensitive to alkaline conditions. 
Maleimides react selectively with the thiol 
groups (from cysteine) in the biomolecules and 
form a thioether bond with the BFC. The pH for 
this reaction is close to 7 so that this reaction is 
ideal for biomolecules. Anhydrides of the BFC 
react with primary amines of the biomolecules. 
The dianhydride of DTPA might react with the 
biomolecule to form a DTPA-monoamide as 
well as a DTPA-bisamide and cross-linkage of 
two biomolecules may occur. To avoid cross-
linkage, asymmetric anhydrides of DTPA and 
DOTA have been developed and used.

12.3.2  Chemistry of Post-transition 
Metals

Both gallium and indium have a filled d shell and 
three electrons in the outermost shell (Table 12.6). 
For these two metals, the most important oxidation 
state is +3. Their coordination chemistry is some-

O
O

O

O

NHS ester

HS

Biomolecule Biomolecule

Biomolecule

Biomolecule

Biomolecule

Biomolecule

Biomolecule

Biomolecule

H2

R

R

R

O

O

O

O
S

N

N

N

N N

N

H
N

N

H

H

Maleimide

Isothiocyanate

Triazole

O

OR

a

b

c

d

R

R

R

N C S

N

Amines

H2N

N3

Amines

Thiols

N

+

+

+

+

N R

Fig. 12.5 Conjugation reactions commonly used for the covalent attachment of BFCA (R) to a targeting biomolecule 
with the formation of an amide (a), thioether (b), thiourea (c), and triazole bond (d)

12 Metal Radionuclides for Molecular Imaging



271

what similar; however, due to small differences in 
their ionic radii and electronegativities, minor but, 
significant differences do exist in their chemistries. 
The trivalent metals share chemical characteristics 
with ferric ion (Fe3+). This similarity with ferric 
ion is important in the development of radiophar-
maceuticals since iron is an essential element in 
the human body and a number of iron binding pro-
teins, such as transferrin (in blood), exist to trans-
port, and store iron in vivo. As a result, the atoms 
of iron always compete with these radiometals for 
specific binding with proteins, such as transferrin, 
lactoferrin, and ferritin, in vivo [20].

The aqueous chemistry of Ga and In is domi-
nated by their ability to form strong complexes 
(both soluble and insoluble) with the hydroxyl ion. 
The fully hydrated (hexaaquo) M3+ ions are only 
stable under acidic conditions. As the pH is raised 
above 3, these three metals form insoluble hydrox-
ides (M(OH)3). A variety of OH intermediates are 
formed as a function of pH and the mass of the 
metal. Gallium is more amphoteric than indium 
and yttrium. As a result, at physiological pH, gal-
lium exists predominantly as a soluble species, 
[Ga(OH)4]− (gallate) [21]. With indium, soluble 
[In(OH)4]− starts forming only at pH values higher 
than 7.0. The total solubility of these metals at the 
physiological pH is very  limited; very high SAs of 
radiometals are needed to keep them soluble in 
water. However, it is a common practice to add 
weak chelating agents (such as citrate, acetate, or 
tartrate ion) to complex the metal and prevent pre-
cipitation at the neutral pH. For example, 67Ga is 
used in the clinic as 67Ga-citrate. Following intra-
venous administration, 67Ga binds to transferrin in 
plasma and is transported to tumors and infectious 
foci as “Ga-transferrin complex” [22].

The coordination chemistry of the metallic 
radionuclide will determine the geometry and sta-
bility of the “metal-chelate complex.” Both, Ga 
and In are classified as hard acids and prefer hard 
bases [20]. It has been shown that in +3 oxidation 
state, both Ga and In form thermodynamically 
stable complexes with either 4, 5, or 6 coordinate 
ligands, with 6-coordiante being the most stable. 
The advantage of using the acyclic chelators 
(DTPA and EDTA) is their extremely fast and high 
radiolabeling efficiency under mild conditions, 

and greater thermodynamic stability; however, 
their kinetic lability often results in the dissocia-
tion of the radiometal. The macrocyclic chelates 
(NOTA, DOTA, and TETA), however, provide 
greater thermodynamic stability as well as kinetic 
stability. While Ga and In form greater thermody-
namically stable complexes with NOTA, DTPA 
and EDTA, Y prefers DOTA. The labeling kinetics 
of DOTA-based BFCs is usually slow and much 
more dependent on the radiolabeling conditions, 
including the DOTA-conjugate concentration, pH, 
reaction temperature, heating time, buffer agent 
and concentration, and presence of other metallic 
impurities such as Fe3+ and Zn2+ [23].

12.3.2.1  68Ga-Labeled 
Radiopharmaceuticals

The recent FDA and European agencies approval 
of 68Ga-labeled molecular imaging agents 
(68Ga-Dotatate, 68Ga-Dotatoc, and 
68Ga-PSMA-11) and the  development of 
68Ga-PET is a true landmark in molecular imag-
ing that will allow for the use of diverse mole-
cules, and receptor analogues in clinical practice. 
With the introduction of 111In-DTPA-octreotide 
(OctreoScan), in the 1990s, metal-based molecu-
lar imaging agents introduced a paradigm shift in 
the development of  radiopharmaceuticals. 
But the inherent superiority of PET imaging is a 
clear advantage compared to planar and/or 
SPECT (Fig. 12.6). The ability to use 68Ge/68Ga 
generator up to a year is cost-effective negating 
the need for an on-site cyclotron [25–28]. Recent 
developments in the cyclotron production 
(5–100  GBq) of 68Ga based on liquid [29] and 
solid targets [30] will also revolutionize the com-
mercial distribution of 68Ga-labeled radiophar-
maceuticals [31].

68Ga Generator
The 68Ga generator was first developed in the 
1960s for brain imaging studies [32]. Subsequent 
generators utilized 68Ge germanate adsorbed on 
tin dioxide and 68Ga was eluted with HCl [33, 
34]. The use of a relatively high concentrations 
of HCl (1.0  N) presents a problem due to the 
volatility of GeCl4 and the subsequent spread of 
airborne, long-lived 68Ge contamination. In addi-
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Fig. 12.6 Comparison of 68Ga-Dotatate-PET with 
111In-DTPA-octreotide in a patient with low-grade meta-
static midgut neuroendocrine tumor (NET). Anterior and 
posterior whole-body planar 111In-DTPA-octreotide scin-

tigraphy shows low-grade mesenteric metastases but, no 
liver metastases. 68Ga-DOTATATE PET shows multiple 
metastases in liver and mesentery [24]
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tion, 68Ga is eluted in a large volume of acid 
(>5  mL), containing metal impurities that are 
known to bind with high affinity to 
DOTA. Commercial 68Ga generators (Fig. 12.7) 
are available based on the use of TiO2 as an inor-
ganic matrix to immobilize 68Ge in the oxidation 
state IV+ [35, 36]. Consequently, 68Ga (III) can 
be easily separated by eluting it with dilute HCl. 
It has also been reported that the SA of the gen-
erator eluted 68Ga can be as high as 27 Ci μmol−1 
[37]. Some of these generators, however, are not 
necessarily optimized for the synthesis of 
68Ga-labeled radiopharmaceuticals. The eluates 
have rather large volumes with a pH of 1, break-
through of 68Ge (the parent radionuclide) increas-

ing with time or frequency of use, and impurities 
such as stable Zn(II), Ti(IV), Fe(III). In order to 
avoid these impurities, additional concentration 
and purification can be performed using a minia-
turized column with organic cation-exchanger 
resin and hydrochloric acid/acetone eluent [38]. 
The processed 68Ga fraction can be directly 
transferred to solutions containing labeling pre-
cursors such as DOTATOC.  Labeling yields of 
>95% and  specific activities of (50–
500  MBq  nmol−1) can be obtained under opti-
mized conditions. Further, fully automated 
synthesis modules (Fig. 12.8) have been devel-
oped to prepare 68Ga radiopharmaceuticals for 
clinical use [39–41].

Fig. 12.7 68Ge → 68Ga generators from different manufacturers

Fig. 12.8 Examples of automated synthesis modules for the labeling of metal radiopharmaceuticals
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68Ga-DOTA-TOC
In the late 1990s, several octreotide analogs con-
jugated with DOTA chelator were introduced in 
order to develop 90Y-labeled SST analog for 
PRRT.  Among these SST analogs, DOTATOC 
was shown to be suitable for labeling with either 
90Y or 67Ga [42, 43]. DOTATOC exhibits high 
affinity (IC50) for human SSTR-2 (14 ± 2.6 nM) 
with much lower binding affinity for all other 
human SSTRs. A marked improvement of 
SSTR-2 affinity was found for Ga-DOTATOC 
(2.5  nM) compared with the Y-DOTATOC 
(11 nM) and OctreoScan (22 nM) [44]. In 2001, 
it was reported that 68Ga-DOTATOC-PET results 
in high tumor to non-tumor contrast and low kid-
ney accumulation and yields higher detection 
rates (>30% more lesions) as compared with 
OctreoScan scintigraphy [45–47]. Since its intro-
duction, 68Ga-DOTATOC has been  extensively 
used in Europe over the last two decades. A sys-
tematic review and meta-analysis concluded that 
68Ga-DOTATOC is useful for evaluating the pres-
ence and extent in disease for staging and restag-
ing, and for assisting in the treatment decision 
making for patients with NETs [48].

68Ga-DOTA-TOC was approved in several 
European countries in 2016 (IASOtoc®) and in 
2018 (TOCscan®). Also, in Europe a kit prepara-
tion for 68Ga-labeling of DOTA-TOC (SomaKit 
TOC®) was approved by the European Medicines 

Agency (EMA) in September of 2016. Use of this 
kit along with an authorized 68Ge/68Ga-generator 
enables on-site preparation of 68Ga-DOTATOC. In 
the United States, the FDA approved the ready- 
to- use 68Ga-DOTATOC in August  of 2019. 
The holder of the NDA (New Drug Application) 
or marketing authorization is the UIHC–PET 
Imaging Center (University of Iowa Health Care 
(UIHC)), in Iowa, USA [49].

68Ga-DOTATATATE
DOTATATE is an SST analog and an SSTR ago-
nist that closely simulates DOTATOC, in which 
the C-terminal threoninol (an amino alcohol) is 
replaced by threonine (Fig. 12.9). This chemical 
modification resulted in a nine-fold higher affin-
ity (1.5  nM) for the SSTR-2 as compared with 
DOTATOC (14  nM). Also, the affinity of 
Ga-DOTATATE (0.2 nM) for SSTR-2 is 12 times 
higher compared to that of Ga-DOTATOC 
(2.5 nM) [44]. Preclinical studies in animal mod-
els demonstrated that DOTATATE may be a bet-
ter SST analog for the development of radiotracers 
for imaging and targeted therapy compared to 
DOTATOC [50, 51]. No human data, however, 
was available at that time to support the preclini-
cal observations.

Based on direct comparison of PET/CT stud-
ies with 68Ga-DOTATOC and 68Ga-DOTATATE it 
was concluded that both these radiotracers pos-
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sess a comparable diagnostic accuracy for the 
detection of NET lesions, with 68GaDOTATOC 
having a potential advantage. The approximately 
tenfold higher affinity for the SSTR-2 of 
68Ga-DOTATATE does not prove to be clinically 
relevant. Also, the study found that the SUVmax of 
68Ga-DOTATOC scans tended to be higher than 
their 68Ga-DOTATATE counterparts [52].

In June of  2016, the  FDA approved 
68Ga-DOTATATE (NETSPOT™) for the localiza-
tion of SSTR positive NETs in adult and pediatric 
patients. NETSPOT™ is the new market name for 
Somakit-TATE (a kit for the preparation of 
68Ga-dotatate injection using 68Ga chloride from 
the GalliaPharm 68Ga/68Ga generator from Eckert 
& Ziegler). 68Ga-dotatate received Orphan Drug 
Designation from both the FDA and the European 
Medicines Agency (EMA) in March of 2014.

68Ga-PSMA-HBED-CC (or 68Ga-PSMA-11)
Prostate specific membrane antigen (PSMA) was 
discovered as a novel antigenic marker in prostate 
cancer cells. PSMA, is also known as glutamate 
carboxypeptidase II (GCPII), N-acetyl-L-aspartyl-
L-glutamate peptidase I (NAALADase I) or 
N-acetyl-aspartyl-glutamate (NAAG) pepti-
dase. PSMA is an enzyme that is encoded by the 
folate hydrolase (FOLH1) gene in humans [53]. In 
the last 15  years, several radiometal-labeled 
PSMA inhibitors have been developed for molecu-
lar imaging and targeted therapy  (Chap. 22). In 
2012, the development of PSMA-HBED-CC (also 
known as PSMA-11 or DKFZ-PSMA-11) at the 
German Cancer Research Centre (GCRC) and the 
University Hospital at Heidelberg by Drs. Eder, 
Haberkorn and Afshar-Oromieh should be 
regarded as a major milestone in the development 
of radiolabeled PSMA inhibitors for molecular 
imaging, and targeted therapy.

PSMA-11 consists of a Glu-urea-Lys motif 
conjugated with the highly efficient and Ga-specific 
acyclic chelator HBED-CC (Fig. 12.2) via an ami-
nohexanoic acid (Ahx) spacer [54]. The advantage 
of HBED-CC chelator is that it can form efficient 
68Ga complex at room temperature with extremely 
high thermodynamic stability. In the first human 
studies, direct comparison to [18F]FCH, 
68Ga-PSMA- targeted PET imaging was able to 
detect lesions much earlier in patients with low 

PSA values and showed a reduced background 
activity in healthy tissue [55]. Subsequently, sev-
eral clinical studies documented the clinical utility 
of 68Ga-PSMA-11 (Fig. 22.23) for molecular 
imaging of prostate cancer [56]. The FDA 
approved 68Ga-PSMA-11 in 2020 for PET imag-
ing of PSMA positive prostate cancer.

12.3.3  Chemistry of Transition 
Metals

As shown in Table 12.6, several positron- emitting 
radioisotopes of transition metals such as such 
44Sc, 45Ti, 52Fe, 55Co, 64Cu, 86Y, 89Zr, and 94mTc 
have also been found to have suitable radioactive 
decay, and emission characteristics for PET 
imaging studies.

The definition of a transition metal according 
to IUPAC is “an element whose atom has a par-
tially filled d sub-shell, or which can give rise to 
cations with an incomplete d sub-shell.” Based on 
this definition, Sc and Y are not transition metals. 
However, it is also generally accepted that “transi-
tion metal” as any element in the d-block of the 
periodic table, which includes groups 3 to 12 or 
any element that can participate in the formation 
of chemical bonds with the valence  electrons in 
two shells instead of only one. For the current dis-
cussion, the PET radiometals, 44Sc and 86Y, will be 
regarded as transition metals. The other important 
transition metals are 64Cu, 89Zr, and 99mTc.

12.3.3.1  Scandium-44
Scandium is the smallest of the rare-earth metals, 
with an ionic radius of 75–87 pm. Scandium read-
ily loses 3 electrons in the outer shells (d1s2) and is 
found almost exclusively as a trivalent cation (Sc3+) 
with the high coordination preference (CN = 6–8), 
and ionic bonding tendency (IA = 10.49). It begins 
to hydrolyze at pH 2.5 and precipitation of Sc(OH)3 
occurs at pH  7–11 (Kostelnik and Orvig 2018). 
Sc3+ has a high preference for hard donating groups 
and favors a coordination number of eight, even in 
its hydrated form. DOTA is widely used for scan-
dium-based radiopharmaceuticals. The high stabil-
ity (log KML = 27.0–30.8) and pM value (23.9–26.5) 
support the use of DOTA analogs for the majority 
of Sc3+ based radiopharmaceuticals (IAEA- 
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TECDOC1945, 2021). 44Sc-labeled molecular 
imaging probes are in pre-clinical and proof-of- 
concept phase clinical evaluations [57–59]. 44Sc 
holds great promise for future applications as a 
novel PET nuclide for diagnostic imaging and for 
monitoring therapy in clinics. The relatively longer 
half-life (4  h) compared to 68Ga provides great 
advantage for commercialization and distribution 
of doses similar to that with 18F  labeled 
radiopharmaceuticals.

12.3.3.2  Yttrium-86
Yttrium, like Sc, also loses the outer 3 electrons 
and is predominantly found as a trivalent cation 
(Y3+). But the ionic radius of yttrium cation (90–
108 pm) closely resembles that of lanthanides and 
prefers coordination number of 8 or 9 [13]. Most 
of Y radiotracers were developed using either 
DOTA or CHX-A”-DTPA for chelation. These 
chelates quantitatively radiolabel yttrium radionu-
clides at low concentrations and show kinetic sta-
bility under physiological conditions [60]. With 
the acyclic DTPA analogs, the stereochemistry of 
CHX-DTPA was shown to be of major impor-
tance, with markedly higher kinetic stability 
observed with CHX-A”-DTPA, compared to 
CHX-B″-DTPA.  H4octapa, an octa- dentate ana-
logue of H2dedpa based around a picolinic acid 
scaffold, also demonstrated high radiolabeling 
yields and serum stability [18].

While the potential utility of 86Y-labeled pep-
tides for PET imaging studies in patients has been 
documented [61], the physical half-life of 86Y is 
suboptimal (not long enough) to follow the in vivo 
kinetics of labeled mAbs. It is more appropriate to 
use long-lived positron emitter, 89Zr for develop-
ing immuno-PET to allow optimal target/back-
ground ratios with radiolabeled mAbs.

12.3.3.3  Copper-64
The relatively longer half-life and low positron 
energy (T½ = 12.7 h; 0.653 β+) of 64Cu is appropri-
ate for PET imaging. Copper exhibits a rich coor-
dination chemistry with complexes known in 
oxidation states ranging from 0 to +4, although the 
+2 (cupric) and the +1 (cuprous) oxidation states 
are by far the most common [62, 63]. Cu2+ and Cu+ 
oxidation states favor dissimilar ligand donors and 
coordination geometry. The electron configuration 

and chemical hardness of Cu2+ (d9) dictates a pref-
erence for borderline hard Lewis base donors, 
such as aliphatic and aromatic amines, as well as 
carboxylate donors; however, Cu2+ can also 
accommodate softer donors, such as thiolate and 
carbazone [11]. Cu2+ can accommodate a variety 
of coordination numbers and geometries, includ-
ing square planar, square pyramidal, trigonal bipy-
ramidal, and octahedral. In vivo, under hypoxic 
conditions, Cu2+, however, can be reduced to Cu+ 
oxidation state causing instability of Cu2+ coordi-
nation complexes. In contrast, Cu+ (d10) exhibits a 
preference for soft donors (thiol, thio-ether, and 
imidazole) and a tetrahedral geometry.

The two well well-known 62Cu-based PET 
imaging agents are both small metal complexes of 
acyclic chelator, thiosemicarbazone; 62Cu-diacetyl-
bis(N4-thiosemi-carbazone or 62Cu-PTSM and 
Cu-diacetyl-bis(N4- methylthiosemicarbazone or 
Cu-ATSM [64]. In both cases, a Cu2+ center is 
coordinated in a square planar geometry by the 
two nitrogen atoms and two sulfur atoms of the 
thiosemicarbazone [63]. Under reducing, oxygen-
deficient conditions, the reduced Cu+ species dis-
sociates from the chelator and binds to intracellular 
proteins. This approach may provide a simple 
method to develop copper-based small molecule 
radiopharmaceuticals.

For the development of kinetically inert copper 
complexes, the chelators must provide a rigid coor-
dination environment that disfavors fluxional 
changes of the coordination environment, and the 
Cu2+ radiolabeled complex must be resistant to 
reduction under physiological conditions. For sev-
eral decades, most of the chelator development for 
Cu nuclides has focused on polyaza macrocyclic 
BFCs, such as DOTA, NOTA, TETA, and TE2A 
complexes. While DOTA complexes have shown 
clinical utility, the Copper complexes of TETA and 
TE2A exhibit greater thermodynamic stability and 
kinetic inertness [11]. Recently in 2020, the FDA 
approved 64Cu-DOTATATE for PET imaging stud-
ies in patients with SSTR positive NETs. The supe-
rior quality of 64Cu-Dotatate images suggest that 
for PET imaging studies with 64Cu-labeled pep-
tides acquired in 1–3 h after tracer administration, 
the DOTA chelator is able to provide adequate 
in vivo stability. However, to improve greater struc-
tural rigidity, cross-bridged chelators, such as 
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CB-TE2A, were developed. While these chelators 
have kinetic stability, they still require higher tem-
peratures for quantitative labeling. The sarcophag-
ine family of chelators (Fig.  12.4), based on 
hexaazamacrobicyclic cage, were also investigated 
to develop copper-labeled radiopharmaceuticals 
[65]. The Sar, DiamSar, and SarAr chelators coor-
dinate copper extremely quickly over a pH range of 
4.0–9.0 and have shown superior performance, 
including quantitative radiolabeling at room tem-
perature, and excellent in vitro, and in vivo stability 
[66]. NOTA and NOTA type derivatives also 
showed fast complexation at room temperature and 
high kinetic inertness in vivo [67]. 64Cu and 67Cu (a 
beta emitter) is a theranostic pair which has a sig-
nificant potential for the development of tracers for 
imaging and targeted therapy. Several 64Cu-labeled 
PET radiopharmaceuticals are under clinical evalu-
ation [68, 69].

64Cu-DOTATATE (DetectNet)
The initial studies with 64Cu-TETA-octreotide in 
patients with NETs showed high rate of lesion 
detection, sensitivity, and favorable dosimetry 
and pharmacokinetics [62]. Since 64Cu forms 

more stable complex with DOTA chelator, 
64Cu-DOTATATE has been studied as a potential 
PET radiotracer for SSTR-based imaging. The 
first human study clearly supports the clinical use 
of 64Cu-DOTATATE for PET studies with excel-
lent imaging quality, reduced radiation burden, 
and increased lesion detection rate when com-
pared with OctreoScan [70, 71].

In a head-to-head comparison with 
68Ga-DOTATOC-PET in patients with NETs, 
64Cu-DOTATATE-PET scans detected more 
lesions although patient-based sensitivity was 
the same for both agents [72]. Recently in a pro-
spective trial in patients with Known or 
Suspected SSTR positive NETs PET/CT scan 
with 64Cu-DOTATATE was considered a safe 
imaging technique that provides high-quality 
and accurate images at a dose of 148  MBq 
(4.0 mCi) for the detection of SSTR expressing 
NETs [73]. The lower positron energy of 64Cu 
compared to that of 68Ga (0.65 vs. 1.90 MeV), 
which translates to lower positron range (0.56 
vs. 3.5 mm), is thought to explain the anticipated 
improved spatial resolution and diagnostic per-
formance of 64Cu-DOTATATE (Fig.  12.10). 

Fig. 12.10 Comparison 
of 64Cu-DOTATE-PET 
and 111In-DTPA- 
Octreotide (OctreoScan) 
in the same patient with 
NETs with multiple 
bone and soft tissue 
metastases ([71])
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Additionally, the longer physical half-life of 
64Cu (12.7  h) may increase the shelf-life of 
64Cu-DOTATATE and provide a more flexible 
scanning window, making it attractive for rou-
tine clinical imaging.

In September 2020, the FDA approved 
64Cu-DOTATATE injection (DetectNet) for the 
localization of SSTR-positive NETs.

12.3.3.4  Zirconium-89
89Zr, a transition metal, has an ideal physical half- 
life (78.4  h) and appropriate β+ energy 
(Emean = 0.39 MeV) for PET imaging studies [74, 
75]. The most preferred method of production is 
based on the reaction 89Y(p,n)89Zr using 89Y (nat-
ural abundance 100%) foil as the target material 
[76]. Subsequently, 89Zr is purified by anion- 
exchange chromatography. Zr complexes with 
hydroxamates in acidic solutions (>1  N HCl), 
compared to other metallic impurities (Fe, Al, Y), 
that do not interact. The most common and con-
venient chemical form is 89Zr in oxalic acid 
(0.5  M) with a purity >99.99% [77, 78]. The 
availability of carrier-free 89Zr as either zirco-

nium- 89 oxalate ([89Zr(C2O4)4]4−) or 89Zr chloride 
([89Zr]ZrCl4) is essential to the development of 
effective immuno-PET agents. 89Zr is typically 
obtained with high radiochemical yields (~90%) 
and effective molar (specific) activities of around 
60 GBq/μmol [79].

Zr, a second-row transition metal can exist in 
several oxidation states including Zr(II), Zr(III) 
and Zr(IV), which is its preferred oxidation state. 
89Zr is typically present in solution as Zr4+ and is 
a hard Lewis acid with strong affinity for hard 
Lewis bases such as oxygen.

When 89Zr was first investigated for PET 
imaging, common universal metal chelators such 
as EDTA, DTPA, and desferrioxamine (DFO), 
were used to investigate the coordination require-
ments for 89Zr complexation [80–82]. Based on 
these studies it was concluded that the hard oxo-
philic 89Zr ion prefers an octadentate coordina-
tion sphere. In the 89Zr–DFO complex, the three 
hydroxamates occupy only six of the preferred 
eight coordination sites of the Zr4+ ion 
(Fig. 12.11), leaving a gap in the ligand sphere 
where other ions and molecules can interact, 
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destabilize, or break the complex [83]. This has 
led to suboptimal stability with DFO in preclini-
cal in  vivo models and uptake of free 89Zr in 
bones. Multiple research groups have developed 
octadentate chelators for 89Zr to solve this issue 
while keeping synthesis, coupling, and radiola-
beling conditions facile, and mild. A modified 
DFO chelator with additional hydroxamate func-
tionalities (known as DFO*) provided the eight 
coordination donors for 89Zr. Hydroxypyridinones 
(HOPOs) represent another family of compounds 
with good chelating properties. Recent investiga-
tions indicate that 89Zr complexes of DFO* and 
the 3,4,3-(LI-1,2-HOPO) (Fig.  12.11) demon-
strated a high inertness, qualifying them for fur-
ther comparative in  vivo investigation to 
determine the most appropriate alternative to 
DFO for clinical application [83–85]. In the last 
ten years, the potential clinical value of 89Zr-based 
PET studies with proteins (antibodies), however, 
was based on the DFO chelator.

12.4  Immuno-PET and SPECT

In the early 1980s, clinical nuclear imaging stud-
ies provided the proof of principle that tumor 
lesions could be imaged using radiolabeled 
mAbs. FDA approved four radiolabeled (with 
111In or 99mTc) mAbs for diagnostic imaging stud-
ies. However, the diagnostic accuracy of these 
antibody-based scans was limited due to poor 
resolution of the Anger gamma cameras at that 
time. In addition, with the introduction of FDG- 
PET and PET/CT, antibody-based imaging for 
staging and restaging of cancer patients became 
obsolete. With the availability of relatively long 
half-life positron emitters (124I, T½  =  4.2 d and 
89Zr, T½  =  3.266 d), a revival of imaging with 
radiolabeled antibodies based on PET imaging 
has taken place [86]. By combining the sensitiv-
ity of PET imaging and the specificity of antibod-
ies, immuno-PET imaging has become a 
promising tool for monitoring the heterogeneity 
of specific gene expression, and predicting the 
efficacy of RIT. 111In labeled mAbs are still useful 

for the initial development work based on SPECT 
imaging, however, the lack of absolute quantita-
tion with SPECT does not support clinical utility 
for dosimetry studies and to monitor response to 
RIT.

89Zr half-life is quite appropriate to study anti-
body biodistribution, and in the same range as the 
therapeutic radiometals such as 90Y and 177Lu. 
Several radiometals have been investigated for 
long-duration PET studies, including 64Cu, 86Y, 
and 66Ga, although 89Zr best fulfills many of the 
desired properties with its 3.27 day half-life and 
23% positron emission. In addition, other favor-
able physical properties include minimal contam-
ination from the 909-keV prompt γ-photons 
within the 511-keV PET energy window, as well 
as superior spatial resolution compared with 
many other positron-emitting isotopes as a result 
of the relatively low excess decay energy 
(Emean = 396 keV).

In 2003, 89Zr-labeled antibodies were intro-
duced as chemical and biological surrogates for 
immunoPET studies to assess the biodistribu-
tion of 90Y and 177Lu-labeled antibodies [77, 
78]. The first human study was published in 
2006 with 89Zr-labeled chimeric mAb U36  in 
patients with squamous head and neck cancers 
[87]. 89Zr-PET imaging localized cervical 
lymph node metastasis with a high accuracy 
(93%). It has been shown that radiation doses 
of RIT with 90Y-ibritumomab tiuxetan (Zevalin) 
can be predicted by immuno- PET with 
89Zr-ibritumomab tiuxetan and other 90Y- and 
177Lu-labeled mAbs [88]. In the last 15 years, a 
number of studies have been conducted to 
investigate the feasibility of 89Zr immuno-PET 
for predicting the efficacy of RIT and antibody 
therapies, imaging target expression or density, 
detecting target-expressing tumors, and moni-
toring of anti-cancer chemotherapies. Many 
FDA approved mAbs for immunotherapy (such 
as trastuzumab, bevacizumab, cetuximab, and 
rituximab) have been labeled with 89Zr 
(Table 19.7) and were evaluated as radiophar-
maceuticals for immunoPET [89, 90]. PET/CT 
scans with  89Zr-trastuzumab are shown in 

12.5 Tecnetium-99m Chemistry
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a b

c d

Fig. 12.12 89Zr-trastuzumab (anti-HER2 mAb)) PET/CT 
scan in a patient with HER2–positive metastatic breast 
cancer 4 days after the injection (37 MBq in 50 mg anti-
body). (a) The scan showing 89Zr activity in circulation, 
uptake in intrahepatic metastases, and intestinal excretion. 

(b) Transverse plane of fused PET/CT of chest showing 
tracer uptake in cervical lymph node. (c) Transverse plane 
showing tracer uptake in metastasis (left side) in T7. (d) 
Transverse plane showing tracer uptake in liver metasta-
ses ([91])

Fig. 12.12. 111In and 177Lu-DOTA-huJ591 (anti-
PSMA) mAb imaging studies showed excellent 
targeting of PSMA expression in mCRPC. 
However,  the 89Zr-IAB2M minibody (derived 
from J591 mAb) detected more lesions than the 
standatd bone scan, and FDG-PET (Fig. 12.13). 
Immuno-PET using 89Zr has the advantages of 
having high resolution and high specificity 
but,  compared to 18F-labeled radiotracers, 

patients generally receive higher radiation dose 
from 89Zr-mAb PET (~20–40  mSv for 
37–74 MBq) [90].

12.4.1  ImmunoPET: Applications

The concept of immunoPET originally meant to 
describe PET imaging of radiolabeled intact full- 

12 Metal Radionuclides for Molecular Imaging
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Fig. 12.13 89Zr-IAB2M-PET imaging in mCRPC. Targeting with IAB2M (minibody fragment from J591 mAb). 
Comparison with Bone scan and FDG-PET. 89Zr-IAB2M scan shows more lesions than bone scan or FDG-PET ([92])

length mAbs. However, immunoPET now 
includes radiolabeled antibody fragments or 
mimetics as targeting vectors. A variety of radio-
nuclides and mAbs have been used to develop 
molecular imaging probes for immunoPET 
(Table  12.9). The clinical application of immu-
noPET imaging has increased our understanding 
of tumor heterogeneity and refined clinical dis-
ease management, and includes the following 
applications [89]:

• To facilitate better management of cancer 
patients since it has the potential to provide 
excellent specificity and sensitivity in detect-
ing primary tumors.

• To detect lymph node and distant 
metastases.

• Following immunoPET imaging, patients 
with positive findings can be selected for sub-
sequent therapies (e.g., antibody therapy and 
antibody-based RIT), whereas patients with 

negative or heterogeneous findings may need 
multidisciplinary treatments.

• As a theranostic companion immunoPET can 
provide radiation dosimetry prior to adminis-
tering the therapeutic radiopharmaceuticals.

• immunoPET imaging is useful for improved 
triage during early disease stages and to facili-
tate image-guided surgery.

• The information provided by immunoPET will 
significantly enhance the existing diagnostic 
methods for better tumor characterization. One 
can envision that, in the future, tumors may be 
classified not only according to their origins 
and mutation status but also, according to the 
expression of specific tumor antigens.

• Molecular imaging for cancer immunotherapy 
with radiolabeled probes (111In and 89Zr- 
labeled mAbs) targeting PD-1 and PD-L1 can 
provide in  vivo, real-time, and non-invasive 
imaging of tumor biomarker expression, and 
immune responses to novel therapies.
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The clinical studies with radiolabeled antibod-
ies and antibody fragments are very limited but, 
they  have,  clearly, demonstrated that immuno- 
PET provides high resolution images needed for 
diagnosis and treatment assessment. More 
research and extensive imaging clinical trials are 
needed to refine immuno-PET for the diagnosis of 
cancers and assessment of response to therapy. 
ImmunoPET studies will be essential for the 
assessment of target antigen expression and iden-
tification of patient right patient for a specific RIT 
clinical trial.

12.5  Tecnetium-99m Chemistry

Technetium (Tc) was first discovered in 1937 by 
Emilio Segre and Carlo Perrier. Because it was 
artificially produced by bombarding molybdenum 
with deuterons, the name technetium for this new 
element was derived from the Greek word techne-
tos, meaning artificial. Trace amounts of 99Tc, 
however, were isolated from a uranium-rich ore in 
1961 and more than 20 isotopes of technetium are 
known, all of which are radioactive. The most use-
ful isotope, the metastable 99mTc (T½  =  6.01  h), 
decays by isomeric transition to the relatively 
long-lived 99Tc (T½  =  2.1  ×  105  year) following 
emission of a 140 KeV gamma photon. As previ-
ously noted, in 1958 scientists at the Brookhaven 
National Laboratory (BNL) reported the develop-
ment of the first 99mTc generator based on the par-
ent radioisotope 99Mo. Since the 1970s, 99mTc 
radiopharmaceuticals have played a major role in 
the advancement of nuclear medicine as a diagnos-
tic specialty. Also, since the SA 99mTc can be very 
high (599 Ci μmol−1), it is an excellent nuclide for 
developing molecular imaging radiopharmaceuti-
cals for SPECT. 94mTc, a positron- emitting radio-
nuclide (T½ = 53 min) with even higher theoretical 
SA, may also have significant potential for devel-
oping radiopharmaceuticals for use with PET.

Tc is a second row group VII transition metal 
that is capable of multiple oxidation sates (−1 to 
+7). In aqueous solution, the pertechnetate 
anion, 99

4

mTcO?, is the most stable chemical spe-
cies with a + 7 oxidation state. Because of the 

similar size and charge as that of iodide (I−), the 
in vivo distribution of pertechnetate is similar to 
that of an iodide ion [93]. However, because 
pertechnetate is chemically stable and inert, it 
cannot bind directly to any organic molecule or 
chelate. Following reduction by appropriate 
reducing agents, pertechnetate can be trans-
formed into lower oxidation states that are 
chemically more reactive. Several reducing 
agents have been investigated with stannous 
chloride (SnCl2) being the most widely used 
agent for preparing complexes of Tc(V) and 
Tc(I), while boron-hydrides are used to prepare 
organometallic Tc(I) complexes. During reduc-
tion by the stannous ion (Sn2+), in an appropriate 
buffer and pH, the presence of a ligand stabi-
lizes Tc in its lower oxidation state. In a specific 
Tc-complex, the oxidation state of Tc, however, 
depends on the chelate and pH [93]. As a transi-
tion metal, Tc can adopt a large number of coor-
dination geometries, depending on the donor 
atoms and the type of the chelating agent. 
Several donor atoms, such as N, S, O, and P, 
geometrically arranged in a chelating molecule, 
can form coordination complexes with techne-
tium. A number of ligands, such as DTPA, 
Dimercaptosuccinic acid (DMSA), iminodiace-
tic acid (IDA) derivatives (such as HIDA, 
DISIDA, BrIDA), phosphates, and phospho-
nates (such as PYP, MDP, EHDP) have been 
labeled with 99mTc and routinely used for diag-
nostic imaging studies in nuclear medicine.

The radiopharmaceutical chemistry of Tc(V) 
is dominated by the [TcO]3+ core, which is stabi-
lized by a wide range of donor atoms (N, S, O), 
but prefers thiolate, amido, and alkoxide ligands. 
Several tetra-ligand chelates designed to bind to 
Tc(V), typically form complexes (such as N2S2, 
N3S, N3O, and N4) having square pyramidal 
geometries (Fig.  12.14. The 99mTc complex of 
mercaptoacetyltriglycine (MAG3) forms a square 
pyramidal complex with Tc(V) with the basal 
plane consisting of three nitrogen atoms and one 
sulfur donor atom. A variety of BFCs, such as 
N2S2 diamidedithios, N3S triamide thiols, N4 tet-
raamines or hydrazinonicotinic acid (HYNIC), 
have been evaluated upon conjugation to peptides 
to achieve labeling with 99mTc.
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cores commonly used to 
develop radiometal- 
labeled peptides

The direct method of 99mTc labeling to pep-
tides uses a reducing agent to break a disulfide 
bridge of a peptide for binding of 99mTc to thiol 
groups in the peptide molecules. This method 
often suffers from lack of specificity and poor 
in vivo stability. In the indirect method, 99mTc is 
bound to the peptide through a BFC, which can 
be conjugated to the peptide either before (post- 
labeling approach) or after labeling with 99mTc. In 
the 1990s several approaches have been devel-
oped to label peptides and proteins with 99mTc. 
New directions in developing chelators for devel-
oping 99mTc-chelate-biomolecule complex have 
been reviewed [11, 94]. Three important labeling 
methods have been developed based on three 
commonly used Tc-coordination environments 
(cores) as shown in Fig. 12.15:

• The MAG3-based bifunctional chelates (Tc(V) 
oxo core).

• The N-oxysuccinimidylhydrazino- 
nicotinamide system and (Tc(V) HYNIC 
core).

• The recently described single amino acid che-
lates for the Tc(I)-fac-tricabonyl core.

Mixed aminothiol-based chelators such as 
N2S2 ligand bisaminoethanethiol (BAT) and N3S 
ligand mercaptoacetyltriglycine (MAG3) were 

developed to label biomolecules based on Tc(V)
O core. 99mTc-MAG3 (Mertiatide) was developed 
in 1986 as an anionic kidney functional imaging 
agent. The parent ligand is readily derivatized as 
the S-acetyl MAG3-ethyl ester, containing a 
p-isothiocyanatobenzyl substituent, or as the 
S-acetyl MAG3-hydroxysuccinimidyl ester for 
conjugation to biomolecules. In the  1990s, 
MAG3 ligand was used to develop 99mTc-P829 
peptide (Depreotide) for somatostatin receptor 
imaging. The original octreotide peptide was 
modified to eliminate the disulfide bridge to pre-
vent reduction during the synthesis of 99mTc-P829 
complex (Fig.  12.15). Tc-MAG3 core is robust 
and provides chemical versatility for the develop-
ment of bifunctional tracers. There are draw-
backs, such as the use of stannous chloride as a 
reducing agent and the need for elevated pH con-
dition, that may lead to aggregation of proteins, 
as well as nonquantitative radiolabeling yields 
[11].

An alternative pendant approach to 99mTc radio-
labeling of biomolecules was provided by the 
introduction of hydrazinenicotinic acid (HYNIC) 
as a bifunctional chelator [95, 96]. HYNIC with 
co-ligands like tricine and ethylenediamine diace-
tic acid (EDDA), in the  presence of SnCl2 per-
forms fast and efficient labeling. Based on this 
Tc(V)HYNIC core, many small molecules, pep-
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Fig. 12.15 The three important Tc-coordination cores 
commonly used to develop radiometal-labeled peptides. 
Tc-P829 was developed based on Tc(V)oxo core. 

Tc-HYNIC-octreotide was developed  based on Tc(V)
HYNIC core. Tc-MIP-1404 was developed  based on 
(Tc(I)-fac-tricaconyl core)

tides, and proteins were labeled as imaging agents 
[97]. For example, Tyr3-octreotide (TOC) was suc-
cessfully labeled based on Tc-HYNIC core (Fig. 
20.15). Since the HYNIC occupies only one or 
two coordination positions for 99mTc, co-ligands 
(such as tricine and EDDA) are needed to com-
plete Tc’s coordination positions. Changes in co-
ligand number and type will have effect on the in 
vivo behavior of 99mTc radiopharmaceutical. It has 
been understood that [HYNIC-99mTc(tricine)2] 
complexes usually are not very stable in solutions 
and could appear in different isomeric forms based 
on pH, temperature, and time [98].

12.5.1  Tc-Tricarbonyl Core, [Tc(CO)3]+

A major advancement in Tc chemistry has been 
the discovery that a highly adaptable tricabonyl 
Tc core makes it possible to prepare organome-
tallic complexes in aqueous solution [99]. In an 
effort to develop new organometallic precursors, 
for the preparation of 99mTc-complexes, investi-
gators have shown that, by treating pertechnetate 
TcO

4

?( ) with sodium borohydride (NaBH4) in the 

presence of carbon monoxide (CO) gas, one can 
produce the reactive Tc(I) species, 
Tc(CO)3(OH2)3]+ [99, 100]. In this complex, the 
three facially oriented water molecules are suffi-
ciently labile so that they can be readily displaced 
by a variety of mono-, bi- and tridentate ligands. 
Since it is difficult to work with CO gas, the tech-
nology is based on the use of a solid reagent, 
potassium boranocarbonate (K2H3BCO2), which 
acts as both a reducing agent and a source of CO 
gas. The kit is available from Mallinckrodt (Tyco) 
Medical under the trade name Isolink. Further, it 
has been shown that both, bidentate and triden-
tate chelates bind rapidly to the [Tc(CO)3]+ core 
on a macroscopic scale and at the tracer level. 
99mTc-tricarbonyl core is the favorite strategy for 
labeling of peptides because: a) a high labeling 
yield is achieved, b) purification is not needed 
after labeling protocol, and  c) attachment of 
99mTc-tricarbonyl to the peptide is easy and con-
venient [98]. Preclinical studies with several bio-
molecules labeled with Tc-tricarbonyl core 
revealed that these labeled compounds are bio-
logically, kinetically, and thermodynamically 
stable for imaging studies.
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Based on the chemistry of the organometallic 
fragment [99mTc][Tc(CO)3(H2O)3]+, two radio-
pharmaceuticals, 99mTc-MIP-1404 and 99mTc- 
MIP- 1405 were developed by Molecular Insight 
Pharmaceuticals (MIP). The preparation of these 
complexes was accomplished using a standard 
methodology and commercially available IsoLink 
kits (Covidien, Dublin, Ireland) and the imidaz-
ole chelator, which contains three nitrogen atoms 
suitable for binding to the 99mTc(I)- tricarbonyl- 
core (Fig.  12.15). The lead compound 99mTc- 
MIP- 1404 (Trofolastat) completed phase III 
clinical trials as an imaging agent for the detec-
tion of prostate specific membrane antigen 
(PSMA) positive prostate cancer [101, 102].
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13Pharmacokinetics and Modeling

Everything that can be counted does not necessar-
ily count; everything that counts cannot necessar-
ily be counted. (Albert Einstein)

13.1  Quantitation

Molecular imaging of radiotracer distribution by 
PET or SPECT following intravenous injection 
shows the pattern of relative uptake of radioactiv-
ity in different organs and also in different regions 
within any particular organ of interest. These 
imaging studies permit measurement of the time 
course of uptake and clearance of specific tracers. 
Quantitative measurement of the local radiotracer 
activity is essential to assess the local physiologi-
cal function quantitatively. Semi-quantitative 
methods have been developed for the interpreta-
tion of routine clinical diagnostic studies. 
However, absolute measurement of physiologic 
parameters generally requires accurate measure-
ment of radioactivity concentrations in the arterial 
blood and in a specific region of interest (ROI) or 
volume of interest (VOI) in a tissue, in order to 
extract quantitative information based on tracer 
kinetic or compartmental modeling techniques.

In PET, the count rate per voxel in the recon-
structed tomographic image, in principle, is pro-
portional to the activity concentration in a given 
ROI. Since the attenuation and scatter corrections 

are not reliable in SPECT, the count rate per voxel 
in a SPECT image does not necessarily reflect the 
true activity concentration. As a result, true quanti-
tation with SPECT technique is not practically 
feasible at this time. Some of the basic principles 
and concepts involved in quantitative methods will 
be described briefly here with specific examples.

13.1.1  Standardized Uptake Value

To make the PET images quantitative, the PET 
camera is first calibrated using a cylindrical 
phantom with known radioactivity concentra-
tion (Bq mL−1). The count rate per voxel (cps 
or cpm) is then divided by the measured sys-
tem calibration factor, CF [(Bq  cc−1)/
(cps voxel−1)], to convert cps in a given ROI to 
the corresponding activity concentration units, 
Ct (Bq cc−1).

Following administration of a PET radio-
tracer, the image acquisition represents a sum of 
coincidence counts due to true, scatter, and ran-
dom events. At the end of the image acquisition, 
the following corrections are required to make 
the PET data truly quantitative:

• Attenuation correction (performed using the 
CT scan data).

• Scatter and random correction.
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• Energy correction.
• Linearity distortion correction.
• Normalization and dead time correction.
• Dose calibrator cross calibration with PET 

scanner.

It is common practice in animal studies to 
express the biodistribution of radiotracers using 
the parameter, the percent injected dose per gram 
of tissue (%ID/g of tissue), which is calculated 
using the following equation.

 
% / ?ID g

Activityinagramof tissue

Injecteddose
t=

( )C
100

 
(13.1)

The %ID/g parameter, however, does not take 
into consideration the total body mass (weight) 
of a patient. The standardized uptake value 

(SUV) measured with a PET scanner is a semi- 
quantitative unit developed in order to include the 
total body weight of a patient [1–5].
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where, Conc = Dose/wt, and Ts = the time of the 
scan.

The SUV value, therefore, is a unitless num-
ber that normalizes the lesion uptake to the 
injected dose per unit of body weight. It has also 
been proposed that normalization of SUV based 
on body surface area (BSA) may improve the 
accuracy of SUV but, a method of normalization 
has not been routinely employed by most PET 
users. It is important to recognize that many fac-
tors (dose infiltration, serum glucose levels, total 
body fat, and the lesion volume) other than the 
metabolic status of the lesion can significantly 
affect the reliability of the SUV measurement in 
routine clinical practice. In addition, a number of 
factors, including regional blood flow, enzyme 
activity, active transport mechanisms, and bind-
ing site concentrations, may also contribute to the 
amount of radioactivity present in a given ROI at 
any given time. The SUV determination is 
regarded as semiquantitative since it does not 
consider many of these biochemical processes 

and all the possible contributions to overall tissue 
activity levels.

The quantification of [18F]FDG uptake by 
using the maximum standardized uptake value 
(SUVmax) is the traditional PET-derived parame-
ter used as a biomarker of glucose metabolism of 
several biological processes for both diagnostic 
and follow-up purposes. Several other parameters 
have also been developed such as SUVmean, 
SUVpeak, SUVmax, or SUVpeak corrected for lean 
body mass (SULmax and SULpeak). Sometimes, a 
simple traditional parameter such as Target/
Background (T/B) ratio may be utilized. It is 
important to optimize quantitative techniques 
since disease progression and response to therapy 
are determined based on the PET SUV values [2].

13.2  Physiological Modeling

PET and SPECT permit sequential measure-
ments of the radioactivity distribution in vivo fol-
lowing intravenous administration of a 
radiopharmaceutical at tracer levels. The mea-
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sured time-activity distribution, however, is influ-
enced by various factors, such as blood flow, 
clearance from plasma, the number of specific 
and nonspecific binding sites, and their affinity. 
For a tracer to have any value in clinical practice, 
the uptake and distribution of the tracer must 
quantitatively and accurately reflect the concen-
tration of available binding sites or the rate of 
some biochemical processes. The extraction of 
quantitative values from dynamic PET imaging 
data requires the fitting of the data to a mathemat-
ical model that describes the uptake and retention 
of the tracer in tissue. Tracer kinetic physiologic 
modeling provides the link between activity lev-
els measured in a specific ROI in the functional 
scan and the physiologic parameters associated 
with the particular function being studied. The 
kinetic models can be classified as noncompart-
mental, compartmental, or distributive. With 
most molecular imaging radiopharmaceuticals, 
compartmental models have become the model 
of choice. These models describe mathematically 
using a set of differential equations, the transfer 
and behavior of the radiotracer between compart-
ments, each of which represents distinct ana-
tomic, physiologic, or biochemical space (such 
as capillaries, extracellular, intracellular, and 

receptor-bound). It is important to realize that the 
segmentation of the physiologic processes into 
these compartments is only a simple approxima-
tion to derive quantitative parameters and may 
not necessarily reflect real in  vivo biological 
processes.

13.2.1  Radiotracer Binding

The radiotracers or the radioligands used in 
molecular imaging studies are generally assumed 
to bind selectively to the target site receptor (R) 
or an enzyme (E). The simplest model is the 
bimolecular reaction [6], describing the kinetics 
of the radioligand (L) binding with a specific 
receptor (R) or an enzyme (E) to form a complex, 
LR or LE. According to the law of mass action 
(Eq. 13.3), the rate of the reaction will proceed in 
proportion to the product of concentration of the 
reactants. Several equations pertinent to ligand- 
receptor interactions and their relationships are 
summarized in Fig. 13.1.
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(13.6)

 

The concentration of bound receptors RL
B L

L KD

[ ] = [ ]
[ ]+

max

 

(13.7)

 

The Binding Potential BP( ) = =
[ ]
[ ]

=BP
B

K

RL

L
B
FD

max

 

(13.8)

13.2 Physiological Modeling



294

100

80

40

20

0
0 2 4 6

Ligand Concentration, [L]

ED50

S
pe

ci
fic

 B
in

di
ng

 (
%

)

8 10 12 1

60

4 16

Fig. 13.2 Saturation of specific binding sites by carrier- 
added ligand concentration, [L]. ED50 can be defined as 
the [L], which reduces the specific binding signal by 50%. 
The specific binding can be determined ex vivo studies, or 
in vivo using MicroPET or MicroSPECT imaging

At equilibrium,

[L]

[L]

[L] + KD

[R]

[R] + [RL] 

[RL] (13.3)

(13.4)

(13.5)

(13.6)

(13.7)

(13.8)[RL] B
F
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BP = =

=
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=
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KD

KD

Koff /Kon

Bmax

Bmax [L]

Bmax

kon [L] [R]

koff

Koff [RL]

+

The equilibrium constant,

The total number of receptors,

The concentration of bound receptors

The Binding Potential (BP)

Fig. 13.1 Basic 
equations of ligand (L) 
and receptor (R) binding 
or interaction

13.2.1.1  Binding Potential
In PET and SPECT studies with high SA radio-
tracers (L*), the concentration of the bound recep-
tors [RL*] is very small (<5%), and the receptor 
concentration [R] is approximately equal to Bmax. 
Under these conditions, the binding potential 
(BP) is defined as Bmax/Kd and is equal to the ratio 
of the bound radioligand concentration to the free 
radioligand concentration (B/F) at equilibrium 
(Eq. 13.8). BP is proportional to Bmax if Kd can be 
regarded as a constant [7, 8, 9].

13.2.1.2  Affinity
The affinity of a ligand for a receptor refers to the 
binding strength and can be expressed as a KD or 
Ki value, which can be calculated from the mea-
sured IC50 value as shown in Fig. 13.2.

In a typical “saturation” radioligand binding 
assay experiment in vitro, increasing amounts of 
a radioligand are added to a fixed concentration 
of receptors, and the amount of radiotracer bound 
B or [RL] is measured as a function of [L]. 
Nonlinear regression analysis can be used to fit 
the data to the Eq. 13.7 in order to estimate both 
Bmax and KD (Fig. 13.3).

The IC50 value is also determined in vitro by 
measuring the competitive effect of different con-
centrations of the ligand of interest (10−12–
10−4 M) on the binding of a reference radioligand 
with known affinity and concentration to a prepa-
ration of cells or cell membranes known to 

express specific receptors for the ligand under 
investigation.

In order to obtain high contrast images, the 
radiotracer must have high affinity (low KD) for 
its receptor. The required affinity, however, 
depends on the receptor concentration, Bmax, in a 
given ROI. Typically, for radio labeled antago-
nists, high affinity in the nanomolar range is 
needed to obtain high contrast images.

In order to image the distribution of one spe-
cific receptor subtype, the radioligand should 
preferably bind only to that specific receptor with 
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high affinity. Certain radioligands, may have 
affinity for many receptor subtypes or even dif-
ferent receptors. Therefore, in addition to high 
affinity, radioligands should also have selectivity, 
which is defined as the ratio of affinity of a ligand 
for the receptor of interest to the affinity for each 
of the other receptor types.

13.2.2  Tracer Kinetics

Following intravenous administration, the radio-
tracer is cleared from circulation rapidly and 
enters a tissue compartment in which the tracer 
may bind to an enzyme, a specific receptor, or 
even undergo metabolism and subsequent intra-
cellular trapping. For most of the radiotracers, the 
kinetics can be described using a maximum of 
three different compartments (Fig.  13.4). The 

first compartment is the arterial blood, in which 
the radiotracer may be present either as “free” 
species or exhibit plasma protein binding (PPB). 
From the arterial blood, the radiotracer passes 
through a second compartment (extracellular or 
intracellular fluid), also known as a free compart-
ment. The third compartment is the region where 
the tracer is bound to either an enzyme or a spe-
cific receptor, or metabolically trapped.

In tracer kinetic modeling, certain fundamen-
tal or physiologically reasonable assumptions are 
usually made to minimize the number of kinetic 
parameters needed to improve the fit to the mea-
sured data (from imaging studies) to the physio-
logical model or to simplify the imaging and 
analysis protocols. These simplifications, how-
ever, must be physically meaningful and must be 
validated against the complete model [8, 9].

Although most physiological and biological 
processes are nonlinear, the behavior (transport 
and or chemical reactions) of radiotracers in vivo 
is assumed to be linear or approximately linear due 
to the fact that the mass of the tracer is very small. 
First-order kinetics can describe the exchange of a 
radioligand between compartments.

• In general, the system under study is effective 
in a steady state and the administration of the 
radioligand does not perturb the steady state.

• Since arterial blood delivers radioligand to all 
tissues, the input function is always the blood 
time-activity concentration (TAC). Also, the 
radioligand can pass back and forth freely 
from the arterial plasma to the free 
compartment.

• For most radioligands, the nonspecific- binding 
(NSB) compartment is assumed to be in rapid 
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Fig. 13.3 A Scatchard plot of the ligand (L)-receptor (R) 
binding data in order to estimate receptor concentration 
(Bmax) and affinity (KD)
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Fig. 13.4 Two and 
three compartment 
models used to describe 
radiotracer kinetics 
in vivo. Different terms 
used to describe the 
movement of radiotracer 
in different 
compartments are listed 
in Table 13.1
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equilibrium with the free compartment and 
the two compartments are treated as a single 
compartment.

A number of parameters used in the modeling 
equations below and the terms used in the 
description of 3-compartmental model are 
defined in Table 13.1.

13.2.2.1  Two-Compartment Model
This model, generally, represents the movement 
of the radiotracer between the blood pool (C1) 
into the tissue pool (C2), as shown in Fig. 13.4. 
The change of tissue concentration of the radio-
tracer (Ct) over time is described by the following 
differential equation.

 

d

d a t

C

t
K C k Ct = 1 2?

 
(13.9)

In the above equation, K1 describes the speed of 
transfer of the ligand from the blood to the tissue 
and depends on the concentration of the tracer in 
the plasma Ca(t) and on the properties of the 
transport process (e.g., the activity of carrier 

enzyme). Because the tracer dose does not satu-
rate the transport process, the transfer from the 
blood to the tissue is simply given by the product 
of K1Ca(t). Similarly, the transport from the tissue 
to the blood is given by the product of k2Ct(t).

This two-compartment (or one tissue com-
partment) model is generally utilized with some 
minor modifications in the measurement of radio-
tracer transport across the BBB.

The measurement rCBF is one of the major 
clinical applications of PET using freely diffus-
ible radiotracers, such as [15O]water. With diffus-
ible radiotracers, the initial tracer activity in the 
brain is directly related to the blood flow (F) [10, 
11]. Free diffusion of the tracer also leads to 
equilibration of Ct with that of Cv (concentration 
in out flowing venous blood). Thus, Ct is the same 
as Cvλ, where λ is the tissue/blood partition coef-
ficient (synonymous with distribution volume) of 
the radiotracer. As a result, Eq. 13.9 is modified to 
replace K1 with F and k2 with F/λ, as shown below.
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Table 13.1 Important parameters used in physiological modeling

Parameter Description Units
Ca Tracer concentration in arterial blood or plasma Bq mL−1

Cf Free tracer concentration in tissue Bq mL−1

Ct Concentration of free tracer in tissue Bq mL−1

Cb Concentration of tracer specifically bound to receptors, enzyme, or 
metabolically trapped

Bq mL−1

K1 Kinetic constant for transfer of tracer from blood to tissue (Ca → Cf) mL min−1 g−1

k2 Kinetic constant for transfer of tracer from tissue to blood (Cf → Ca) L min−1

k3 Kinetic constant for conversion of free tracer in tissue to specific binding or 
metabolic trapping (Cf → Cb)

L min−1

k4 Kinetic constant for the dissociation of specifically bound or metabolically 
trapped tracer to free tracer in tissue (Cb → Cf)

L min−1

DV Distribution volume mL g−1 of tissue
Bmax Maximum receptor binding capacity Mol g−1

KD Equilibrium dissociation constant
BP Binding potential mL g−1

KM Michaelis-Menten constant (substrate concentration at half-maximum 
velocity)

λ Tissue/blood partition coefficient

E Tracer extraction fraction from blood (capillaries) into tissue Unit less parameter
P Capillary permeability for the tracer cm min−1

S Capillary surface area cm2 g−1
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For radiotracers that are not entirely freely dif-
fusible, the first pass extraction from the blood to 
the tissue is important. The transfer from the 
blood to the brain (K1) is determined by the prod-
uct of the blood flow (F) and tracer extraction 
fraction (E). The relationship between E, S, P, and 
F is given by the Renkin-Crone equation [12].

 E e
PS

F= 1?
?

 (13.11)

When the tracer arrives in the capillaries, 
some fraction of it is extracted into the tissue 
across the capillary walls. This unidirectional 
extraction fraction (E) is a unitless parameter and 
depends on the capillary permeability (P) for the 
tracer, total available capillary surface area (S), 
and the blood flow (F). The extraction fraction, 
E, will increase if S or P increases, but E will 
decrease if blood flow, F, increases.

13.2.2.2  Three-Compartment Model
Many radiotracers undergo metabolism (FDG, 
FDOPA, FLT) or are bound to specific receptors 
in the brain or some other tissues (Raclopride, 
Flumazenil, FET, Ga-DOTATOC). For most of 
the molecular imaging radiotracers, metabolism 
and specific intracellular binding are the physio-
logical processes of interest. The dynamic behav-
ior of many of these radiotracers in  vivo is 
assumed to follow a standard three-compartment 
kinetic model (Fig.  13.4) with a single arterial 
input function and two tissue compartments.

Compartment C1 represents the arterial con-
centration of the free, unmetabolized tracer. The 
passage into the tissue is considered to appear 
either through passive diffusion in the presence 
of a concentration gradient or through an active 
transport mechanism. Compartment C2 is the first 
tissue compartment and represents an extra vas-
cular pool of the tracer in the tissue; this tracer is 
available for binding or further reaction. 
Compartment C3 is the concentration of the tracer 
that is specifically bound to the target molecule 
(Cb) or has undergone some chemical reaction or 
metabolism (Cm). The transfer of the radiotracer 
in these three compartments is described by the 
following two differential equations.
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For radiotracers with irreversible metabolism 
or metabolic trapping (such as FDG and FLT), k4 
is negligibly small, and the total tissue tracer 
activity, Cf(t), can be split into two components, 
the reversible free tracer, Cf(t), and the trapped 
metabolized tracer, Cm(t).

FDG Metabolism: Measurement of MRglc
The technique of measuring MRglc using FDG 
metabolic intracellular trapping is based on the 
autoradiographic DG technique [13, 14]. It is 
important to understand that the transport of FDG 
and the enzyme mediated reactions are distinct 
from those for glucose. In order to estimate 
MRglc, however, the competitive kinetics 
between FDG and glucose must be taken into 
account.

In a 3-compartmental model (Fig.  13.4), C1 
represents FDG in plasma, C2 represents free 
FDG in tissue, and C3 represents FDG-6- 
phosphate. The basis for using FDG as a tracer to 
measure FDGglc is because FDG-6-phosphate is 
not a substrate for further metabolism, unlike glu-
cose-6-phosphate. As a result, with FDG, only the 
transport and phosphorylation steps are incorpo-
rated into this model and not the remaining steps 
as in glycolysis. To calculate MRglc, however, 
measurement of the plasma glucose concentration 
(Ca

o ) is needed to estimate intracellular glucose 
levels. A lumped constant (LC) was introduced to 
correct the differences in the in vivo behavior of 
FDG and glucose. The actual value of LC may 
vary (0.4–0.8) depending on the tissue (brain, 
myocardium, tumor) or plasma glucose levels. 
Based on the measured rate constants for FDG, 
LC, and (Ca

o ), the MRglc can be calculated, at 
steady state, using the following equations:

 

MRglc a=
+
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Since arterial blood sampling is not practical 
in routine clinical applications, several different 
approaches have been developed to measure 
MRglc [1, 8, 15]. The Patlak plot is one approach 
that is based on a graphical method, which esti-
mates the influx rate constant, K1

* using only the 
time-activity data of dynamic FDG-PET images 
[16].

Receptor Binding
The dynamics of receptor binding studied by 
PET and SPECT imaging techniques can be ana-
lyzed using the 3-compartmental model 
(Fig.  13.4). In this model, Ca represents the 
unmetabolized free radioligand in the blood, Cf 
(or C2) represents both the free, and the nonspe-
cifically bound radioligand, and finally Cb repre-
sents only the receptor bound radioligand. The 
transfer of receptor binding radioligand in a 
3-compartment model can be described using the 
differential equations, shown above (13.13 and 
13.14), in which C2 represents the free (non- 
specifically bound) radioligand, while C3 repre-
sents Cb, the receptor bound radioligand. The rate 
constant K1, k2, k3 and k4 are defined as delivery, 
washout, forward receptor-ligand reaction, and 
reverse receptor–ligand reaction, respectively. 
Many of the neuroreceptor ligands are lipophilic 
and may have nonspecific protein binding in 
blood or in tissue. Therefore, the fraction of the 
free ligand in the plasma (f1) and the fraction of 
the free ligand in the tissue (f2) that is available 
for specific receptor binding are important in the 
calculations.

Unlike the radiotracers that undergo metabo-
lism, with the receptor binding radioligands, SA 
of the radioligand is very important. Since an 
unlabeled (“cold”) ligand is present in the prepa-
rations of many radioligands, the cold ligand 
competes for the specific receptor binding sites 
with the labeled radioligand. Therefore, k3 is very 
much dependent on the SA of the radioligand, as 
shown below:
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In the above equation, if the SA is high, then 
Cb/SA (occupancy of receptors by the labeled 
compound) is negligibly small, and k3 ≈ kon.f2.Bmax. 
If the receptor occupancy by the radioligand can-
not be disregarded, k3 is not constant, and the 
individual variables and constants must be deter-
mined separately by compartmental analysis, 
complicated curve-fitting, and analytic proce-
dures. The clinical imaging studies would then 
require multiple radioligand injections with dif-
ferent SAs in order to determine the receptor den-
sity, Bmax, or affinity, KD [17].

In routine clinical PET or SPECT neurorecep-
tor imaging studies, with a single radioligand, 
one can only determine the BP, which is Bmax 
relative to KD. (BP = Bmax/KD). Also, to prevent 
saturation effects, the intravenously administered 
radioligand should preferably bind to only a 
small fraction (<5%) of all the available receptor 
sites. Therefore, it is essential that the radioligand 
must be prepared in high SA (>1.0 Ci μmol−1) so 
that the total mass of the ligand administered 
(labeled + cold ligand) is minimal. Very high SA 
is especially desirable when the receptor concen-
tration is low, or when the radio labeled agonists 
are used to image high affinity receptor states. 
Under these conditions, the BP is related to the 
kinetic constants and can be estimated based on 
the following equation:
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Under equilibrium conditions,
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The equilibrium distribution volume (DV or V) of 
compartment Ci is defined as the ratio of the 
tracer concentration in this compartment to the 
free arterial concentration (f1Cf) at equilibrium. 
With neuroreceptor imaging studies, we have
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V3, in the above equation, is the closest PET and 
SPECT equivalent of BP (BP = B/F), discussed 
under classical in  vitro conditions, as shown in 
Eq. 13.8. While C3 represents the receptor bound 
activity (B), the product f1Cp represents the free 
ligand activity in plasma (L) [8, 9]. BP was origi-
nally defined as a ratio of Bmax/KD (based on 
in vitro receptor binding studies) or k3/k4 (based 
on kinetic parameters) [18].

The determination of BP based on the equation 
for V3, described above, does require an arterial 
input function based on blood samples to deter-
mine (a) the free concentration of the radioligand 
(Cp) in plasma and (b) the free fraction in plasma 
(f1). At equilibrium, the free radioligand concen-
tration in plasma (f1Cp) can be assumed to be equal 
to the free radioligand concentration in the tissue 
(f2Ct). Since a reliable f1 measurement is difficult 
to obtain for many tracers, the term f1 is often 
neglected and assumed to be a constant across sub-
jects. This leads to a more practical definition of 
BP and V3 denoted here BP and V′3 [9]:
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In order to avoid blood samples, one can also 
assume that a reference tissue compartment (Ct, 

ref) represents both free radioligand and 
 nonspecifically bound radioligand. Now, at equi-
librium, the BP can be expressed relative to the 
free and nonspecific binding in a reference tissue 
region such as the cerebellum (C3/Ct, ref) [8, 9], as 
shown below:
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13.2.2.3  Graphical Analysis Methods
Graphical analysis (GA) techniques are simple 
methods for the analysis of data from radio-
tracer PET and SPECT imaging studies. In the 
initial evaluation of new radiotracers, they pro-
vide a visual way to distinguish between 
reversible and irreversible types of binding. 
They also provide considerable ease of compu-
tation compared to the optimization of individ-
ual model parameters in the solution of the 
differential equations generally used to 
describe the binding of radiotracers. GA meth-
ods are based on reformulating the model 
equations so that a linear relationship exists 
between the data and some quantitative param-
eter describing the nature of radio tracer bind-
ing or metabolism. These methods, however, 
do require an arterial input function although 
in some instances a reference region devoid of 
specific binding sites can be used in place of 
the plasma input function.

Patlak Plot
The theoretical foundation of GA for irreversible 
tracers was first developed and applied initially 
for the estimation of MRglc from dynamic FDG- 
PET data [16, 19]. The method is based on per-
forming linear regression on the total tissue 
concentration (Cp

? ) divided by the plasma con-
centration at time (CT

? ), as a function of the inte-
gral of the plasma concentration divided by the 
plasma concentration at time t (Table 13.1). The 
Patlak equation predicts that if one plots:
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The plot (Fig.  13.5) becomes linear over time 
with a slope of K* (the influx constant) describing 
the transfer of the tracer from the plasma compart-
ment to the irreversible compartment. It is impor-
tant to note that K* is dependent both on the binding 
or trapping rate and on the transport rate constants, 
K1 and k2. The Patlak plot is applicable for radio-
tracers that are metabolically trapped (FDG, FLT, 
FDOPA) but, not for receptor binding radioligands.

Logan Plot
Based on the original work of Patlak, the GA for 
reversible receptor binding radiotracers was initially 
developed by Logan [21, 22] and further refine-
ments were proposed by Ichise [23, 24]. In the 
Logan plot, the integral of the ROI activity over the 
current ROI activity in the receptor binding tissue is 
plotted versus the integral of the plasma activity 
over the current ROI in the receptor binding tissue.

Table 13.2 Plasma and brain tissue time-activity dataa following administration of [18F]FDG

Time Plasma Time Tissue

C t

C t
T

P

?

?

( )
( )

? ?

?

0
t C t t

C t
P

P

d( )
( )min nCi/mL min nCi/mL

0.28 0.02 0.23 0.0 0 0
0.73 201 1.23 33 0.5 0.03
0.98 1150 2.23 96 2.3 0.13
1.48 1454 3.48 125 6.3 0.33
1.95 832 5.48 145 13 0.64
2.97 478 8.98 155 34 1.47
3.47 379 17.48 158 103 3.9
4.97 249 27.48 163 210 7.64
7.97 120 37.48 168 336 12.15
11.95 62 47.48 172 462 16.64
19.95 31 57.48 175 641 23.03
29.95 18 67.48 177 819 29.36
39.95 12 77.48 179 1028 36.82
59.97 7 87.48 180 1368 48.92
89.95 3.4 97.48 181 1694 60.55
119.95 1.8 112.48 182 2329 83.13

aThe above simulated data is reproduced from [20]
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Fig. 13.5 The Patlak equation predicts that after some 
time t > t*, a plot of total tissue concentration (Cp

? ) divided 
by the plasma concentration at time (CT

? ) as a function of 
the integral of the plasma concentration divided by the 
plasma concentration at time t becomes linear. The plot 
based on data from Table 13.2 shows that the slope K* is 
0.036 [20]
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Fig. 13.6 Logan plots of graphical analysis: Time constant for start of the linear analysis for the basal ganglia is 25 min 
(a) and for the cerebellum it is 15 min (b). The shorter time for the cerebellum is due to its more rapid kinetics

The plot (Fig. 13.6) eventually becomes linear 
with a slope equal to the total radioligand volume 
of the distribution (VT). The time to reach linear-
ity (equilibrium), however, depends on the num-
ber of compartments and the nature of the 
radioligand.

The GA can be extended to obtain a distribu-
tion volume ratio (DVR) directly without blood 
sampling by using a tissue reference region (Tref) 
instead of the plasma integral. This can be done 
by rearranging the GA equation for the Tref to 
solve for the plasma integral in terms of the Tref 
radioactivity. Based on the Logan plots, DVrec and 
DVref tissue regions can also be determined sepa-
rately in order to calculate the distribution vol-
ume ratio (DVR). Then the BP is given by
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14Molecular Imaging in Oncology

I believe there is no philosophical high-road in sci-
ence, with epistemological signposts. No, we are in 
a jungle and find our way by trial and error, build-
ing our road behind us as we proceed. (Max Born)

14.1  Cancer and Molecular 
Imaging

Cancer does not refer to a single disease. Rather, 
it consists of more than 100 different diseases. 
The American Cancer Society defines cancer as 
“a group of diseases” characterized by uncontrol-
lable growth and spread of abnormal cells. If the 
spread is not controlled, it can result in death. A 
long-standing goal of cancer research has been to 
identify the molecular mechanisms by which 
cancers develop, then design the diagnostic tech-
niques (both imaging and non-imaging) to detect 
those molecular markers of cancers early, and 
finally to develop targeted specific therapeutic 
strategies for the treatment of cancer. One of the 
goals of the precision medicine era is to better 
tailor treatments to the individual’s particular 
cancer.

A cancer biomarker refers to a substance or 
process that is indicative of the presence of can-
cer in the body. Molecular imaging (an imaging 
biomarker) is a type of medical imaging that pro-
vides detailed pictures of what is happening 
inside the body at the molecular and cellular 
level which  allows physicians to see how the 

body is functioning and to measure its chemical 
and biological processes. The molecular imag-
ing paradigm has evolved in recent years and 
considers new ways of applying molecular imag-
ing to predict and assess response to twenty-first 
century cancer therapeutics, including the unique 
ability of molecular imaging to capture targeted 
therapy delivery to tumor sites [1]. Personalized 
medicine in nuclear medicine is theranostics 
based on molecular imaging and targeted radio-
nuclide therapy (TRT). The main purpose of 
imaging in oncology is early detection to enable 
interception, if not prevention, of full-blown dis-
ease, such as the appearance of metastases. 
Because biochemical changes occur before 
changes in anatomy, molecular imaging, particu-
larly when combined with liquid biopsy for 
screening purposes,  promises especially early 
localization of disease for optimum management 
[2]. Molecular imaging biomarker with PET/CT 
and SPECT/CT may play different roles (diag-
nostic, predictive, therapeutic, or pharmacody-
namic biomarker) in the clinical decision 
pathway as shown in Table 14.1.

Traditional noninvasive imaging techniques, 
such as CT and MRI, are used primarily for 
imaging anatomical and morphological changes 
associated with an underlying pathology. These 
techniques, however, often lack the necessary 
sensitivity and specificity for early diagnoses of 
many cancers and for the detection of 
 sub- centimeter neoplasms, and preneoplastic dis-
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Table 14.1 Role of several types of biomarkers in 
cancer

Biomarker Role in the clinical decision and 
management pathway

Prognostic To determine if it is likely to 
develop a particular cancer

Diagnostic To identify/detect a particular 
cancer

Predictive Can a specific drug be optimal 
for therapy of a specific drug

Therapeutic Does the drug reach a specific 
target

Pharmacodynamic To determine the optimal dose of 
a therapeutic drug for a specific 
patient

Recurrence To predict the recurrence of 
cancer

ease. In order to develop effective treatment 
modalities, especially, patient-specific treat-
ments, more sensitive and specific detection of 
early malignancies is essential.

Radioisotope-based molecular imaging tech-
niques such as PET and SPECT have the poten-
tial to capture functional or phenotypic changes 
associated with abnormal molecular mechanisms 
by which cancers develop. It is an emerging field 
that aims to integrate patient-specific and disease- 
specific molecular information with traditional 
anatomical or structural imaging readouts. Also, 
the hybrid or fusion-imaging of PET/CT and 
SPECT/CT improves the sensitivity and specific-
ity of clinical imaging technique.

Highly “tumor-specific” and “tumor cell 
signal- specific” radiopharmaceuticals are 
essential to meet the growing demand of 
radioisotope- based molecular imaging technol-
ogy for various applications to manage the 
overly complex patient-specific tumor biology. 
Molecular imaging has made rapid strides that 
go beyond the clinical applications of FDG-
PET, to probe multiple aspects of tumor biol-
ogy. The real power of molecular imaging, 
however, goes beyond diagnosis by identifying 
different biologic processes in a tumor using 
tracers that characterize both genotypic and 
phenotypic signatures. Future clinical trials, 
with appropriate study design and regulatory 
guidance, will need to examine, prospectively, 

the use of imaging to help select cancer treat-
ment. This is an important paradigm shift for 
PET, moving beyond detection in the direction 
of treatment selection [1, 2, 3].

14.1.1  Radiopharmaceuticals 
for Molecular Imaging

With the discovery of [18F]fluorodeoxyglucose 
(FDG) in the 1970s, molecular imaging based 
on PET started with the studies on brain glu-
cose metabolism [4]. In 1994, the  FDA 
approved the use of FDG-PET for one medical 
center to measure the regional glucose metabo-
lism in the human brain to assist in the diagno-
sis of seizures. There have been reports about 
the use of FDG for oncology imaging since the 
1980s, however, no formal phase I, II, and III 
clinical studies were performed by any com-
mercial sponsor. Based on published literature, 
the FDA determined the safety and efficacy of 
FDG, and in 2000 approved the clinical use of 
FDG-PET in oncology.

The investigators at the Erasmus University 
Medical Center (EUMC), Rotterdam in the 
Netherlands developed [123I-Tyr3]octreotide as an 
imaging agent to localize neuroendocrine tumors 
(NETs). Due to biliary excretion, and intestinal 
accumulation of I-123 activity, [123I-Tyr3]octreo-
tide was not ideal for the detection of lesions in the 
abdomen. Therefore, the investigators at EUMC 
developed [111In-DTPA-D-Phe1]octreotide (also 
known as 111In-pentetreotide, OctreoScan). Dr. 
Krenning’s team at EUMC performed planar and 
SPECT imaging studies in more than 1000 patients 
with NETs [5]. In 1994, the FDA approved 
111In-pentetreotide (OctreoScan, Mallinckrodt) as 
an agent for the scintigraphic localization of pri-
mary and metastatic neuroendocrine tumors bear-
ing somatostatin receptors.

In the last three decades, numerous radiophar-
maceuticals have been developed for molecular 
imaging studies in oncology. As of March 2022, 
twelve radiopharmaceuticals have been approved 
by the FDA and European agencies for imaging 
studies in oncology based on PET and SPECT 
(Table  14.2). Many new radiopharmaceuticals 
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Table 14.2 FDA-approved PET and SPECT radiopharmaceuticals for MI studies

Chemical name Trade name Indications FDA approval
1 111In-pentetreotide Octreoscan™ For localization of SSTR-positive NETs. 1994
2 [18F]Fludeoxyglucose 

(FDG)
To assess abnormal glucose metabolism in 
oncology

2000

3 [18F]Sodium fluoride To delineate areas of altered osteogenesis 2000
4 [123I]Iobenguane AdreView™ For the detection of primary or metastatic 

pheochromocytoma or neuroblastoma
2008

5 [11C]Choline To help identify potential sites of prostate 
cancer recurrence

2012

6 68Ga-DOTATATE NETspot For localization of SSTR-positive NETs 2016
7 [18F]Fluciclovine Auxumin™ Prostate cancer recurrence 2016
8 68Ga-DOTATOC For localization of SSTR-positive NETs 2019
9 [18F]Fluoroestradiol Cerianna™ For the detection of estrogen receptor- 

positive lesions in patients with breast cancer
2020

10 64Cu-DOTATATE Detectnet For localization of SSTR-positive NETs 2020
11 68Ga-PSMA- 

HBED-CC
PSMA-positive lesions in prostate cancer 2020

12 [18F]Piflufolastat Pylarify® To detect PSMA-positive lesions in prostate 
cancer

2021

Table 14.3 PET radiopharmaceuticals: mechanisms of uptake and localization

Biochemical 
process Radiotracer Mechanism of uptake or localization
Blood flow/
perfusion

[14O]Water Freely diffusible across membranes

Membrane 
synthesis

[18F]Fluorocholine Substrates for choline kinase in choline metabolism

Lipid synthesis [18F]Fluoroacetate Acetate is activated to acetyl-CoA in both the cytosol and 
mitochondria by acetyl-CoA synthetase

DNA synthesis [11C]Thymidine, [18F] 
Fluoro-thymidine

Substrates for thymidine kinase (TK-1) in DNA synthesis and 
reflects tumor cell proliferation rate

Hypoxia [18F]FMISO Intracellular reduction and binding
Protein 
synthesis

[11C]l-methionine, [18F] 
FMT, [18F]FET

Transport into the cells involves amino acid carrier protein. 
Intracellular trapping involves protein synthesis or transmethylation

Tumor antigens 124I-, 64Cu-, 86Y-labeled 
mAbs

Specific binding to tumor-associated antigenic-binding sites (such 
as CEA, PSMA, CD20, and CD22)

Apoptosis 124I-Annexin V, 
64Cu-Annexin V

Specific binding to Phosphatidylserine (PS) on cell membrane

Angiogenesis RGD peptide, 
18F-FB-E[c(RGDyK)]2

Integrin receptors (αvβ3) on endothelial cells of neovasculature

Gene 
expression

[18F]Oligonucleotide In vivo hybridization with mRNA
[18F]FHBG Substrate to herpes virus thymidine kinase

are under active clinical investigation (Table 14.3) 
and, hopefully, some of these investigational 
tracers receive FDA approval in the near future. 
In this chapter the basic aspects of tumor biology 
and the design, and development strategies of the 
approved, and several promising new radiophar-
maceuticals are presented.

14.2  Tumor Pathology 
and Biology

14.2.1  Histopathology

Social control genes regulate cell division, prolifer-
ation, and differentiation under normal conditions. 
An uncontrolled growth of an abnormal cell will 
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give rise to a tumor or neoplasm that can either be 
benign or malignant. A tumor is regarded as cancer 
only if it is malignant. In the past, the general con-
cept was that tumors of certain phenotypes arise 
from their normal cell counterpart. However, there 
is evidence which indicates that most tumors arise 
from immature cells that can transform and acquire 
phenotypic features similar to those of one or more 
normal cell types [6]. 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.

The classification and typing of tumors are based 
on histopathological diagnosis [7]. In general, a 
benign tumor is composed of well- differentiated 
cells that resemble their normal counterpart, remain 
localized, and cannot spread to other sites. 
Malignant tumors are neoplasms that extend into 
surrounding tissue, are capable of invading lym-
phatics and blood vessels, and can be transported to 
distant sites. Certain tumors may exhibit intermedi-
ate behavior and are designated as “borderline or 
undermined,” which represents low-grade malig-
nant tumors. Currently, the malignant category is 
restricted to tumors that have metastatic properties. 
Metastases are tumor implants discontinuous with 
the  primary tumor. All tumors have two compo-
nents: proliferating neoplastic cells and supportive 
stroma, which is host-derived and made up of con-
nective tissue and blood vessels. While the neoplas-
tic cells determine the nature of the tumors, tumor 
growth and evolution depend on the stroma [6].

Cancer cells differ according to the cell type 
from which they derive. The common character-
istics 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 abnormal mitoses and chro-
mosomes. Progressive infiltration, invasion, and 
the destruction of the surrounding tissue accom-
pany the growth of cancer. A number of cell sur-
face changes occur in cancer cells resulting in a 
decreased communication or signaling between 
cells and an altered membrane transport or per-
meability. Cells become anchorage-independent 
and are allowed to metastasize.

14.2.1.1  Grading and Staging
Tumor grade is a qualitative assessment of the dif-
ferentiation of the tumor compared to normal tis-
sue at a specific site; the grading scheme provides 
a measure of the degree of malignancy. In general, 
a three-grade system as defined based on the sub-
jective judgment of the pathologist is as follows:

Grade I: Well-differentiated
Grade II: Moderately differentiated
Grade III: Poorly differentiated

The rate of tumor growth depends on the 
tumor type and grade. In general, most benign 
tumors grow slowly while most malignant neo-
plasms grow much faster. Also, rapidly growing 
malignant tumors are generally well differenti-
ated (grade 1) and contain central areas of necro-
sis due to poor blood (oxygen) supply.

Staging of cancer depends on the size of the 
primary neoplasm, its extent to regional lymph 
nodes, and the presence or absence of metastasis. 
The TNM system is an expression of the anatom-
ical extent of disease and is based on the assess-
ment of three components:

T: The extent of the primary tumor
N: Absence or presence and the extent of regional 

lymph node metastasis
M: Absence or presence of distant metastasis

The above TNM classification assumes that 
cancers of similar histological type or site of ori-
gin share similar patterns of growth and exten-
sion. The tumor staging will help plan the 
treatment strategy, indicate prognosis, and assist 
in the evaluation of therapy.

14.3  Molecular Basis of Cancer

14.3.1  Hallmarks of Cancer

Cancer is a group of diseases involving abnormal 
cell growth with the potential to invade or spread 
to other parts of the body. Benign tumors do not 
spread but, metastasis is the spread of cancer to 
other locations in the body. Most cancer deaths 
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are due to cancer that has metastasized. The hall-
marks of cancer, an idea coined by Douglas 
Hanahan and Robert Weinberg  in 2000 to iden-
tify different biological capabilities acquired dur-
ing the multistep development of human tumors 
[8, 9]. Subsequently, a more organized and 
updated picture of cancer hallmarks was also pro-
posed [10] and summarized as follows:

• Selective growth and proliferative advantage 
(self-sufficiency of growth signals turned on 
by activated oncogenes, while insensitivity to 
anti-growth signals by the  inactivation of 
tumor-suppressor genes)

• Altered stress responses favoring overall sur-
vival and propagation (such as increased DNA 
repair mechanisms, upregulate autophagy, 
evading programmed cell death or apoptosis, 
and avoid senescence)

• Sustained angiogenesis and vascularization 
(by VEGF overexpression)

• Invasion and metastasis
• Metabolic rewiring (deregulated metabolism)
• Immune modulation (evading the immune 

system)
• An abetting microenvironment

The acquired capabilities described above 
refer mainly to the cellular and tissular hallmarks 
of cancer. Cancer is not just a lump of cells that 
divide, invade, and spread randomly but, rather, a 
multi-layered precisely tuned process that 
requires the participation of the whole organism. 
Geographically separated cancer tissues commu-
nicate between themselves, forming a system that 
interacts with the rest of the organism through 
cancer-induced systemic pathogenic networks. 
Based on this approach, Doru Paul recently intro-
duced six systemic hallmarks of cancer that 
emerge because of these interactions [11]. The 
first systemic hallmark is the cancer system itself 
established through the connections between the 
primary tumor, the bone marrow, and the distal 
metastasis. The five other systemic hallmarks are 
the global inflammation, the immunity inhibition, 
the metabolic changes leading to cachexia, the 
propensity to thrombosis, and the neuro- 
endocrine changes.

Tumor development and survival is a chaoti-
cally governed process involving the interplay 
between cancer cells, normal stromal cells, and 
host defense mechanisms. Generally, 
CD8+cytotoxic T cells (CTL) and CD4+helper T 
(Th)1 cells curb cancer development via mecha-
nisms commonly involving their production of 
interferon (IFN)-γ and cytotoxins [9]. The 
immune system interacts intimately with tumors 
over the entire process of disease development 
and progression to metastasis. This complex 
cross-talk between immunity and cancer cells 
can both inhibit and enhance tumor growth and is 
now classified as a hallmark of cancer. The 
immune system plays a critical role in maintain-
ing an equilibrium between immune recognition 
and tumor development with a dual capacity to 
both promote and suppress tumor growth. Despite 
immune surveillance, tumors continue to develop 
with intact immune systems.

14.3.2  Genetic Changes

Carcinogenesis is a multistep process at both, the 
phenotypic and genetic levels [8]. The genetic 
hypothesis of cancer implies that cancer results 
from the clonal expansion of a single progenitor 
cell. In the first step (initiation), the cell has 
incurred genetic damage in the DNA caused by a 
point mutation, gene deletion, or gene rearrange-
ment. In the second step (promotion), the initi-
ated cells become cancerous. In the third step 
(progression), the cancerous cell becomes bio-
logically defective or undifferentiated. Because 
of this multistep process, most human tumors, 
however, do show genetic heterogeneity even if 
they originate from a single cell.

A wide variety of chromosomal alterations are 
found in cancers, such as change in number, 
translocations, rearrangements, amplifications, 
and deletions. Many of these changes are associ-
ated with genes that are solely responsible for 
causing cancer. The principal targets of genetic 
damage are three classes of normal regulatory 
genes; oncogenes, antioncogenes, and genes that 
regulate apoptosis [6]. Damage to DNA repair 
genes may also be involved in carcinogenesis. A 
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number of biochemical features associated with 
the genetic changes that clearly distinguish 
malignant proliferation from normal growth pat-
terns are as follows:

• Tumor cells usually have an unlimited poten-
tial for tumor growth and are, thus, 
immortalized.

• Tumor cells exhibit a variety of metabolic dif-
ferences when compared to their normal 
untransformed counterparts.

• Malignant cells have the ability to escape the 
human immune surveillance pathways.

14.3.2.1  Oncogenes
Genes that promote autonomous cell growth are 
called oncogenes or cancer-causing genes. 
These are derived from proto-oncogenes, which 
are normally present in the human genome and 
are essential for normal cell growth. The mutant 
alleles of proto-oncogenes are called onco-
genes. Many oncogene products and oncopro-
teins are part of the cell’s signal transduction 
pathway (Table 14.4). 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 
could greatly affect a cell’s growth potential by 
increasing the production of growth factors, 

increasing the growth factor receptor expression 
on the cell surface, or by encoding a protein that 
binds to DNA and stimulates cell division. The 
protein molecules involved in the signaling 
pathways are called signal-transducing proteins 
and are responsible for the communication 
between growth factor receptors and their 
nuclear targets.

14.3.2.2  Antioncogenes
In a normal cell, the physiological function of 
antioncogenes or cancer suppressor genes is to 
regulate cell growth and to prevent tumor for-
mation. The loss of these genes, however, is a 
key event in many human tumors. Tumor sup-
pressor genes encode proteins that act as nega-
tive transducers of growth factor stimulation. 
The loss of tumor suppressor genes, such as Rb 
and p53, is associated with a wide variety of 
human malignancies. The p53 gene encodes a 
53 kDa protein that binds in the nucleus and at 
high levels causes the cell to undergo apoptosis 
[12]. A mutated p53 allele in a cancer cell may 
encode a mutant form of p53 protein without 
the ability to induce apoptosis. Mutations of the 
p53 gene is the common DNA abnormality in 
more than 50% of cancers. Some cancers in 
which the loss of function of the tumor suppres-
sor genes may be involved are summarized in 
Table 14.4.

Table 14.4 Oncogenes and antioncogenes

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-B2 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 Transcriptional factor Binds DNA Burkitt’s lymphoma
L-myc Transcriptional factor Binds DNA Small cell carcinoma of lung
Antioncogenes: 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 GTPase activating protein Inhibition of ras signal transduction Schwannomas, neurofibroma
WT-1 Nuclear transcription factor Binds DNA Wilm’s tumor
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14.3.2.3  Tumor Antigens
Most tumor cells synthesize many proteins or gly-
coproteins that are antigenic in nature. These anti-
gens may be intracellular, expressed on the cell 
surface, or shed or secreted from the cell into the 
extracellular fluid or circulation. These tumor-
associated antigens (TAA) may also be expressed 
in small amounts in normal cells but, typically, 
tumor cells produce them in large amounts. Based 
on the source and origin of antigen, TAAs can be 
categorized into five distinct groups [6].

 (a) Oncofetal antigens: These antigens are 
derived from epitopes that were expressed in 
fetal life and appear on tumor cells as a result 
of undifferentiated growth process associ-
ated with malignant process. These antigens 
are not expressed in completely differenti-
ated cells. Some of these antigens, such as 
Carcinoembryonic antigen (CEA) and 
Alpha-fetoprotein (AFP), are expressed on 
the cell surface, and are also present in the 
circulation.

 (b) Epithelial surface antigens: These antigens 
are derived from cell surface structural com-
ponents that are exposed due to an architec-
tural disruption of malignant tissue. Antigens, 
such as epithelial membrane antigen (EMA) 
and human milk fat globule (HMFG), are 
excluded from the blood by biological barri-
ers, and are present in the tumor tissue only.

 (c) Tumor-derived antigens: These epitopes are 
expressed mainly by tumor tissues and in 
some tumors, there may even be an increase 
in the expression of these epitopes. The anti-
gen, tumor-associated glycoprotein-72 (TAG-
72), is expressed on the tumor cell surface in 
a variety of adenocarcinomas, such as colon, 
breast, and ovarian. Prostate-specific antigen 
(PSA) and prostatic acid phosphatase (PAP) 
are secreted by prostate carcinoma cells and 
are present in the tumor tissue, and in circula-
tion. Prostate-specific membrane antigen 
(PSMA) is an integral transmembrane glyco-
protein with intra and extracellular epitopes.

 (d) Receptor antigens: Tumor cells express regula-
tor receptors that promote interaction with a 

number of growth factors. The increased expres-
sion of receptor proteins on tumor tissues may 
be regarded as receptor antigens. The human 
epidermal growth factor receptor (EGF-r) is a 
transmembrane glycoprotein that contains 
extracellular and cytoplasmic epitopes for EGF 
binding. EGF-r overexpression has been found 
in a variety of malignant epithelial tumors aris-
ing in the breast, colon, lungs, and bladder.

 (e) Viral antigens: These epitopes are present in 
certain tumor cell membranes where the induc-
tion of malignancy is associated with the pres-
ence of transforming genes carried by the 
DNA viruses. Congenital or acquired immu-
nodeficiency developed Epstein–Barr virus 
(EBV)-positive malignancies (such as Burkitt’s 
lymphoma) are examples of receptor antigens.

14.3.3  Tumor Angiogenesis

Blood supply is one of the key factors that could 
modify the rate of tumor growth. Perfusion sup-
plies nutrients, oxygen, as well as growth factors. 
Beyond 1–2  mm in diameter, the tumor fails to 
proliferate because hypoxia induces apoptosis. 
Angiogenesis or neovascularization is a  necessary 
biologic correlate of malignancy [6]. Tumor vas-
cularization occurs through several distinct bio-
logical processes, which not only vary between 
tumor type and anatomic location but, also occur 
simultaneously within the same cancer tissue. 
These processes are orchestrated by a range of 
secreted factors and signaling pathways, and can 
involve participation of non-endothelial cells, such 
as progenitors or cancer stem cells [13]. Tumor-
associated angiogenic factors, such as vascular 
endothelial growth factor (VEGF) and basic fibro-
blast growth factor (bFGF), may be produced by 
tumor cells or derived from inflammatory cells 
(e.g., macrophages). Hypoxia promotes angiogen-
esis by the release of hypoxia- inducible factor-1 
(HIF-1), which controls the transcription of VEGF.

A number of anti-angiogenesis molecules 
may be produced by tumor cells themselves (such 
as thrombospondin-1) or may induce the produc-
tion of these factors (angiostatin, endostatin, and 
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vasculostatin) by other cells. The balance 
between the angiogenic and antiangiogenic fac-
tors controls tumor growth.

14.3.4  Tumor Microenvironment

14.3.4.1  Apoptosis
Apoptosis is executed by a family of intracellular 
proteases called, caspases and occurs as an end 
result of signaling through the death receptor 
CD95 (Fas) and by DNA damage [6]. Defects in 
the processes that control normal apoptosis 
extend the life of the cell and also promote cancer 
growth. Several genes that regulate apoptosis 
have been identified. Apoptosis may be inhibited 
by cytochrome c from mitochondria, which forms 
a complex with APAF-1, ATP, and procaspase 9. 
The release of cytochrome is important in apop-
tosis and is regulated by the genes of the BCL2 
family, which inhibit apoptosis by inhibiting the 
release of cytochrome c [14].

14.4  PET and SPECT 
Radiopharmaceuticals 
in Oncology

14.4.1  Objectives

A variety of both genetic and tumor microenvi-
ronmental factors determine the behavior of can-
cer. The alterations in genotype, phenotypic 
functional changes (Table 14.5), such as altered 
metabolism, proliferation, protein synthesis, and 
angiogenesis that occur in cancer tissue, ulti-
mately lead to the development of discrete mass 
lesions. The challenge of an imaging technique is 
to demonstrate the morphology (structure and tis-
sue characterization) and functional status of 
tumor tissue. Tumors are classified on the basis 
of the tissue of origin, cell type, whether benign 
or malignant, degree of differentiation, anatomic 
site, and function. Because of this diversity, no 
single imaging technique is capable of detecting 
all tumors. While the radiological techniques 
(X-ray, CT, MRI, Ultrasound) can provide infor-
mation, regarding location and size of the tumor 
with better resolution than nuclear imaging tech-

niques, these lack the specificity and sometimes 
cannot even distinguish residual, viable disease 
from fibrosis. PET and SPECT techniques, on the 
other hand, have the potential to provide func-
tional status of the tumor tissue (metabolism, 
receptor expression) and offer higher specificity 
with limited resolution. The application of 
molecular imaging procedures in oncology can 
best be classified based on the various objectives 
of the imaging, as described below:

 (a) Diagnosis of malignancy: Differentiating 
malignant from benign disease

 (b) Identifying the site(s) of disease: In order to 
plan biopsy or surgery especially when can-
cer is suspected based on clinical 
biomarkers

 (c) Detecting the primary tumor: In patients with 
metastatic disease with an unknown or small 
primary tumor

 (d) Grading malignancy: Based on quantifying 
the amount of radiotracer uptake

 (e) Staging disease: Whole body scans would 
provide the relative uptake of tracer through-
out the body

 (f) Residual disease: Identification of residual 
viable cell mass following treatment

 (g) Detection of recurrences: Confirming the 
sites of recurrent (new) disease

 (h) Measuring the response to therapy: Objective 
assessment of the efficacy of specific treat-
ment modalities

 (i) Guide radiation therapy: Identify regions of 
tumor tissue with differences in radiosensi-
tivity for effective radiation treatment

In the last 10 years, several new radiotracers 
have been proposed and were evaluated in pre-
clinical and clinical studies in order to character-
ize the tumor biology more appropriately. Several 
publications have extensively reviewed the 
potential advantages and limitations of many 
PET radiopharmaceuticals [16–22] (Shiue and 
Welch 2004). 18F-labeled radiotracers appear to 
be the most attractive option, mainly due to the 
wide availability of 18F and the possibility of 
automated routine synthesis of these agents. In 
addition to 18F-labeled tracers, 68Ga, 64Cu, and 
89Zr-labeled PET radiopharmaceuticals have also 
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Table 14.5 Molecular and functional alterations in 
cancera

Function Increased Decreased
Glucose metabolism X
Amino acid transport X
Protein synthesis X
DNA synthesis X
Membrane or lipid synthesis X
Receptor expression X
Angiogenesis, vascular 
density

X

Vascular permeability X
Oncogene products X
Signal transduction X
Hypoxia X
Oxygen tension X
Blood flow X X
Apoptosis X X
Many other genetic markers X X

a Modified from Wahl [15]

been approved by the FDA for imaging studies in 
neuroendocrine tumors and prostate cancer 
(Table 10.2). The advantages of many of these 
tracers are based on their ability to image a spe-
cific biochemical process or based on their unique 
mechanism of localization in a specific organ/tis-
sue of interest.

14.4.2  Radiopharmaceuticals: 
Biochemical Basis 
of Localization

14.4.2.1  Glycolysis
The most important molecule to provide energy 
for various biochemical reactions in the body is 
adenosine triphosphate (ATP), which is gener-
ated in the mitochondria following the metabo-
lism of glucose in the mitochondria. Accelerated 
glucose metabolism is one of the phenotypic or 
functional changes observed in cancer tissue, first 
observed by Warburg, more than 80 years ago 
[23, 24]. The transport of glucose into cells is 
mainly through facilitated diffusion, also called 
carrier-mediated diffusion, since the carrier facil-
itates the transport of glucose into the cell. This 
mechanism, however, also allows the glucose 
molecule to diffuse out of the cell. Insulin can 
increase the rate of facilitated diffusion 10- to 

20-fold. Six isoforms of glucose transporters 
(GLUT) have been identified, which differ in 
kinetic properties and tissue location. It has been 
shown that the overexpression of GLUT-1, 
GLUT-3, and GLUT-5 plays a key role in the 
increased transport of glucose by tumor cells 
[15]. Glucose may also be transported into the 
cell by active transport, which mostly occurs 
in  the renal tubules and gastrointestinal 
membrane.

The phosphorylation of glucose (Fig. 14.1), an 
initial and important step in cellular metabolism, 
is catalyzed by the enzyme glucokinase in the 
liver and hexokinase (HK) in most other cells. 
Four distinct types of hexokinases are known; 
Type-1 is predominant in the brain, Type-2  in 
insulin-sensitive tissue, Type-3 is present in any 
other tissue, and Type-4 is known as glucokinase 
in the liver. In the cytosol, glucose is phosphory-
lated by the enzyme hexokinase to glucose 
6-phosphate, which subsequently is metabolized 
to carbon dioxide and water. This phosphoryla-
tion step is almost completely irreversible except 
in the liver, kidney, and GI epithelium. The 
enzyme glucose-6-phosphatase, responsible for 
the breakdown of phosphorylated glucose is 
absent in most cancer cells [25]. As a result, once 
glucose enters the cells, it goes through the gly-
colysis pathway.

Tumor pH
In glucose metabolism, the initial reaction 
sequence known as “glycolysis” takes place in 
the cytoplasm where glucose is converted to two 
molecules of pyruvate. Under anaerobic condi-
tions (hypoxia), this mechanism is unavailable; 
pyruvate is converted to lactic acid by lactate 
dehydrogenase (LDH) and accumulates. 
Consequently, the pH of the tumor tissue is 
slightly acidic compared to that of normal tissue 
pH of 7.4 [23]. The acidic pH of the tumor tissue 
possibly may play a significant role in the local-
ization of several radiotracers in tumors.

2-[18F]Fluoro-2-Deoxy-d-Glucose (FDG)
In the 1950s it was shown that the hydroxyl group 
on carbon-2 of the glucose molecule (Fig. 14.2) 
is not necessary for phosphorylation by hexoki-
nase. The deoxyglucose (DG) enters the cell 
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similar to glucose and is converted to deoxyglu-
cose 6-phosphate which, however, does not 
undergo further metabolism and is trapped in the 
cell [26]. Therefore, the design of the FDG mol-
ecule is based on labeling a carbon-2 atom in DG 
with 18F [27]. Incidentally, the C–F bond, which 
is more stable than the C–H bond, is chemically 
unrecognizable by hexokinase. As a glucose ana-
log, FDG enters the cell membrane using the 
same transporters as glucose. It is then phosphor-
ylated into [18F]FDG-6-phosphate. This metabo-
lite is not a substrate for further enzymes and, 
thus, is trapped and accumulates inside the cell 
(Fig.  14.1) in proportion to the metabolism of 
glucose. Experimental studies in vitro and in vivo 
have clearly documented that the magnitude of 
the FDG uptake in tumors, in general, relates 
quite directly to the number of viable cells [15]. 
FDG is a model PET radiopharmaceutical and is 
regarded as the “molecule of the century” in 

nuclear medicine. The simplified mechanism of 
uptake of FDG by tumor cells is now well under-
stood. FDG-PET can therefore be considered as 
the imaging of the rate-limiting step of glucose 
metabolism, namely the hexokinase activity. The 
imaging signal detected with PET tomography is 
achieved based on the trapped phosphorylated 
metabolite.

The glycolytic activity of a given tumor is 
generally assumed to be characteristic of its state 
of differentiation. The extent of FDG uptake in 
tumors, especially untreated tumors, appears to 
relate directly to the number of viable cells. 
However, it has also been shown that inflamma-
tory cells (macrophages) in tumors also accumu-
late FDG. It has also been well documented that 
FDG-PET is clinically useful for the staging and 
restaging of malignancy, metabolic characteriza-
tion of malignancy, and monitoring of response 
to therapy (Fig. 14.3) [15, 28–30].

14 Molecular Imaging in Oncology



313

a b c

Fig. 14.3 [18F]FDG-PET/CT: New lymph nodes in 
draining basin of regressing metastasis. (a, b) Metastatic 
melanoma (a, arrow) after 4 cycles of combination ipilim-
umab and nivolumab demonstrated marked regression of 
right thigh lesion and complete metabolic response of 

multiple liver and adrenal metastases (b, arrow); however, 
new FDG-avid lymph nodes were noted in left inguinal 
and iliac regions (b, arrowheads). (c) Biopsy of these 
lymph nodes showed reactive T cells that resolved on sub-
sequent scan [31]
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Table 14.6 Some of the factors affecting FDG uptake in 
tumorsa

Factor Increased Decreased
Viable cancer cell number X
Tumor perfusion X
Hypoxia X
Glucose transporter 
expression

X

Hexokinase activity X
Inflammation or infection X
Receptor agonists X
Chemotherapy acute X
Radiation therapy acute X
Receptor blockade X
Chemotherapy effective X
Radiation therapy chronic X
Hyperglycemia X
Insulin X
Necrosis X

a Modified from Wahl [15]

Limitations of FDG-PET: Although FDG- 
PET/CT imaging provides high specificity and 
sensitivity in several types of cancer, with many 
applications in the clinical management of an 
oncologic patient, it is important to recognize 
that FDG is not a “specific” radiotracer for imag-
ing malignant disease. A number of factors 
(Table 14.6) can affect the FDG uptake in tumors 
and may explain the causes of false-positive and 
false-negative imaging data [15]. Various tissues 
and processes in the body use glucose to generate 
ATP to meet the increased energy demands. For 
example, the normal brain depends exclusively 
on glucose metabolism. Further, inflammatory 
cells and macrophages have higher glucose meta-
bolic rates and accumulate higher amounts of 
FDG than tumor cells. Since FDG competes with 
glucose, the net uptake of FDG by tumor tissue 
depends on the plasma glucose levels. In any 
given patient the absolute tumor uptake of FDG 
depends on many factors and may not necessarily 
reflect tumor aggressiveness, or the rate of tumor 
proliferation [15].

14.4.2.2  Bone Metabolism
Bone is a rigid connective tissue and is made up 
of two types of tissues: compact or cortical and 
cancellous and trabecular, or spongy bone. While 

the cortical bone forms the outer layer (cortex), 
the spongy bone in the medulla contains the bone 
marrow. Three types of cells are seen in the bone: 
(a) osteoblasts that produce the organic bone 
matrix, (b) osteocytes that produce the inorganic 
matrix, and (c) osteoclasts, which are active in 
bone resorption. At the molecular level, the bone 
matrix is composed of approximately 35% 
organic (such as collagen, proteoglycans, albu-
min,) and 65% inorganic matrix, which includes 
cations (Na+, K+, Ca2+, Mg2+, Sr2+), anions (F−, 
OH−, PO4

−, and Cl−) and the hydroxyapatite crys-
tals, Ca10(PO4)6(OH)2 [32].

The normal bone undergoes constant remodel-
ing, maintaining a balance between osteogenesis 
(osteoblastic) and bone resorption (osteoclastic) 
activity. Various primary tumors originate from the 
bone. In addition, in metastatic bone disease, bone 
involvement by cancer occurs most commonly 
when the tumor cells from other cancers (such as 
prostate and breast cancer) are transported into the 
marrow. Most of the bone metastases are found in 
the red active marrow present mainly in the axial 
skeleton. As the lesion grows in the marrow, the 
surrounding bone undergoes osteoclastic and 
osteoblastic reactive changes [33, 34]. The osteo-
blastic component of the metastasis represents the 
reaction of normal bone to the metastatic process 
and most sites of malignant bone involvement 
show increased reactive osteoblastic activity. In 
general, the radiographic appearance of a bone 
metastasis may be lytic, sclerotic (blastic), or 
mixed. Rapidly growing aggressive metastases 
tend to be lytic, whereas sclerosis is considered to 
indicate a slower tumor growth rate. Sclerosis may 
also be a sign of repair after treatment [34]. The 
incidence of lytic, blastic, and mixed types of bone 
metastases is different in various tumor types. In 
general, the purpose of bone imaging is to identify 
early bone involvement and to determine the full 
extent of the skeletal disease, to assess the pres-
ence of accompanying complications, such as 
fractures and cord compression, and to monitor 
response to therapy [33]. Detection of bone 
involvement by various imaging modalities is 
based on either direct visualization of the tumor 
infiltration or detection of the reaction of bone to 
the malignant process.
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[18F]Sodium fluoride (NaF)
In 1940, the absorption of fluorides by enamel, 
dentin, bone, and hydroxyapatite was first 
reported [35]. [18F]-Fluoride was first introduced 
as a bone-imaging agent in 1962 [36]. The FDA 
approved the NDA for bone imaging to define 
areas of altered osteogenic activity in 1972. In 
plasma, [18F]fluoride ions do not bind to plasma 
proteins and clear from circulation faster than 
99mTc-phosphonates. Fluoride ions diffuse 
through capillaries into the bone’s extracellular 
fluid and are chemisorbed onto the bone surface 
by exchanging with the hydroxyl (OH) groups in 
hydroxyapatite crystal of bone to form fluoroapa-
tite [37]. The fluoride bone uptake mechanism is 
similar to that of 99mTc-MDP. The uptake of both 
tracers in malignant bone lesions reflects the 
increased regional blood flow and bone turnover. 
However, due to faster blood clearance and 
higher capillary permeability, fluoride uptake in 
bone metastases is significantly higher than that 
in normal bone [37]. While increased fluoride 
uptake has been reported in both sclerotic and 
lytic metastases [38, 39], the uptake of 99mTc- 
MDP in lytic lesions is, relatively, nonsignificant. 
Since both these tracers may also be seen in 
benign bone pathologies and nonmalignant 
orthopedic problems, bone agents are not consid-
ered as tumor-specific tracers. Although the 
18F-fluoride uptake mechanism corresponds to 
the osteoblastic activity, it is also sensitive for 
detection of lytic and early marrow-based metas-
tases, by identifying their accompanying reactive 
osteoblastic changes, even when minimal. Also, 
the instant fusion of increased fluoride uptake 
with morphological data of CT using hybrid 
PET/CT systems improves the specificity of 
18F-fluoride-PET in cancer patients by accurately 
differentiating between benign and malignant 
sites of uptake [39]. A comparison of 99mTc-MDP 
planar and SPECT images with [18F]fluoride- 
PET images is shown in Fig. 14.4. It must also be 
noted that FDG-PET is also useful to detect bone 
metastases. Unlike fluoride and phosphonates, 
the uptake of FDG, however, is directly into 
tumor cells and not into the reactive bone.

14.4.2.3  DNA Synthesis
Increased cellular proliferation is a hallmark of 
the cancer phenotype [8]. Increased mitotic rate, 
cell proliferation, and lack of differentiation are 
regarded as the main factors responsible for the 
accelerated growth of malignant tissue. Most 
benign tumors grow slowly over a period of 
years, while most malignant tumors grow rapidly, 
sometimes at an erratic pace. Cellular prolifera-
tion is specific to tumors, whereas increased glu-
cose metabolism is not only a feature of tumors 
but, is also associated with a variety of other pro-
cesses, including inflammation. Certain antican-
cer drugs were designed to stop cell division but, 
may not necessarily lead to the cell death. As a 
result, tumor cellular proliferation drops without 
any significant change in the tumor energy 
metabolism. Therefore, molecular imaging 
probes, designed specifically to measure prolif-
eration, are tumor-specific and may provide an 
impetus for PET imaging to be indicated as an 
appropriate technique, especially for measuring 
early response to treatment.

The DNA synthesis is a measure of prolifera-
tion. Since the number of cells in the S-phase of 
cell cycle is higher in tumor tissue than in normal 
cells, there is also an increased requirement of 
substrates (nucleotides) for DNA synthesis in the 
tumor [40]. The four nucleotides required for 
DNA synthesis are cytosine, guanine, adenine, 
and thymidine. Thymidine is the only one incor-
porated exclusively into the DNA but, not into 
RNA. Intracellularly, thymidine is first phosphor-
ylated in the cytoplasm by the enzyme thymidine 
kinase-1 (TK-1) to thymidine monophosphate 
(TMP), prior to incorporation into the DNA. The 
level of TK-1 in a cell increases several-fold as it 
goes from a resting state to the proliferative phase 
and is destroyed at the end of the S-phase [40]. 
TMP is then further phosphorylated to thymidine 
diphosphate (TDP) and then to thymidine tri-
phosphate, (TTP) prior to incorporation into the 
DNA (Fig. 14.5). Therefore, several radiolabeled 
thymidine analogs (Fig.  14.6) have been devel-
oped that have the potential to provide a measure 
of DNA synthesis and tumor cell proliferation. In 
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a b

Fig. 14.4 Comparison 
of [18F]Fluoride-PET 
with 99mTc-MDP (a). 
[18F]NaF-PET detects 
more bone metastatic 
lesions compared to 
99mTc-MDP bone scan 
(b)
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Fig. 14.5 Intracellular metabolism of thymidine and [18F]FLT: in an exogenous salvage pathway, FLT is transported 
into the cell and phosphorylated by thymidine kinase similar to thymidine
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Fig. 14.7 [18F]FLT-PET and [11C]Methionine-PET to assess increased cell proliferation in a patient with brain tumor. 
Comparison with FDG-PET. Gd-MRI shows alteration of BBB and the extent of peritumoral edema

contrast, TK-2 is a mitochondrial enzyme and is 
not regulated by the cell cycle.

3′-deoxy-3′-[18F]fluorothymidine ([18F]FLT)
In the 1950s, [3H]Thymidine was introduced to mea-
sure thymidine incorporation into the DNA (thymi-
dine labeling index) in tumor tissues [40, 41]. 
Subsequently in 1972, [11C]thymidine was devel-
oped as a PET tracer to measure the proliferation 
rate [42]. However, due to the rapid in vivo metabo-
lism of this tracer, [11C]thymidine is not optimal for 
routine PET imaging studies. In 1996, metabolically 
stable thymidine analogs, which are also substrates 
for the enzyme TK-1, were developed [43, 44].

[18F]FLT or FLT is the most extensively inves-
tigated PET biomarker to image cell prolifera-
tion. FLT is transported into the cell similar to 
thymidine and then phosphorylated to [18F]FLT- 
5′-monophosphate by the enzyme, TK-1. In vitro 
studies with tumor cell lines have demonstrated 

that FLT-MP is further phosphorylated to FLT-TP 
by the enzyme thymidylate kinase [45, 46]. FLT 
phosphates, however, are impermeable to the cell 
membrane, resistant to degradation, and are met-
abolically trapped inside the cells. The 
 incorporation of FLT into DNA, however, is rela-
tively insignificant (<1%).

FLT uptake and PET quantitative measures 
(SUV and FLT flux) have been shown to correlate 
with pathology-based proliferation measurements, 
including the Ki-67 score in a variety of human 
cancers [47]. FLT-PET may, therefore, be a useful 
tool for assessing tumor aggressiveness, predicting 
outcome, planning therapy, or monitoring response 
to treatment. FLT-PET has shown greater specific-
ity for cancer than FDG-PET, which can show 
false-positive uptake in areas of infection or 
inflammation (Fig. 14.7). FLT-PET should be con-
sidered a powerful addition to FDG-PET, provid-
ing additional diagnostic specificity and important 
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biological information that could be useful in pre-
dicting the prognosis, planning the treatment, and 
monitoring the response [48–51].

The pyrimidine analog, 2′-fluoro-5-methyl-1-
β- d-arabino-furanosyluracil (FMAU) labeled with 
11C or 18F has been shown to be useful for imaging 
tumor cell proliferation [52–55]. FMAU can be 
taken up by cells and phosphorylated by TK-1 and 
TK-2 followed by DNA incorporation through 
DNA polymerase [56]. FMAU employs the same 
DNA synthetic pathway as thymidine and, there-
fore, has the potential to image DNA synthesis in 
tumors and normal proliferating tissues.

14.4.2.4  Membrane Lipid Synthesis
All cells utilize choline (CH), a quaternary 
ammonium base, as a precursor for the biosyn-
thesis of phospholipids, which are essential com-
ponents of all membranes [57]. In 1998, choline 
received the status of vitamin (group B) from the 
US Food and Nutrition Board of the Institute of 
Medicine. Choline enters most cells using spe-
cific low affinity, sodium-independent transport-
ers. Within the cell, choline can be 
phosphorylated, acetylated, or oxidized 
(Fig.  14.8). The phosphorylation of choline is 
catalyzed by the enzyme choline kinase [58]. 

Phosphorylcholine is an intracellular storage pool 
of choline and is further incorporated into phos-
phatidylcholine (lecithin), a major phospholipid 
of all membranes [57]. Choline is also a precursor 
for the synthesis of the neurotransmitter, acetyl-
choline. In addition, the metabolic pathway of cho-
line also involves oxidation to betaine aldehyde 
and then to betaine in the blood, liver, and kidneys, 
the major sites for choline oxidation [59, 60].

It has been suggested that the malignant trans-
formation of cells is associated with the induc-
tion of choline kinase activity resulting in 
increased levels of phosphorylcholine. 
Furthermore, it is also known that rapidly prolif-
erating tumors contain large amounts of phos-
pholipids, particularly lecithin [61]. The 
formation and accumulation of membrane phos-
pholipids are coordinated with the cell cycle and 
occur during the S phase [62, 63]. The cells 
depleted with choline cannot synthesize lecithin, 
resulting in the arrest in the G1 phase. Thus, it is 
assumed that the uptake of radiolabeled choline 
reflects the proliferative activity by estimating 
membrane lipid synthesis. Tumor cells with a 
high proliferation rate will have high uptake of 
choline in order to keep up with the increased 
demands for the synthesis of phospholipids.
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[11C]Choline (CH)
[11C]Choline was introduced in 1997 as a poten-
tial PET tracer to image brain and prostate cancer 
[64]. Based on meta-analysis of publications that 
critically evaluated the role of choline PET in 
restaging patients with PCa recurrence, it was 

concluded that Choline-PET/CT represent high 
sensitivity and specificity techniques for the 
detection of locoregional and distant metastases 
in PCa patients with recurrence of disease 
(Fig.  14.9) [66, 67]. In 2012,  the FDA 
approved the clinical use of [11C]Choline for PET 

a

b

c

Fig. 14.9 Patient examples of pelvic axial [11C]Choline 
PET and PET/CT. (a) PCa 4.3 y after intensity-modulated 
radiotherapy (Gleason 7 [4+3]; PSA, 2.28 ng/mL). PET/
CT shows suspected left posterior prostatic uptake 
(SUVmax, 3.3), scored 2 (arrow). Local biopsy was positive 
for PCa. (b) PCa 6.4 y after RP plus pelvic lymph node 
dissection (Gleason 8 [4+4]; PSA, 0.48 ng/mL). PET/CT 
shows suspected focal uptake (SUVmax, 4.5) in nonen-

larged left obturator lymph node, scored 2 (arrow). 
Histology was positive for PCa. (c) PCa 10 mo after RP 
plus pelvic lymph node dissection (Gleason 8 [4+4]; PSA, 
0.46 ng/mL;). PET/CT shows 2 suspected bone foci, one 
in right pubic ramus (SUVmax, 3) with sclerotic lesion on 
CT (arrow) and the other in posterior eighth rib (not 
shown). Biopsy of right pubic ramus was positive for PCa. 
(Figure from [65])
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imaging in recurrent prostate cancer at the Mayo 
Clinic (Rochester, MN). The prescribing infor-
mation clearly indicated  CH-PET imaging of 
patients with suspected prostate cancer recur-
rence and noninformative bone scintigraphy, CT, 
or MR imaging. In these patients, [11C]choline 
PET imaging may help identify potential sites of 
prostate cancer recurrence for subsequent histo-
logic confirmation. However, CH-PET suffers 
from unsatisfactory sensitivity, particularly at 
PSA levels below 2 ng/mL [67]. False-positive 
PET scans were observed in 15–47% of patients 
in these studies. Several publications also showed 
that CH-PET is useful in the diagnosis of brain 
tumors and in lung, esophageal, colorectal, and 
bladder cancers.

[18F]Fluorocholine (FCH)
Since [11C]choline is rapidly oxidized in  vivo, 
18F-labeled choline analogs (Fig.  14.10), [18F] 
Fluoromethylcholine or fluorocholine (FCH), 
and [18F] fluoroethylcholine (FECH) were devel-
oped [68, 69]. In vitro studies have clearly docu-
mented that these fluorinated choline analogs are 
good substrates for the enzyme choline kinase 
but, not for the enzymes involved in the oxidation 
of choline. As a result, no fluorinated derivatives 
of betaine have been observed [68]. The biodis-

tribution of both, FCH and FECH, is similar to 

that of choline, except for their very rapid urinary 
excretion. The majority of clinical studies have 
focused on the use of the FCH-PET in prostate 
cancer for detecting primary and metastatic can-
cer. Experience with other tumor types, such as 
brain and liver tumors, has been reported. In most 
organs, high tumor-to-background contrast is 
achieved with FCH within minutes of injection 
due to very rapid blood clearance. Excellent dis-
crimination can be achieved in the brain, where 
there is very little physiological uptake of 
FCH. In other organs, such as the liver, malignant 
discrimination is still possible despite a moderate 
degree of physiological uptake. Although the 
renal excretion of FCH is not ideal for evalua-
tions of the urinary tract, it has not proven intrac-
table in actual practice. While the clinical utility 
of FCH-PET was well documented, direct com-
parison with 68Ga-PSMA-PET studies demon-
strated an overall superior performance of [68Ga]
Ga-PSMA compared to [18F]FCH for PET/CT 
imaging in prostate cancer patients referred for 
staging and restaging. Such superiority was 
mostly notable in patients with low PSA levels, 
small sub-centimetric bone lesions, small pelvic 
lymph nodes, and hepatic involvement. However, 
[18F]FCH PET/CT was more useful in particular 
clinical conditions. [18F]FCH detected additional 

bony lesions not seen with [68Ga]Ga-PSMA, par-
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analogs of choline: [11C] 
Choline (CH) and [18F] 
Fluorocholine (FCH) 
have been investigated 
extensively in patients
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ticularly in high-risk hormone-resistant PC 
patients, suggesting poorly differentiated metas-
tases [70].

14.4.2.5  Amino Acid Transport 
and Protein Synthesis

The tumor growth and development are character-
ized by an increase in the rate of protein synthesis. 
Since amino acids (AA) are the building blocks for 
protein synthesis, carrier-mediated transport of 
AAs into cells is one of the most important and 
essential steps in protein synthesis. Subsequently, 
AAs are converted to the aminoacyl- t-RNA, which 
forms the polypeptide chain in the ribosome. AAs 
also undergo metabolism, such as transamination 
and decarboxylation. They also are precursors for 
many other biomolecules, such as hormones or 
neurotransmitters, and enter several metabolic 
cycles as, for example, methyl group donors.

Although AAs may simply diffuse into the 
cells, their transport principally depends on more 
than 20 ubiquitous membrane transport systems. 
According to the need for sodium ions, AA trans-
port system can be divided into the following two 
categories [19, 71–73]:

 1. Na+-dependent AA transport systems, includ-
ing system ASC (alanine-serine-cysteine pre-
ferred), system A (alanine preferred), system 
N (glutamine, aspartic acid, and histidine pre-
ferred), X-AG (transport L-glutamic acid, 
D-/L-aspartic acid) and B0+ (transport neutral 
and basic amino acids)

 2. Na+-independent AA transport systems, 
including system L (leucine preferred), y+ 
(CAT) (selectively transport basic amino 
acids), y+L (transport neutral and basic amino 
acids), B0+ (transport neutral and basic amino 
acids), and X-C (transport cystine and glu-
tamic acid). System A, system L, and system 
ASC are the most common amino acid trans-
port systems. These amino acids are retained 
in the tumor cells because of their higher met-
abolic activities than most normal cells. 
Malignant transformation increases the use of 
amino acids for energy, protein synthesis, and 

cell division. Since tumor cells often 
 overexpress transporter systems, an overall 
increase in the AA transport and/or an increase 
in the protein synthesis rate by tumor cells 
may reflect proliferation [74]

[11C]Methionine
[carboxyl-11C]-l-leucine, [11C]-l-methionine, 
and [11C]-l-tyrosine participate in the synthesis 
of proteins and these 11C-labeled AAs were intro-
duced almost 40 years ago as tumor imaging 
agents. Since they undergo metabolism in vivo, 
the exact position where 11C is incorporated in 
the molecule is crucial for the measurement of 
protein synthesis.

The 11C-labeled amino acid with significant 
clinical potential for tumor imaging is [11C]
methionine (Fig.  14.10), which is accumulated 
to a higher extent in malignant tumors compared 
with most normal tissues [75]. For imaging of 
brain tumors, in particular, this tracer has been 
shown to be superior to FDG [49, 76]. A com-
parison of [11C]-l-methionine-PET with FDG 
and FLT in a patient with brain tumor is shown 
in Fig. 14.7. [11C]methionine PET is one of the 
most commonly used PET tracers for evaluating 
brain tumors. However, pitfalls due to physio-
logical uptake, anatomical variations, vascular 
disorders, and non-tumorous lesions, such as 
inflammation and benign brain tumors, can 
potentially affect the image interpretation and 
cause false positives, and negatives [77]. Also, 
[11C]methionine- PET does not show clear pre-
dictive value through semi-quantitative or visual 
analyses, because of a significant degree of over-
lap among tumors of several grades.

[18F]FMT and [18F]FET
Several 18F-labeled tracers have been developed 
based on tyrosine and phenylalanine (Fig. 14.11). 
The tumor uptake of 18F-labeled AAs is mainly 
related to the carrier-mediated active transport 
and not to the protein synthesis. Several important 
18F-labeled amino acids are under extensive clini-
cal investigation [78]. Among them, l-3-[18F]
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Fig. 14.11 Radiolabeled amino acid (AA) analogs with potential clinical utility to assess cell proliferation based on 
increased AA membrane transport

fluoro-α-methyl-tyrosine (FMT) and O-(2-[18F]
fluoroethyl)-l-tyrosine (FET) have shown signifi-
cant diagnostic potential to image brain tumors 
(Fig.  14.12) [73, 80–82]. Also, a radioiodinated 
tracer, 3-[123I]iodo-α-methyl-l-tyrosine (IMT) is 
frequently used for SPECT.  A comparison of 
FET-PET and IMT-SPECT is shown in Fig. 14.15.

[18F]Fluciclovine (Axumin, FACBC)
The potential clinical utility of a synthetic, nonme-
tabolizable amino acid analog of leucine, known as 
anti-1-amino-3-[18F]fluorocyclo- butane- 1-
carboxylic acid (FACBC) (Fig.  14.10) was first 
demonstrated in preclinical studies [84]. With 
FACBC, the cellular uptake is through, both, the 
l-type transporter and the energy- dependent A-type 
transporters. As a result, it can be accumulated 
intracellularly and retained in high concentrations. 
Several clinical studies have also demonstrated its 
potential clinical utility in the detection of both, pri-
mary and metastatic prostate carcinoma (Fig. 14.13) 
and also primary brain tumors [85, 86].

 As a diagnostic agent, Axumin-PET is indicated 
for imaging in men with suspected prostate cancer 
recurrence based on elevated PSA levels [65, 87, 
88]. Several studies have shown that Axumin PET 
findings played a key role in treatment modification 

by finding otherwise undetected lesions  [89, 90]. 
Axumin uptake in areas of benign prostate pathol-
ogy, however, may be indistinguishable from uptake 
in areas of prostate cancer. Fluciclovine-PET could 
be considered an alternative tracer superior to [11C]
choline in the setting of patients with biochemical 
recurrence after radical prostatectomy [91]. Several 
reports indicate that FACBC-PET may be used for 
breast cancer imaging studies. [18F]fluciclovine 
PET/CT visualizes malignant tumors including 
invasive lobular breast cancer (ILC) and invasive 
ductal breast cancer (IDC). In primary and meta-
static breast cancers the uptake was significantly 
higher than  in benign breast lesions and normal 
breast tissue [73, 92].

[11C]5-HTP and [18F]FDOPA
Neuroendocrine tumors (NETs) are a heteroge-
neous group of neoplasms characterized by their 
endocrine metabolism and histological pattern. The 
endocrine cells from which NETs derive are capa-
ble of producing biogenic amines and polypeptide 
hormones. Carcinoids, together with the endocrine 
pancreatic tumors (EPTs)  such as, gastrinomas, 
insulinomas, and glucagonomas, belong to the so-
called NETs and, therefore, have been regarded as 
APUD-omas characterized by their capacity for 
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Fig. 14.12 Comparison of [18F]FET-PET and 123I-IMT-SPECT to image tumor cell proliferation in a patient with brain 
tumor [79]

amine precursor uptake and decarboxylation [93]. 
NETs are often highly differentiated and slow 
growing and tend to express hormonal activity cor-
responding to that of the normal cell type.

Amine precursors such as 5-hydroxy-l- 
tryptophan (5-HTP) and l-dihydroxy- 
phenylalanine (l-dopa), thus, are taken up by the 
tumor cells. Subsequently, through the action of 
aromatic amino acid decarboxylase (AADC), 

these precursors become decarboxylated and 
converted to the corresponding amines serotonin, 
and dopamine. The resulting amines are then 
stored within the cell and, in response to stimuli, 
are released into the circulation through exocyto-
sis. Based on the biochemical mechanism 
described above, 11C-labeled amine precursors 
l-DOPA and 5-HTP (Fig. 14.14) were developed 
for PET imaging of NETs [94, 95]. 18F-labeled 
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a b

Fig. 14.13 [18F]Fluciclovine-PET in a patient with bio-
chemical recurrence of prostate cancer after prostatec-
tomy (PSA level, 16.4 ng/mL; doubling time, 6.4 months). 
Metastatic mediastinal (a) and pulmonary nodules (b) 

were detected on transaxial PET/CT. Patient was started 
on hormonal therapy with subsequent resolution of 
lymphadenopathy and pulmonary nodules and undetect-
able PSA (Figure from [89])

5-Hydroxytryprophan (5-HTP)

N

HO HO

HO

HO

HO

HO

HO

HO

HO

OH

OH

OH

OH

O O

O
O

NH2

NH2

NH2

NH2

NH2

NH2

H

H

H

N
H

N
H

L-Dihydroxyphyenlalanine (L-DOPA)

Aromatic Amino Acid
Decarboxylase

Aromatic Amino Acid
Decarboxylase

[18F]FDOPA

11C

11C

18F

18F

[11C]-5-Hydroxytryprophan (5-HTP)

[11C]Serotonin [18F]Fluorodopamine

Fig. 14.14  Serotonin and dopamine are neurotransmitters in the brain. Based on  the  amino acid precursors,  sev-
eral radiolabeled analogs of 5-HTP and l-DOPA were developed for imaging neuroendocrine tumors

14 Molecular Imaging in Oncology



325

l-DOPA (FDOPA), developed initially for imag-
ing the dopamine metabolism in the brain, is also 
being evaluated for imaging NETs [96].

Following in  vivo metabolism, [11C]5-HTP is 
rapidly decarboxylated to [11C]5- 
Hydroxytryptamine (serotonin). Subsequently, 
[11C]serotonin is further metabolized to [11C]5- 
hydroxy indole acetic acid (HIAA) by the enzyme 
monoamine oxidase (MAO). Finally, both of these 
C-11 metabolites are excreted into the urine.

[18F]FDOPA is converted to [18F]
Fluorodopamine (FDA), which can be oxidized 
by the enzyme MAO to l-3,4-dihydroxy-6-[18F]
fluorophenyl-acetic acid ([18F] FDOPAC), which 
subsequently is O-methylated by catechol 
O-methyl transferase (COMT) to 6-[18F]fluoro- 
homovanillic acid ([18F]FHVA). Both AAAD and 
COMT are present in peripheral tissues such as 
liver, kidneys, and lungs. Further, both the decar-
boxylation of the radiolabeled amino acid precur-
sors and the release of radiometabolites into the 
blood can be reduced with carbidopa, a decar-
boxylase inhibitor. Carbidopa pretreatment 
improves overall image quality, image interpreta-
tion, and may help detection of more lesions [97].

Based on a number of clinical studies, it has 
been documented that [11C]5-HTP-PET is clini-
cally useful for the detection of NETs [98, 99]. 
5-HTP-PET can also be helpful for evaluating the 
metabolic effects of treatment, which are not 
obtained with other imaging modalities. This 
functional approach to imaging, however, may 
yield false-negative results in detecting undiffer-
entiated carcinoids.

[18F]FDOPA was proposed initially as a bio-
marker for melanomas. The ability of NETs to 
accumulate and decarboxylate l-DOPA is well 
known and increased activity of l-DOPA decar-
boxylase was found to be a hallmark of NETs 
[100]. FDOPA uptake was reported in infrequent 
tumors such as medullary thyroid carcinomas 
(MTC), phaeochromocytomas (PGL), and para-
gangliomas [101–104]. A recent review indicates 
that [18F]FDOPA PET and related hybrid 
modalities(CT/MRI) yield good diagnostic per-
formance in patients with intestinal NETs, 
PGL, and neuroblastoma (NB) and can be a suit-
able alternative to other PET methods in these 

settings. Also, FDOPA-PET is the best radio-
pharmaceutical in detecting rMTC even if the 
detection rate is suboptimal [105]. While soma-
tostatin receptor (SSTR)-PET is clearly superior 
to FDOPA-PET for certain NENs, FDOPA-PET/
CT can perform better than SSTR-PET in small 
intestine NETs (Fig. 14.15) [83].

As an amino acid analog, FDOPA is taken up 
at the BBB in the normal brain. In patients with 
brain tumors, the diagnostic accuracy of 
FDOPA has been compared with FDG [49, 86, 
106, 107] and F-DOPA demonstrated excellent 
visualization of high- and low-grade tumors, 
and was able to detect low-grade, and recurrent 
tumors with greater sensitivity than FDG.

In 2019, [18F]FDOPA was approved by 
the FDA for detection of dopaminergic nerve ter-
minals in the striatum of adult patients with sus-
pected Parkinsonian Syndromes. Hopefully, 
FDOPA-PET will  also be  approved for PET 
imaging of neuroendocrine neoplasms in the near 
future.

14.4.2.6  Tumor Hypoxia
Tumor hypoxia, a hallmark of malignancy, is a 
common and important feature of the tumor 
microenvironment. It is the consequence of an 
oxygen delivery versus consumption mismatch 
that occurs when cell proliferation outstrips neo-
angiogenesis during tumor growth. This results 
in extremely low oxygen levels (<5 mmHg) in 
tumors versus 40–60 mmHg in healthy tissues 
[108]. In malignant tumors, hypoxia is an indica-
tor of poor prognosis, regardless of the treatment 
modality used [109]. With increasing tumor size, 
there is a reduced ability of the local vasculature 
to supply sufficient oxygen to the rapidly divid-
ing tumor cells [110]. The resulting hypoxia may 
inhibit new cell division or even lead to cell death 
but, it may also lead to adaptive responses that 
will help cells to survive and progress. The pres-
ence of hypoxia in tumors has long been estab-
lished as a key factor in tumor progression and in 
the resistance of tumors to therapy [111]. Well- 
oxygenated cells are more sensitive to the cyto-
toxic effects of ionizing radiation compared to 
poorly oxygenated cells. Therefore, hypoxia in 
tumor tissue seems to be an important prognostic 
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a b

Fig. 14.15 [18F]FDOPA-PET (a) showing the superiority over 68Ga-DOTATOC (b) in a patient with small intestine 
neuroendocrine tumor (NET). (Figure from [83])

indicator of response to either chemotherapy or 
radiation therapy.

2-Nitroimidazole (azomycin) was developed 
in the 1950s as an antibiotic targeted against 
anaerobic germs. In 1979, nitroimidazoles were 
first introduced as bioreducible markers of 
hypoxia and as sensitizing factors for radiation 
therapy of hypoxic tumors [112]. It has been 
observed that nitroimidazoles enter the cells by 
passive diffusion and undergo a single electron 
reduction to form a potentially reactive species 

[113]. When oxygen is abundant, the molecule is 
immediately reoxidized. However, under hypoxic 
conditions, further reduction of the nitroimid-
azole molecule that forms covalent bonds to 
intracellular macromolecules, in a process of 
metabolic trapping within the hypoxic cell, 
occurs (Fig. 14.16).

For correct visualization of the hypoxic areas 
of the tumor, it is important that, regardless of the 
cell type, retention occurs in the hypoxic cells 
and not in oxygenated or necrotic cells. To 
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achieve this goal, the radiopharmaceutical should 
be sufficiently lipophilic to have high cellular 
uptake and rapid equilibrium, or it should be 
hydrophilic and have faster clearance kinetics, 
resulting in better contrast between hypoxia and 
normoxia [114]. Two main tracer classes have 
been developed to specifically study regional 
tumor hypoxia with PET: [18F]labeled nitroimid-
azoles and Cu-labeled diacetyl-bis(N4- 
methylthiosemicarbazone) analogs [115]. The 
clinical significance of hypoxia PET imaging is 
to identify individuals with poor prognosis and 
those likely to benefit from hypoxia-targeted 
therapy. Several studies have shown that hypoxia 
PET imaging predicts outcome. Application of 
this imaging technique for radiotherapy planning 

using specific radiotracers allows precise defini-
tion of the hypoxic areas and, consequently, a 
more individualized treatment [114].

[18F]Fluoromisonidazole (FMISO)
FMISO (Fig.  14.17) was first introduced as a 
tracer for determining tumor hypoxia [116]. It 
binds selectively to hypoxic cells both in  vitro 
and in vivo. FMISO-PET has been used to quan-
titatively assess tumor hypoxia in the lung, brain, 
and head-and-neck cancer patients and in patients 
with myocardial ischemia. FMISO is relatively 
hydrophobic and diffuses across cell membranes, 
showing a passive distribution in normal tissues. 
Because of high lipophilicity, slow clearance 
kinetics, reaction mechanisms, low uptake in 
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hypoxic cells, and the absence of active transport 
of this radiotracer, the identification and quantifi-
cation of hypoxic tumor areas necessitate imag-
ing for longer periods of time post injection. 
FMISO is the most extensively studied hypoxic 
PET radiopharmaceutical ([114, 117–119]). The 
diagnostic performance FMISO-PET in glioblas-
tomas is shown in Fig. 14.18.

Several other analogs (Fig. 14.17), such as [18F]
fluoroerythronitroimidazole (FETNIM), [18F]
Fluoroetanidazole (FETA), 1-(5-[18F]Fluoro- 5- 
deoxy-α-d-arabino-furanosyl)-2- nitroimidazole 
(FAZA), [18F]2-(2-nitro-1H-imidazol-1-yl)-N-
(2,2,3,3,3- Pentafluoropropyl)-acetamide (EF5), 
and [18F]3- fluoro-2-(4-((2-nitro-1H-imidazol-1- yl)
Methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol (HX4) 
have been developed with more favorable pharma-
cokinetics [118, 120–123]. FETNIM is more 

hydrophilic than FMISO and shows promise for 
hypoxia imaging in humans. FETA demonstrates 
oxygen-dependent binding and retention in tumors 
that are very similar to that for FMISO but metabo-
lizes less rapidly. Recently, it has also been reported 
that FAZA displays a hypoxia-specific uptake 
mechanism and provides tumor-to-background 
ratios (T/B ratios) superior to that of the standard 
hypoxia tracer FMISO [122]. In patients with head 
and neck and non- small cell lung cancer, FMISO-
PET has been used to document the extent of 
hypoxic tissue and/or as a prognostic indicator of 
treatment response. Overall decrease in tumor 
uptake of both FMISO and FDG may predict treat-
ment response and overall survival [124].

C u ( I I ) - d i a c e t y l - b i s ( N 4 - 
methylthiosemicarbazone) (Cu-ATSM) has effi-
cient uptake and washout kinetics due to its high 
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Fig. 14.18 Comparison 
of hypoxia imaging 
([18F]FMISO-PET) to 
glucose metabolism 
([18F]FDG-PET) 
hypoxia imaging with 
glucose metabolism in a 
patient with 
glioblastoma. The FDG 
uptake in the tumor was 
comparable to that of 
contralateral cerebral 
cortex (c). In contrast, 
the FMISO uptake (d) 
was higher in the tumor 
than in the surrounding 
brain tissue. The FLAIR 
image showed a 
high-signal tumor in the 
left hemisphere (a). The 
tumor was enhanced by 
gadolinium contrast 
material (b) (Figure 
from [117])
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membrane permeability and fast tumor uptake 
[125, 126]. Preliminary clinical studies with 
60Cu-ATSM and 62Cu-ATSM have shown it to be a 
selective marker for hypoxia in human cancers and 
predicted response to therapy. 64Cu-ATSM is useful 
for tumors of the head and neck, lungs, kidneys, 
colon, rectum, bladder, and uterus [125, 127].

All the PET radiopharmaceuticals developed 
for imaging hypoxia have limitations, as none 
exhibits entirely ideal properties and all are still 
under investigation. While [18F]FMISO is the 
most studied radiopharmaceutical, 18F-EF5 and 
18F-FAZA are promising candidates but need fur-
ther clinical studies.

14.4.2.7  Angiogenesis
Angiogenesis, the formation of new blood ves-
sels, is an important aspect of the tumor pheno-
type. It is essential to deliver nutrients for tumor 
growth, invasion, and metastatic spread. Tumors 
switch to angiogenesis under a variety of stress 
signals, which results in tumor growth and metas-
tases. As a general rule, tumors do not grow 
beyond 1 to 2 mm without producing new blood 
vessels [128]. Many solid tumors develop areas of 
hypoxia during their evolution. This is primarily 
caused by the unregulated cellular growth, which 
results in a greater demand for oxygen for energy 
metabolism. Hypoxia in tumor cells leads to 
amplification and overexpression of various sig-
naling factors, such as HIF-1α or HIF-2α, which 
promote tumor growth, invasion, metastasis, and 
resistance to apoptosis. Tumor hypoxia and angio-
genesis are intimately related and HIF-1α is prob-
ably the single most important factor promoting 
the expression of proangiogenic proteins [129]. 
Although angiogenesis is a frequent consequence 
of hypoxia, some tumors develop extensive angio-
genesis without the presence of hypoxia and, vice 
versa. The emergence of angiogenesis, as an 
important target for cancer therapy, has prompted 
a great deal of new research in an attempt to 
understand this molecular process and to develop 
molecular imaging probes to image accelerated 
angiogenesis or monitor the response to antian-
giogenic therapies.

Cell adhesion receptors of the integrin family 
are responsible for a wide range of cell–extracel-

lular matrix and cell–cell interactions and have 
been well studied in many tumor types. One of 
the most prominent members of this receptor 
class is αVβ3 integrin, which is highly expressed 
on activated endothelial cells, which undergo 
angiogenesis and vascular remodeling, and solid 
tumor cells, particularly in pathways stimulated 
by vascular endothelial growth factor [130]. It is 
not expressed on mature vessels or on nonneo-
plastic epithelium. The expression of integrin 
αVβ3 on sprouting capillary cells and its interac-
tion with specific matrix ligands has been shown 
to play a key role in angiogenesis and metastasis 
[6]. The data from preclinical tumor models and 
from phase I/II clinical trials suggest that anti-
body, peptide, and peptidomimetic antagonists of 
αvβ3 integrin inhibit tumor angiogenesis and 
metastasis [131].

As angiogenesis is a multi-factorial process, 
there are a multitude of potential targets for 
molecular imaging. These targets can be subdi-
vided into direct targets (specific receptors on or 
near the cell that are related to angiogenesis) and 
indirect targets (glucose metabolism, hypoxia—
which are only indirectly correlated with angio-
genesis) [132]. The indirect targeting is based on 
[18F]FDG and hypoxia tracers, [18F]FMISO, [18F]
FAZA, and [18F]-HX4. The direct contacting PET 
radiotracers are mostly based on the αv integrins, 
which are overexpressed on the surface of endo-
thelial cells during angiogenesis [132, 133]. 
Several types of integrins can also imply different 
metastatic progresses: exosomal integrin αvβ5 
was associated with liver metastasis, whereas 
exosomal integrins α6β4 and α6β1 correlate with 
lung metastasis. αvβ3 integrin is one of the most 
studied integrins as it represents a highly specific 
biomarker to distinguish new from mature capil-
laries, allowing vascular mapping of angiogene-
sis in tumors. Vascular endothelial growth factor 
(VEGF) interacting with its receptor tyrosine 
kinase (VEGFR) is an important mediator of the 
angiogenesis pathway and consequently a poten-
tial imaging target.

RGD-Motif
Arginylglycylaspartic acid (RGD) is the most 
common peptide motif responsible for cell adhe-
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sion to the extracellular matrix. Several 
 radiolabeled ligands of the αVβ3 receptor have 
been developed based on the integrin’s recogni-
tion of the RGD sequence of adhesive proteins 
first reported using 125I-labeled RGD [134]. A 
dimeric RGD peptide, E-[c(RGDfK)]2, was 
labeled with several radionuclides (111In, 99mTc, 
64Cu, 68Ga and 18F). Dimeric and multimeric RGD 
peptides were also developed because polyva-
lency may improve receptor binding, and are bet-
ter than that of monomeric RGD peptides based 
on polyvalency. The cyclic RGD peptide, 
E[c(RGDyK)]2 has been labeled with 18F by con-
jugation coupling with N-succinimidyl-4-18F-
fluorobenzoate (18F- SFB) and product, 
18F-FB– E[c(RGDyK)]2 or 18F-FRGD2 has shown 
high integrin specificity and in vivo targeting in 
tumor-bearing mice [135]. A RGD peptide tetra-
mer was also developed with repeating c(RGDfK) 
units connected through glutamate linkers and, 
subsequently, conjugated with DOTA.  The 
64Cu-DOTAE{E[c(RGDfK)]2}2 has shown favor-
able biokinetics [136].

18F-galacto-RGD (FG-RGD) peptide was 
developed for specific imaging of αVβ3 receptor 
expression and a significant correlation has been 
demonstrated in tumor xenografts between 
FG-RGD uptake and αVβ3 receptor expression 
[137]. In cancer patients, FG-RGD has shown 
accumulation in some of the tumor lesions, how-
ever, in a comparative study, no correlation 
between FDG and FG-RGD RGD tracer uptake 
in the tumors was found, indicating that the sen-
sitivity of FG-RGD for tumor detection is clearly 
inferior to that of FDG [138]. Several radiotrac-
ers based on RGD-motif, such as 18F-Galacto- 
RGD, 18F-RGD-K5,  and 68Ga-NODAGA-RGD, 
are under active clinical investigation [133, 139, 
140]. No single tracer has shown optimal imag-
ing characteristics to detect angiogene-
sis  although, the RGD tracer family seems to 
show the highest potential for the development of 
a molecular imaging radiopharmaceutical [132].

14.4.2.8  Apoptosis
Apoptosis, also known as programmed cell death, 
is central to homoeostasis and the normal devel-
opment, and physiology in all multicellular 

organisms, including humans [141]. Evading 
apoptosis or resisting cell death has been pro-
posed as a hallmark of cancer [8, 9]. The forma-
tion of cancer, as a result of dysregulation of 
apoptosis, and the successful treatment of cancer 
(iatrogenic modification, cell removal) both rep-
resent opposite sides of the apoptosis coin [142, 
143]. Tumor cells tend to evade apoptosis for 
promoting tumor progression and drug resis-
tance. Therefore, it was believed that testing and 
monitoring apoptosis levels in these patients can 
not only provide useful information on the dis-
ease diagnosis and staging but, also conduce to 
the efficacy assessment of their treatments [144].

Apoptosis is an active, highly conserved, and 
genetically controlled process. The basic bio-
chemical and morphological changes of apopto-
sis have been reviewed extensively [142, 143]. 
The histological changes of apoptosis are pre-
ceded by an initiation stage called the “lag or 
trigger phase.” Multiple triggers of apoptosis are 
known, such as withdrawal of growth factors, 
DNA damage, immune reactions, ionizing radia-
tion, chemotherapy, and ischemic injury. Most 
apoptotic pathways, however, converge on a 
common cascade of cysteine aspartate–specific 
proteases, collectively known as the caspases, 
which upon activation cross-link and cleave spe-
cific intracellular proteins involved with apopto-
sis. A milestone in apoptosis research is the 
discovery of the apoptosis receptor APO-1 
(CD95, Fas) [145]. The biochemical events asso-
ciated with the interaction of death receptors and 
caspases leading to apoptosis are shown in 
Fig. 14.19.

Even at the early stages of apoptosis, the cell 
membrane displays functional alterations. The 
hallmark of the start of the execution phase is the 
redistribution and exposure of phosphatidylser-
ine (PS) on the cell surface. PS is normally 
restricted to the inner surface (inner leaflet) of the 
lipid bilayer by an ATP-dependent enzyme called 
translocase [146]. Translocase, in concert with a 
second ATP-dependent enzyme, floppase, which 
pumps cationic phospholipids, such as phospha-
tidylcholine (PC) and sphingomyelin to the cell 
surface, maintains an asymmetric distribution of 
different phospholipids between the inner and 
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Fig. 14.19 Biochemical events in apoptosis. Extrinsic 
pathway of apoptosis is initiated by the binding of specific 
ligands to the death receptors. These ligands include 
tumor necrosis factor (TNF), a TNF-related, apoptosis- 
inducing ligand (TRAIL), and Fas ligand (FasL). The 
intrinsic pathway is initiated by cytochrome c from the 

mitochondria into the cytosol. The final enzyme activated 
within the cascade is caspase-3, following which the mor-
phologic events of apoptosis quickly follow, resulting in 
the orderly breakdown of cellular proteins, including the 
cytoskeleton and nuclear matrix

outer leaflets of the plasma membrane. The rapid 
redistribution of PS and PC across the cell mem-
brane (measured in minutes), at the beginning of 
the execution phase of apoptosis is facilitated by 
a calcium ion-dependent deactivation of translo-
case and floppase, and activation of a third 
enzyme, called scram-blase [142]. PS can also be 
expressed at low levels in a reversible fashion 
under conditions of cell stress by the presence of 
physiological stressors, such as nitric oxide, p53 
activation, allergic mediators, and growth factor 
deprivation. Therefore, PS expression can be 
used to define tissues at risk for cell death that 
may recover or be amenable to prompt therapeu-
tic intervention.

Radiotracers for Imaging Apoptosis
An ideal apoptosis radiotracer for clinical prac-
tice should be specific for apoptotic cells, with 
rapid clearance, nontoxicity, and high stability. 
Based on the characteristic biochemical 
changes associated with apoptosis, a great 
number of radiotracers for SPECT and PET 

(such as 99mTc- HYNIC- Annexin V, 18F-ML-10, 
18F-CP18, and 18F-ICMT-11), have been devel-
oped to target the extruded phospholipid (i.e., 
PS and PE), activated caspase 3, and altered 
membrane permeability [144, 147–149]. Out of 
these imaging agents, 99mTc-Annexin V was by 
far the only one that has been extensively inves-
tigated in clinical studies.

Annexin V (≈36,000 kDa) is an endogenous 
human protein that is widely distributed intracel-
lularly in the placenta, endothelial cells, kidneys, 
myocardium, skeletal muscle, skin, red cells, 
platelets, and monocytes [150]. Annexin V binds 
to the externalized PS with extremely high affin-
ity (Kd = 7 nmol/l), as well as specificity.

99mTc-labeled recombinant human (rh)–
annexin V was introduced in the 1990s as a tracer 
for imaging apoptotic tissue [151]. In the first 
clinical study with cancer patients (SCLC and 
NDCLC, lymphoma, and metastatic breast can-
cer), 99mTc-Annexin V-SPECT was performed 
prior to therapy and immediately after the first 
course of treatment [152]. In the majority of 

14.4 PET and SPECT Radiopharmaceuticals in Oncology



332

patients, the relative change in 99mTc-annexin 
uptake corresponded to the treatment response, 
compared to the baseline. Subsequently, more 
stable agents such as 99mTc-BTAP-Annexin V, and 
99mTc-HYNIC-annexin V were  also developed. 
Since PS is also exposed on necrotic cells, radio-
tracers based on annexin V may not be capable to 
distinguish between necrosis and apoptosis [144].

A group of small amphipathic molecules 
(Aposense family) has been designed to identify 
the altered membrane permeability in apoptotic 
cells and then distinguish them from viable ones. 
[18F]-labeled 2-(5-fluoropentyl)-2-methyl malo-
nic acid ([18F]ML-10) (Fig.  14.20), a low- 
molecular- mass PET apoptotic tracer derived 
from the Aposense family, is the first clinically 
available apoptosis probe for in  vivo imaging. 
Being investigated in multicenter preclinical and 
clinical trials, [18F] ML-10 shows high stability, 
safety, specificity, and rapid biodistribution [153, 
154]. Additionally, [18F]ML-10 could be trans-
ported through the cytoplasmic membrane in 
apoptotic cells, whereas there is no [18F]ML-10 
membrane transportation in necrotic cells. 

Therefore, unlike Annexin V, [18F]ML-10 can dis-
tinguish apoptosis from necrosis [154]. In a clini-
cal study with [18F]ML-10, the performance of 
early-response after CyberKnife (CK) stereotactic 
treatment on patients with intracranial tumors was 
investigated. Heterogeneous changes of apoptosis 
in tumors before and after CK treatment were 
observed on voxel-based analysis of PET images. 
A positive correlation was observed between the 
change in radioactivity (X) and subsequent tumor 
volume as shown in Fig. 14.20 [154].

Caspase-3 is the main executor of apoptosis 
which may act as an ideal tool for apoptosis 
imaging. In vivo imaging of apoptosis through 
targeting activated caspases was possible via two 
different approaches: use of caspase inhibitors or 
substrates [149]. To date, multiple types of radio-
labeled caspase-3 ligands (such as 18F-ICMT-11 
and 18F-CP-18) have been synthesized and some 
of them are under clinical investigation [144]. 
However, 18F-ICMT-11, caspase inhibitor appears 
to be limited by binding site saturation and 
 18F- CP18, a substrate-based apoptosis targeting 
peptide, has a low radioactivity in target tissues.

18F-ML-10 Oa

b c

O

H

H

18F

Fig. 14.20 18F-ML-10 
chemical structure of 
(a). [18F]FML-10 PET 
imaging of apoptosis 
before (b) and 48 h after 
cyberknife stereotactic 
treatment (c) of a female 
patient, diagnosed with 
lung cancer brain 
metastases, showing an 
obvious and uniform 
increase of radiotracer 
uptake following 
treatment (image 
modified from [56])
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14.4.2.9  Norepinephrine 
Transporters (NET)

The norepinephrine transporter (NET), also known 
as noradrenaline transporter (NAT) is a monoamine 
transporter and is responsible for the sodium-chlo-
ride (Na+/Cl−)-dependent reuptake of extracellular 
norepinephrine (NE) (also known as noradrena-
line) [155]. 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 secretory granules in the cytoplasm. 
Tumors of the adrenergic system include neuro-
blastoma, pheochromocytoma (arise in adrenal 
medulla), and paragangliomas (extra-adrenal tis-
sue). These cancers of sympathetic neuronal pre-
cursors express the norepinephrine  transporter 
(NET), a 12 domain, transmembrane protein which 
functions to shuttle norepinephrine across the cell 
membrane. NET has very high affinity and speci-
ficity for norepinephrine and its analogs. NET 
actively transports norepinephrine primarily into 
adrenal chromaffin cells, and presynaptic terminals 
by an ATP-dependent, and specific process known 
as Uptake-1 [155, 156]. Uptake-1 transportation, 
however, is saturable and dependent upon serum 
sodium and chloride, temperature, pH, oxygen, and 
vascularity. Norepinephrine is also brought into 
cells by passive, nonspecific diffusion (a process 
known as Uptake-2) that is energy independent, 
unsaturable, and results in low-level norepineph-
rine accumulation in most tissues. Cells store nor-
epinephrine within numerous neurosecretory 
vesicles via the vesicular monoamine transporter 
(VMAT) [156]. The expression NET in neuroendo-
crine neoplasms (NENPs), specifically neuroblas-
toma provide the basis and rationale for the use of 
radiolabeled norepinephrine analogs for targeted 
imaging, and treatment of neuroblastoma [157].

[123/131I]MIBG (Iobenguane, Adreview, Azedra)
In the 1980s, Dr. Wieland and his colleagues at 
the University of Michigan developed an analog 
of NE, known as 131I-meta-iodobenzylguanidine 
(MIBG), a diagnostic tracer to allow imaging of 
the adrenal medulla [158, 159]. MIBG 
(Fig. 14.21) was developed by linking the benzyl 
portion of bretylium with the guanidine group of 

guanethidine. Among the three isomers of iodo-
benzylguanidines, the meta isomer (MIBG) has 
less in  vivo deiodination and liver uptake than 
the other two isomers. MIBG accumulates both 
in normal sympathetically innervated tissues, 
such as the heart and salivary glands, but also in 
tumors that express NET, specifically those of 
neural crest, and neuroendocrine origin. With 
MIBG the primary uptake in cancer cells is by 
active transport (Uptake-1), which is approxi-
mately 50 times more efficient than passive 
transport [156, 160]. NE analogs can inhibit 
Uptake-1 and any decrease in the activity of the 
Na/K-ATPase leads to reduced uptake, and 
increased outward transport of NR, and its ana-
logs [156].

The potential use of MIBG to image pheo-
chromocytoma and neuroblastoma was also 
reported in the early 1980s [161, 162]. In 1984, 
the first therapy with MIBG was described in 
patients with pheochromocytoma [163]. In the 
same period, the first reports appeared on the use 
of MIBG in patients with neuroblastoma [164] 
and neuroendocrine carcinomas [165]. In the last 
four decades several studies in many countries 
demonstrated the clinical utility of 123/131I-MIBG 
imaging and targeted therapy in patients with 
neuroblastoma, pheochromocytoma and neuro-
endocrine tumors [156, 157].

In 1994, [131I]MIBG also known as ioben-
guane sulfate I-131  intravenous (low specific 
activity formulation), received FDA approval as 
an imaging agent for the localization of specific 
sites of pheochromocytomas and neuroblasto-
mas. In 2008, [123I]MIBG or iobenguane I-123 
injection (Adreview®) was also approved by 
the FDA as a tumor imaging agent (Adreview®). 
Recently in 2018, [131I]Iobenguane (Azedra®) 
(high specific activity formulation) was also FDA 
approved for the treatment of adult and pediatric 
patients 12 years and older with iobenguane scan 
positive, unresectable, locally advanced, or meta-
static pheochromocytoma or paraganglioma who 
require systemic anticancer therapy.

[18F]MFBG and [18F]FIBG
To develop derivatives of MIBG for PET studies, 
two methods have been used to introduce the 18F 
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Fig. 14.21 Radiolabeled analogs of norepinephrine and dopamine for imaging studies in oncology

atom directly onto the benzylguanidine core 
structure: first, replace the iodine with fluorine 
directly to obtain 18F-meta- and para- 
fluorobenzylguanidine ([18F]MFBG and [18F]
PFBG) (Fig. 14.21)  [166]; or add an additional 
fluorine to the MIBG structure to get 18F-(4- 
fuoro- 3-iodobenzyl)guanidine ([18F]FIBG) 
[167]. Preclinical PET studies demonstrated 
higher [18F]MFBG tumor uptake, and tumor/nor-
mal ratios compared to [123I]MIBG [168]. The 
first clinical study with [18F]MFBG showed 
excellent in vivo stability and safety as well as a 
favorable biodistribution with good targeting of 
lesions in patients with NETs  (Fig.  14.22). 
MFBG-PET/CT demonstrated high promise for 
imaging in patients, especially for children with 
neuroblastoma [169].

Preclinical studies with [18F]FIBG demon-
strated excellent tumor detectability and uptake 
comparable to MIBG.  Moreover, [131I]FIBG 
showed a greater therapeutic effect in malignant 
PCC than did [131I]-MIBG [170]. These results 
support the potential usefulness of FIBG as a 
theranostic agent since both 18F and 131I can be 
labeled to the same targeting molecule FIBG.

[11C]Hydroxyephedrine (HED)
HED is a norepinephrine analog (Fig. 14.21) that 
binds to the NET) [171]. HED-PET has shown 
high diagnostic potential in patients with PCC/
PGL and neuroblastoma [172–174]. HED-PET 
can be used as an accurate tool for the diagnosis/

ruling out of PCC and PGL in complex clinical 
scenarios, in contrast to CT/MRI characteriza-
tion. In a major study, HED PET/CT was per-
formed in a cohort of 102 patients, where 19 
patients were correctly identified as having PCC, 
6 with PGL, and 75 successfully excluded from 
having either. [175]. Sensitivity, specificity, posi-
tive and negative predictive values of HED-PET/
CT for PCC/PGL diagnosis was 96%, 99%, 96%, 
and 99%, respectively.

6-[18F]Fluorodopamine (FDA)
FDA, a sympathoneural imaging agent devel-
oped at the National Institute of Health (NIH), is 
an analog of dopamine and a metabolite of 
FDOPA.  In catecholamine-synthesizing cells, 
FDA is transported actively and avidly by, both, 
the plasma membrane NET and the intracellular 
vesicular monoamine transporter. It has also been 
shown that FDA is a better substrate for the cell 
membrane NET system when compared with 
most amines including NE and MIBG [176]. In 
2001, the first clinical results using FDA-PET 
scanning for the diagnostic localization of PCC 
were reported [177]. In patients with known dis-
ease, FDA-PET scanning localized PCC with 
high sensitivity. In patients in whom the diagno-
sis of PCC is considered but excluded because of 
negative plasma metanephrine results, FDA-PET 
scans were consistently negative. Also, FDA- 
PET was found to show more promising results 
when compared with [123/131I]MIBG scintigraphy 
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Fig. 14.22 123I-MIBG scan (a, b) vs. [18F]MFBG-PET (c, 
d) in a patient with neuroblastoma. 123I-MIBG images 
show foci of suspicious activity in skull, lumbar vertebra, 
right and left acetabula, and right femur (black arrows). 
[18F]FMBG-PET (one week later) shows all lesions seen 

on 123I-MIBG scan but with greater contrast and clarity 
(black arrows). Additional lesions (red arrows) are seen 
on MFBG-PET (F and H) that were not seen on MIBG- 
SPECT (e, g) (image modified from [169])

in the diagnostic localization of VHL-related 
adrenal PCC, with a 100% rate of localization 
[176]. In a head-to-head comparison between 
FDA and FDG, FDOPA, and MIBG scintigraphy, 
nonmetastatic paragangliomas (PGLs) were 
equally well localized by these techniques. For 
the detection of metastases seen on CT, however, 
FDA was superior to both FDOPA and MIBG 
scanning [178].

14.4.2.10  Estrogen Receptors
Breast cancer remains one of the most important 
health problems worldwide. In the family of ste-
roid receptors (SRs), estrogen receptor (ER), pro-
gesterone (PR) and, androgen (AR) play a crucial 
role in the pathogenesis of the disease. They 

function predominantly as nuclear receptors to 
regulate gene expression, however, their full 
spectrum of action reaches far beyond this basic 
mechanism [179]. In breast cancer, the stimula-
tory effect of estrogen and progesterone are 
mediated through nuclear ER and PR. Estrogen 
produces many physiological effects primarily 
by regulating gene expression by binding to spe-
cific ERs. Therefore, ER expression is an impor-
tant determinant of breast cancer behavior and is 
critical for response to endocrine therapies. 
Breast cancer endocrine therapy is based on tar-
geting ER. The major drugs in use are tamoxifen 
(selective estrogen receptor modulator—SERM), 
acting mostly as an ER antagonist, and aromatase 
inhibitors (AIs) which repress the synthesis of 
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ER ligands by blocking the conversion of andro-
gens to estrogens [179, 180].

Estrogen is predominantly a sex hormone pro-
duced in the ovaries of females and in testes of 
males. Estradiol (Fig. 14.23), the most potent form 
of estrogen in the body binds to ERs found in the 
cell nucleus of the female reproductive tract, 
breast, pituitary, hypothalamus, bone, liver, and 
other tissues, as well as in various tissues in men 
[181]. For decades, it was assumed there was only 
one type of ER known as αER. However, a second 
ER form, βER, found to bind estradiol with a com-
parable Kd to αER, was also described. Like αER, 
βER is a nuclear receptor that looks nearly identi-
cal to alpha in its so-called DNA- binding domain, 
the segment of the receptor that acts as a genetic 
switch, flicking some genes on and some genes 
off. While the αER predominates in the uterus and 
mammary gland, the βER is mostly in the ovaries, 
the testes, and also in osteoblasts.

The growth of breast epithelial cells is an 
estrogen-mediated process that depends on estro-
gen acting through an ER and results in the 
induction of a PR. The ER status is an important 
prognostic factor in breast cancer because ER+ 
tumors have a slower rate of growth and are likely 
to respond to hormonal therapy [181]. The main 
mechanism of action of antiestrogen tamoxifen is 
believed to be the blockade of the division of 
estrogen-dependent tumor cells with arrest in the 
G0 or G1 phase of the cycle. However, 30–40% of 
all breast cancers do not express estrogen recep-
tors (EŘ), and of the tumors with ER+, up to 50% 
will not respond to endocrine treatment [182].

More than 70% of primary breast cancers are 
hormone-receptor positive and determination of 
ER status in a primary breast lesion is an integral 
part of the initial patient workup. Breast tissue is 

relatively easy and safe to biopsy, and immuno-
histochemical (IHC) analysis is consequently 
standardized. Despite a favorable prognosis and 
effective therapies available for ER-positive 
breast cancer, metastatic breast cancer (MBC) 
from an ER-positive primary tumor is responsi-
ble for the majority of breast cancer–related 
deaths [183]. Hormone receptor-directed therapy 
can only be effective if there is ER expression in 
metastatic lesions. Because there are many 
classes of treatment options for patients with 
breast cancer metastases, a noninvasive method 
which would accurately evaluate and quantify 
the presence of ER on the tumor and its metasta-
ses could help in the selection of patients for 
treatment and in predicting the therapeutic 
response [184].

16α-[18F]Fluoro-17β-Estradiol (FES, 
Cerianna™)
In the last 40 years, a number of steroidal and 
nonsteroidal estrogens have been labeled with 
positron-emitting halogens. Retention of radiola-
beled estradiol in estrogen target tissues through 
specific binding on the αER target was first 
reported in 1967 [185]. Estradiol and its deriva-
tives are lipophilic and transported in the blood-
stream bound either to a sex hormone- binding 
protein (SBP) or to albumin. SBP binding pro-
tects steroids against liver metabolism and 
ensures their transport to the target tissues. 
Moreover, their affinity for SBP also contributes 
to their cell uptake, through membrane receptors 
for SBP [181]. SBP receptors are present in a 
higher percentage of ER+ tumors (75%) than in 
ER-tumors (37%). Thus, membrane sequestra-
tion of estradiol is likely to occur preferentially in 
hormone-responsive tumors.
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The most promising radiolabeled estrogen 
analog, identified to date is 16α-[18F]fluoro-
17β- estradiol (FES) (Fig.  14.23), which has 
good ER-binding affinity and can be prepared 
effectively with a higher SA [186, 187]. A num-
ber of clinical trials have documented the 
potential utility of FES-PET to identify ER+ 
breast tumors. FES-PET, however, is not neces-
sarily an optimal tracer due to its rapid conver-
sion to circulating radiometabolites, which 
prevent optimal localization of the tracer at 
ER-binding sites [187]. FES-PET assesses ER 
functioning in a manner analogous to in  vitro 
ligand-binding assays and several reports 
clearly showed the FES-PET method to be an 
excellent noninvasive method for determining 
ER status in multiple lesions throughout the 
body (with the exception of the liver, whence it 
is cleared) [183]. ER positivity by [18F]FES 

PET has been shown to predict beyond the stan-
dard  clinical and pathological predictors, lon-
ger progression-free survival (PFS) on 
endocrine monotherapy, potentially impacting 
therapy choices in patients with a clinical 
dilemma. Positive status percent agreement 
between the [18F]FES PET-CT results and ER 
status by immunohistochemical assay was 
76·6% and the negative status percent agree-
ment was 100.0% [188]. Comparison of FES-
PET and FDG-PET in a patient with breast 
cancer metastases is shown in Fig. 14.24.

The 18F-FES PET scan—approved by the 
FDA in 2020—was shown to solve 87% of dilem-
mas, providing physicians with information for 
personalized treatment decision-making. [18F]
FES is indicated for the detection of ER-positive 
lesions as an adjunct to biopsy in patients with 
recurrent or metastatic breast cancer.

Fig. 14.24 Comparison of estrogen receptor (ER) imag-
ing with glucose metabolism in a patient with breast can-
cer metastases. [18F]FES-PET shows significantly more 

metastatic lesions and tumor burden compared to [18F]
FDG-PET (Figure from [189])
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14.4.2.11  Somatostatin Receptors
The most characteristic feature of neuroendo-
crine neoplasms (NENs) is the homogeneous 
overexpression of specific G-protein coupled 
peptide hormone receptors (PHRs) on the tumor 
cell surface [190]. The PHRs control hormone 
secretion and cell proliferation in NENs and rep-
resent molecular targets for the development of 
diagnostic and therapeutic radiopharmaceuticals. 
Somatostatin receptors (SSTRs) are the 
 best- known and well-studied PHRs in neuroen-
docrine tumors (NETs). Most of the NETs are 
characterized by the expression of SSTRs on the 
cell membrane, and five different, G-protein-
coupled SSTR subtypes (SSTR 1–5) have been 
identified [191]. However, SSTR-2 is the most 
common receptor subtype expressed in around 
90% of GEP-NENs. The expression of SSTRs is 
less frequent and in lower density in poorly dif-
ferentiated compared to well-differentiated sub-
types. Lung NENs also express SST with the 
subtypes 2, 3 and 5 being the most common. 

Lower expression of SSTRs has been shown in 
pheochromocytoma, medullary thyroid cancer 
(MTC) and benign insulinomas.

The natural ligand somatostatin (SST), a neu-
ropeptide, also known as somatotropin release- 
inhibiting factor (SRIF), was originally 
discovered in 1973 as a hypothalamic neuropep-
tide based on its ability to inhibit growth hor-
mone (GH) release from the anterior pituitary 
[192]. The clinical utility of native human SST- 
14 was limited by its short half-life (<3 min). The 
investigators at Sandoz (Novartis) synthesized 
the first agonist analog octreotide (SMS 201-995, 
Sandostatin), a longer-acting fragment of the 
eight amino acid ring of the native SST [193]. 
The amino acid sequence of SST and its analogs 
is shown in Fig. 14.25. The amino acid, lysine, 
within the ringed portion is considered to be the 
primary peptide-binding site of SST, octreotide, 
and lanreotide to the SSTR-2A, the most preva-
lent receptor of the five SSTR subtypes on neuro-
endocrine cells and their NETs. The synthetic 
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Fig. 14.25 The amino acid sequence of somatostatin 
(SST) and synthetic analogs of somatostatin. Octreotide, 
lanreotide, and pasireotide are used for therapy in patients 
with neuroendocrine tumors (NETs). DOTA-TOC, 

DOTA-TATE, and DOTA-NOC can be labeled with 68Ga 
and 64Cu for PET imaging studies and 90Y, 177Lu, and 225Ac 
for targeted radionuclide therapy
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Table 14.7 Somatostatin analogs: affinity profiles IC50

a

 for the somatostatin receptor (SSTR) subtypes

Peptide SSTR1 SSTR2 SSTR3 SSTR4 SSTR5
Somatostatin 5.2 2.7 7.7 5.6 4.0
Octreotide >1000 0.4 4.4 >1000 5.6
DTPA-octreotide >10,000 12 376 >1000 299
DOTA-TOC >10,000 14 880 >1000 393
DOTA-TATE >10,000 1.5 >1000 433 >1000
DOTA-NOC >10,000 1.9 40 260 7.2
In-DTPA-octreotide >10,000 22 182 >1000 237
Ga-DOTA-TOC >10,000 2.5 613 >1000 60
Ga-DOTA-TATE >10,000 0.2 <1000 300 377
Ga-DOTA-NOC >1000 1.9 40 260 7.2
In-DOTA-JR11 >1000 3.8 >1000 >1000 >1000
Ga-DOTA-JR11 (Ga-OPS201) >1000 29 >1000 >1000 >1000
Ga-NODAGA-JR11 (Ga-OPS202) >1000 1.2 >1000 >1000 >1000

a IC50 values expressed in nanomoles [191, 194]

octapeptide SST analogs (SSAs) have a similar 
STTR-binding profile, with high SSTR2 and 
moderate SSTR5 affinity (Table  14.7). Both, 
octreotide and lanreotide, are very effective FDA- 
approved drugs for hormonal syndrome control 
in functioning tumors and exert an antiprolifera-
tive effect by inducing cell cycle arrest and apop-
tosis, and through immunomodulatory effects, 
and angiogenesis inhibition [195]. Octreotide 
and other SST synthetic analogs are potent ago-
nists, and selectively bind to SSTR-2 and 5 recep-
tor subtypes. The binding of agonists leads to 
receptor-mediated internalization and intracellu-
lar trapping of the radionuclide providing ade-
quate time for imaging studies. In contrast, the 
SSTR antagonist is not internalized but,  may 
offer the possibility to bind to more receptor sites 
and with a longer retention time [196]. The fol-
lowing SSTR agonist peptide radiopharmaceuti-
cals are in clinical use. The high-level expression 
of SSTRs 2 and 5 on the tumor cell surface in 
most neuroendocrine tumors (NETs) provides 
the basis not only for sensitive functional imag-
ing but, also for a tumor-targeted therapy with 
commonly “cold”, as well as radioisotope- 
labeled “hot” somatostatin analogs.

Following the discovery of octreotide in 1982 
at the Sandoz Research Institute in Basel, 
Switzerland, Jean Claude Reubi and colleagues 
demonstrated, for the first time, based on autora-
diography, the presence of SSTR receptors on the 

surface of intestinal NET) cells using 
125I-octreotide [197]. Subsequently, the investiga-
tors at the Erasmus University Medical Center 
(EUMC) in  Rotterdam developed [123I-Tyr3]
octreotide as an imaging agent to localize NETs. 
Due to biliary excretion and intestinal accumula-
tion of I-123 activity, [123I-Tyr3]octreotide, how-
ever, was not ideal for the detection of lesions in 
the abdomen.

111In-DTPA-Octreotide (OctreoScan™)
Since 111In is an ideal radiometal for SPECT imag-
ing studies, the investigators at EUMC developed 
the DTPA conjugated derivative of octreotide 
(SDZ 215-811), as a precursor for 111In labeling. 
Dr. Krenning’s team at EUMC performed planar 
and SPECT imaging studies with [111In-DTPA-D-
Phe1]octreotide (also known as 111In-pentetreotide) 
in more than 1000 patients with NETs [5].

OctreoScan was studied in nine unblinded 
clinical studies in a total of 365 patients. The 
most common tumors were carcinoids (132 of 
309 evaluable patients). Scintigraphic results 
were compared to results of conventional local-
ization procedures (CT, ultrasound, MRI, angi-
ography, surgery and/or biopsy). OctreoScan 
results were consistent with the final diagnosis 
(success) in 86.4% of evaluable patients 
(OctreoScan, package insert, 12/2018). In 1994, 
the FDA approved 111In-pentetreotide as an agent 
for the scintigraphic localization of primary and 
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metastatic NETs-bearing SSTRs. OctreoScan 
was the first peptide-based radiopharmaceutical 
ever approved for peptide receptor scintigraphy 
(PRS) for localization of primary and metastatic 
NETs-bearing SSTRs.

68Ga-DOTATOC
In the late 1990s several octreotide analogs conju-
gated with DOTA chelator were introduced in 
order to develop 90Y-labeled SST analog for 
PRRT. Among these SST analogs, DOTATOC was 
shown to be suitable for labeling with either 90Y or 
67Ga [198]. DOTATOC exhibits high affinity (IC50) 
for human SSTR-2 (14 ± 2.6 nM) with much lower 
binding affinity for all other human SSTRs 
(Table 14.7). A marked improvement of SSTR-2 
affinity was found for Ga-DOTATOC (2.5 nM) 
compared with OctreoScan (22 nM) [199]. In 
2001, it was reported that 68Ga-DOTATOC-PET 
results in high tumor to nontumor contrast and low 
kidney accumulation and yields higher detection 
rates (>30% more lesions) as compared with 
OctreoScan scintigraphy [200]. Since its introduc-
tion, 68Ga-DOTATOC has been extensively used in 
Europe in  the last two decades. A systematic 
review and meta- analysis concluded that 
68Ga-DOTATOC is useful for evaluating the pres-
ence and extent of disease for staging and restag-
ing, and for assisting in the treatment 
decision-making for patients with NETs [201].

68Ga-DOTATOC was approved in several 
European countries in 2016 (IASOtoc®) and in 
2018 (TOCscan®). Also, in Europe, a kit prepara-
tion for 68Ga-labeling of DOTATOC (SomaKit 
TOC®) was approved by the European Medicines 
Agency (EMA) in 2016. Use of this kit along with 
an authorized 68Ge/68Ga-generator enables on-site 
preparation of 68Ga-DOTATOC.  In the United 
States, the  FDA approved the  ready-to- use 
68Ga-DOTATOC in August of 2019. Holder of the 
NDA (New Drug Application) or marketing autho-
rization is the UIHC–PET Imaging Center 
(University of Iowa Health Care (UIHC)), in Iowa, 
USA [202]. It is indicated for use with PET for the 
localization of SSTR-positive NETs in adult and 
pediatric patients. The safety and efficacy of 
68Ga-DOTATOC Injection were established in two 
single-center, open-label studies in which 282 

patients with known or suspected SSTR-positive 
NETs received a single dose. A total of 238 of the 
282 patients (84%) had a history of neoplasm at the 
time of Ga-68 DOTATOC imaging.

68Ga-DOTATATATE (NetSpot)
DOTATATE is an SST analog and an SSTR ago-
nist that closely simulates DOTATOC, in which 
the C-terminal threoninol (an amino alcohol) is 
replaced by threonine (Fig. 14.26). This chemical 
modification resulted in a ninefold higher affinity 
(1.5 nM) for the SSTR-2 as compared with 
DOTATOC (14 nM). Also, the affinity of 
Ga-DOTATATE (0.2 nM) for SSTR-2 is 12 times 
higher compared to that of Ga-DOTATOC (2.5 
nM) [199]. Direct comparison of PET/CT studies 
with 68Ga-DOTATOC and 68Ga-DOTATATE sug-
gests that both these radiotracers possess a com-
parable diagnostic accuracy for the detection of 
NET) lesions, with 68Ga-DOTATOC having a 
potential advantage.

In June 2016, the  FDA approved 
68Ga-DOTATATE (NETSPOT™) (Fig. 14.27) for 
the localization of SSTR-positive NETs) in adult 
and pediatric patients [203, 204]. NETSPOT™ is 
the new market name for Somakit-TATE (a kit 
for the preparation of 68Ga-dotatate injection 
using 68Ga chloride from the GalliaPharm 
68Ga/68Ga generator from Eckert & Ziegler). 
68Ga-dotatate received Orphan Drug Designation 
from both the FDA and the European Medicines 
Agency (EMA) in March 2014. The efficacy of 
NETSPOT was established in three open-label 
single-center studies in patients with known or 
suspected NETs. 68Ga-Dotatate is indicated for 
use with PET for the localization of SSTR- 
positive NETs in adult and pediatric patients. 
68Ga-Dotatate PET scans detect more SSTR- 
positive metastatic lesions compared to 
111In-OctreoScan. (Fig.  14.28). In patients with 
poorly differentiated NETs, 68Ga-Dotatate scans 
may be SSTR-negative but, FDG-PET scans 
clearly identify the aggressive NET) tumors 
(Fig. 14.29) [206].

68Ga-DOTA-NOC
[DOTA0,1-Nal3]-octreotide (DOTANOC) is a 
peptide that has the potential to target a broader 
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SSTR Agonists 

Octreotide: d-Phe1-Cys2-Phe3-D-Trp4-Lys5-Thr6-Cys7Thr(ol)8

d-Phe1-Cys2-Tyr3-D-Trp4-Lys5-Thr6-Cys7Thr(ol)8

d-Phe1-Cys2-Tyr3-D-Trp4-Lys5-Thr6-Cys7Thr8

p-NO2-Phe1-D-Cys2-Tyr3-D-Trp4-Lys5-Thr6-Cys7-d-Tyr8-NH2

p-NO2-Phe1-D-Cys2-Tyr3-D-Aph4(Cbm)-Lys5-Thr6-Cys7-d-Tyr8-NH2

p-CI-Phe1-D-Cys2-Tyr3-D-Aph4(Cbm)-Lys5-Thr6-Cys7-d-Tyr8-NH2

p-CI-Phe1-D-Cys2-Aph3(Hor)-D-Aph4(Cbm)-Lys5-Thr6-Cys7-d-Tyr8-NH2

DOTA-TOC:

DOTA-TATE:

SSTR-2-ANT (BASS): 

LM3

JR10

JR11 (Satoreotide)

SSTR Antagonists

Fig. 14.26 The amino acid sequences of somatostatin receptor (SSTR) agonists and antagonists

Radiometal (68Ga, 64Cu or 177Lu) Complex of DOTA-TATE
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Fig. 14.27 The 
chemical structure of 
radiometal (68Ga, 64Cu, 
or 177Lu)-labeled 
DOTA-TATE (DOTA- 
Tyr3- octreotide) complex

range of SSTR subtypes, including SSTR-2,3, 
and 5 [207]. The affinity for SSTR-2,3, and 5 are 
1.9, 40, and 7.2 nM respectively (Table  14.7). 
Direct comparison with 68Ga-DOTATOC and 
68Ga-DOTATATE PET studies in patients with 
NETs indicated that 68Ga-DOTANOC detects 
more metastases than do SSTR-2-specific tracers 

[208, 209]. Based on a retrospective study of 
patients with NETs (n = 445) who underwent 
68Ga-DOTANOC PET/CT, it was concluded that 
68Ga-DOTANOC PET/CT is a highly sensitive 
and specific study for the diagnosis and follow-
 up of patients with NETs [210]. The sensitivity, 
specificity, negative-predictive value, and 
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a b c d

e

f g jh i

Fig. 14.28 Comparison of 68Ga-Dotatate-PET with 
111In-DTPA-octreotide in a patient with low-grade meta-
static midgut neuroendocrine tumor (NET) ). (a) Arterial- 
phase CT shows multiple arterially enhancing and 
low-attenuation liver metastases. (b, c) Anterior and pos-
terior whole-body planar 111In-DTPA-octreotide scintigra-
phy shows low-grade mesenteric metastases but, no liver 
metastases. (d, e) Axial SPECT at level of spleen shows 

heterogeneous liver uptake with no discernable liver 
deposits. (f–h) 68Ga-DOTATATE PET shows multiple 
deposits in liver and mesentery. (g) Coronal PET anterior 
to kidney shows multiple liver metastases. (h) 
68Ga-DOTATATE PET/CT of g. (i) Axial PET/CT at level 
of spleen shows multiple liver metastases. (j) Axial PET at 
level of spleen shows multiple liver metastases [205]

positive- predictive value of were 87, 98, 80, and 
99%, respectively.

64Cu-DOTATATE (DetectNet)
The relatively longer half-life and low positron 
energy (T½ = 12.7 h; 0.653 β+) of 64Cu is appro-
priate for PET imaging. The initial studies with 
64Cu-TETA-octreotide showed high rate of lesion 
detection, sensitivity, and favorable dosimetry 
and pharmacokinetics [211]. Since 64Cu forms 
more stable complex with DOTA chelator, 
64Cu-DOTATATE has been studied as a potential 
PET radiotracer for SSTR-based imaging. The 

first human study clearly supports the clinical use 
of 64Cu-DOTATATE for PET studies with excel-
lent imaging quality, reduced radiation burden, 
and increased lesion detection rate when com-
pared with OctreoScan [212, 213].

In a head-to-head comparison with 
68Ga-DOTATOC-PET in patients with NETs, 
64Cu-DOTATATE-PET scans detected more 
lesions although patient-based sensitivity was the 
same for both agents. [214]. Recently in a pro-
spective trial in patients with Known or Suspected 
SSTR-positive NETs PET/CT scan with 
64Cu-DOTATATE was considered a safe imaging 
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a b c d

Fig. 14.29 Patterns of 68Ga-Dotatate-PET and [18]FDG- 
PET in NETs. In the first patient (a, b) with grade 1 (Ki-67 
<1%) well-differentiated NET), the scans demonstrate 
SSTR-positive and FDG-negative phenotype, while in the 

second patient (c, d) with a poorly differentiated grade 3 
NET) (Ki-67, 70%), the scans demonstrate SSTR-negative 
and FDG-positive phenotype (From [206])

technique that provides high-quality and accurate 
images at a dose of 148 MBq (4.0 mCi) for the 
detection of SSTR expressing NETs [215]. The 
lower positron energy of 64Cu compared to that of 
68Ga (0.65 vs. 1.90 MeV), which translates to 
lower positron range (0.56 vs. 3.5 mm), is thought 
to explain the anticipated improved spatial reso-
lution and diagnostic performance of 
64Cu-DOTATATE (Fig.  14.30) Additionally, the 
longer physical half-life of 64Cu (12.7 h) may 
increase the shelf-life of 64Cu-DOTATATE, and 
provide a more flexible scanning window, mak-
ing it attractive for routine clinical imaging.

In September 2020, the FDA has approved 
64Cu-DOTATATE injection (DetectNet) for the 
localization of SSTR-positive NETs. Two single- 
center, open-label studies confirmed the efficacy 
of the diagnostic agent. The results of the study-1 
(n = 63) showed that the percent reader agree-
ment for positive detection was 91% and negative 
detection was 80–95%. Study-2 was a retrospec-
tive analysis in which investigators examined 
published findings collected from 112 patients 

and the results demonstrated similar performance 
as in study-1 (Detectnet, package insert 2020).

SSTR Antagonists
While the agonists activate SSTRs and internal-
ize into tumor cells, the antagonists interact with 
SSTRs, and block or reduce the physiological 
effect of an agonist [216]. It has been shown that 
potent SSTR antagonists, known to poorly inter-
nalize into tumor cells, may be as good as, or 
even superior to, agonists for developing radio-
pharmaceuticals for imaging and therapy, and 
some antagonist analogs show rapid blood clear-
ance, poor kidney retention, and better accumula-
tion in the tumor tissue [194, 196].

The second generation of antagonists include 
LM3, JR10, and JR11. The amino acid sequence 
of these antagonists is shown in Fig.  14.26. 
Among the radiolabeled SSTR-2 antagonists 
investigated, the analog JR11 performed the best 
in preclinical settings. PET/CT with 
68Ga-NODAGA-JR11 (or 68Ga-OPS202) detected 
significantly more metastases with higher tumor- 

14.4 PET and SPECT Radiopharmaceuticals in Oncology



344

Fig. 14.30 Comparison of 64Cu-DOTATEPET and 111In-DTPA-Octreotide (OctreoScan) in the same patient with NETs 
with multiple bone and soft tissue metastases (from [212])

to- background ratios than the SSTR agonist 
68Ga-DOTATOC [217] (Fig. 14.31).

Since the SSTR-2 affinity of 
68Ga-NODAGA-LM3 was tenfold higher than 
that of 68Ga-DOTA-LM3, a phase 1 study com-
pared the biodistribution of these two agents 
[218]. Both tracers showed favorable biodistribu-
tion, high tumor uptake, and good tumor reten-
tion, resulting in high image contrast, and good 
tumor uptake and retention.

14.4.2.12  Glucagon-Like Peptide 1 
Receptor (GLP-IR)

GLP-1 is a neuropeptide hormone composed of 
36 AAs and stimulates insulin secretion from 
beta cells after nutrient intake through the GLP-1 
receptor [219]. The corresponding receptor 
(GLP-1R) is a member of the G protein-coupled 
receptor family and was found to be overex-
pressed in insulinoma, an unusually benign 
insulin- secreting NET of the pancreas. 
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a b

c d

Fig. 14.31 [68Ga]Ga-OPS202 PET/CT (a, b) and [68Ga]
Ga-DOTATOC PET/C.T (c, d) images of a patient with 
ileal neuroendocrine tumors, showing bilobar liver metas-
tases (dashed lines indicate level of transaxial slices). 
Studies were performed on the same scanner within 2 

months. With the antagonist, OPS-202, the background 
activity was lower in liver, intestine, and thyroid than with 
agonist DOTATOC allowing better identification of the 
lesions in the liver which are confirmed by subsequent 
MRI. (Figure modified from [217])

Gastrinomas, pheochromocytoma, PGL and MT 
carcinomas also express GLP-1Rs but, with 
lower density and/or incidence. The native ligand 
GLP-1 has a short half-life (<2 min) in humans 
owing to rapid degradation by dipeptidyl- 
peptidase- 4 (DPP4). However, GLP-1 stable 
analogs (containing 39 AAs) have been synthe-
sized for the GLP-1R targeting, from which 

exendin-4 (agonist) and exendin-3 (antagonist) 
have been widely studied [220]. Exendin-4 has 
been radiolabeled with several radionuclides 
(99mTc, 111In, and 68Ga) to develop radiopharma-
ceuticals for imaging insulinoma [221, 222]. The 
first exendin- 4–based imaging tracer that was 
developed is the [Lys40(Ahx-DTPA-[111In]In)
NH2]-exendin-4 [223].
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In a proof-of-principle study 68Ga-DOTA- 
exendin-4 PET/CT showed better performance 
compared with 111In-DOTA-exendin-4 SPECT/
CT [224]. The diagnostic accuracy of 68Ga-DOTA- 
exendin-4 PET/CT was evaluated in a prospec-
tive crossover imaging study in patients (n = with 
occult insulinomas [225]. In this prospective 
study, the accuracy of 68Ga-DOTA-exendin-4 
PET/CT was 93.9% which was significantly 
higher than for 111In-DOTA-exendin SPECT/CT 
(67.5%) and MRI (67.6%). Another study with 
68Ga-NOTA-exendin-4 PET/CT reported an 
excellent sensitivity of more than 97% [226].

14.4.2.13  Chemokine Receptor-4 
(CXCR-4)

Chemokines and their receptors were originally 
identified as mediators of inflammatory diseases 
and are being increasingly recognized as serving 
a critical communication bridge between tumor 
cells and stromal cells to create a favorable 
microenvironment for tumor growth, and metas-
tasis [227]. Chemokine receptors with seven 
transmembrane domains are found on the surface 
of certain cells that interact with a type of cyto-
kine, called a chemokine. There have been 20 
distinct chemokine receptors discovered in 
humans and they  were divided into 4 different 
families (C, CC, CXC, CX3C) [228]. Chemokine 
receptor 4 (CXCR4) is a member of G-protein 
coupled receptors which are involved in several 
physiological functions, such as cell migration, 
alteration of gene expression, and cell skeleton 
rearrangement via interaction with its ligand, 
CXCL12, also known as stromal cell-derived 
factor-1α (SDF-1α). The interactions between 
CXCL12 and CXCR4 comprise a biological axis 
that affects the growth, angiogenesis and metas-
tasis of cancer [229]. Overexpression of CXCR4 
has been reported in a variety of malignancies. 
Therefore, CXCR4 is an ideal target for tumor 
imaging and therapy.

In the last decade, several radiolabeled  peptides 
for targeting CXCR4 receptor have been 
 developed. Among several antagonists  
evaluated, the cyclic pentapeptide analog 
cyclo(D-Tyr1-D-[NMe]Orn2(AMBS-[68Ga]
DOTA)-Arg3-Nal4 -Gly5) (68Ga-PentixaFor) 

showed high affinity and selectivity for human 
CXCR4, and rapid renal excretion [230]. In 
patients with small cell lung cancer (SCLC), 
68Ga-PentixaFor was positive in 8/10 patients and 
revealed more lesions with significantly higher 
tumor-to-background ratios than SSTR-PET 
[231]. In a study involving 12 patients with GEP 
NENs, SSTR-PET was clearly superior com-
pared to FDG-PET and 68Ga-Pentixafor, respec-
tively. While CXCR4 was negative in all grade-1 
patients, 50% of grade 2 patients, and  80% of 
grade 3 patients showed 68Ga-Pentixafor-positive 
lesions [232]. In poorly differentiated neuroen-
docrine carcinomas, 68Ga-PentixaFor PET/CT 
was inferior to FDG- PET/CT [233] (Fig. 14.32). 
68Ga-pentixafor-PET is positive in a patient with 
SCLC compared to SSTR-PET with 
68Ga-DOTATOC (Fig. 14.32 and 21.22) [231].

14.4.2.14  Prostate-Specific 
Membrane Antigen (PSMA)

PSMA was discovered in 1987 as a novel anti-
genic marker in prostate cancer cells and in the 
serum of prostate cancer patients. PSMA is also 
known as glutamate carboxypeptidase II (GCPII), 
N-acetyl-L-aspartyl-L-glutamate peptidase I 
(NAALADase I), or N-acetyl-aspartyl-glutamate 
(NAAG) peptidase, which  is an enzyme that is 
encoded by the folate hydrolase (FOLH1) gene 
in humans [234]. PSMA/GCPII plays separate 
roles and functions  in different tissues, such as 
the prostate, kidney, small intestine, central and 
peripheral nervous system, and thus is recog-
nized by different names. In the last two decades, 
PSMA has emerged as the preeminent prostate 
cancer target for developing both diagnostic and 
therapeutic agents in prostate cancer [235].

PSMA is a class II transmembrane glycopro-
tein with an approximate molecular weight of 84 
kDa [235]. PSMA has a unique 3-part structure: 
a short N-terminal cytoplasmic tail, a single 
membrane-spanning helix, and an extracellular 
part. The bulk of PSMA protein is the extracel-
lular part. In PCa, the expression of PSMA/
GCPII is negatively regulated by androgens 
[236]. PSMA expression on the cell surface 
increases with androgen receptor AR inhibition 
[235] and is favored by other growth factors, such 
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Fig. 14.32 68Ga-Pentixafor is an antagonist for molecu-
lar imaging of chemokine receptor (CXCR4). 
68Ga-Pentixafor-PET scan is positive for CXCR4 recep-
tors in a patient with recurrent small cell lung cancer 

(SCLC) compared to SSTR imaging. Pentixafor-PET 
demonstrates intense tracer retention in mediastinal 
lymph nodes, bone, and pleural lesions [231]

as basic fibroblast growth factor, TGF, and 
EGF. Also, the degree of PSMA/GCPII expres-
sion is positively correlated with the Gleason 
score and disease progression. PSMA is consid-
ered to be the most well-established target anti-
gen in prostate cancer, since it is highly and 
specifically expressed at all tumor stages on the 
surface of prostate tumor cells [237, 238]. PSMA 
switches from a cytosolically located protein in 
the normal prostate to a membrane-bound protein 
in prostatic carcinoma. The majority of PSMA 
expression appears to be restricted to the prostate 
and the level of PSMA expression is increased 
with increased tumor dedifferentiation, and in 
metastatic and hormone-refractory cancers [239, 
[240] . In addition to expression by prostate cells, 
it can be expressed also by non- prostate tissues, 
such as small intestine, proximal renal tubules, 
and salivary glands, albeit at levels 100- to 1000-
fold less than in prostate tissue. PSMA expres-
sion was also found on the vascular endothelium 
of solid tumors and sarcomas but, not of normal 
tissues [235]. The rapid internalization and recy-
cling of PSMA means that high concentrations of 
a targeted drug can be accumulated in PSMA/
GCPII-positive cells.

177Lu- and 225Ac-labeled huJ591 (anti-PSMA 
mAb) is under active clinical investigation for the 
development of targeted radionuclide therapy of 
metastatic castration-resistant prostate cancer 
(mCRPC) (Chap. 22). While 111In-, 177Lu-, and 
89Zr-labeled huJ591 mAbs demonstrated the 
diagnostic potential of antibody targeting of 
PSMA, the development of 68Ga- and 18F-labeled 
small molecule PSMA inhibitors have revolu-
tionized the role of molecular imaging radiophar-
maceuticals in the diagnosis and clinical 
management of patients with prostate cancer. The 
development of PSMA inhibitors for imaging 
and therapy was reviewed recently in several 
publications [241, 242].

Small Molecule PSMA Inhibitors
The two distinct enzyme activities of PSMA 
include folate hydrolase and NAALADase 1. The 
role of these two enzymes is to release the termi-
nal glutamate residue from the substrate mole-
cule. PSMA binds with folate(poly)gamma 
glutamate in the intestine and releases the gluta-
mate and folic acid. In the brain, PSMA hydro-
lyzes the N-acetyl-L-aspartyl-L-glutamate 
(NAAG) substrate to yield aspartate and gluta-
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mate. The NAALADase enzyme activity of PSMA 
has been explored for the development of radio-
pharmaceuticals for molecular imaging and 
TRT. Studies of the NAALADase enzyme struc-
ture have revealed an active binding site with two 
zinc cations (Zn++) participating in the NAAG 
binding, called the “NAAG binding pocket”, 
which is also the site for the binding of PSMA 
inhibitors [243].

The clinical success of radiolabeled PSMA 
inhibitors is based on a small motif binding to the 
catalytic NAAG hydrolyzing site in the PSMA 
molecule. The 2-[3-(1,3-dicarboxypropyl)-ure-
ido]pentanedioic acid (DUPA) motif contains a 
urea bond (−NH-CO-NH-) formed by the conju-
gation of two amino acids (Glu and Asp). In 2002, 
Dr. Pomper’s group at  the John Hopkins School 
of Medicine (JHSM) reported the synthesis of the 
first radiolabeled PSMA inhibitor, [11C]DCMC) 
with nanomolar affinity. Extensive structure-
activity studies suggested that the L-glutamic acid 
must remain intact without structural modifica-
tion to maintain the desired biological function. 
Hence, a variety of PSMA inhibitors have been 
synthesized based on DUPA motif with modifica-
tion at the aspartate end by replacing aspartic acid 
with other amino acids, such as lysine, glutamic 

acid, or their derivatives [244]. The chemical 
structures of important radiolabeled PSMA inhib-
itors useful for molecular imaging of prostate can-
cer are shown in Fig. 14.33.

68Ga-PSMA-HBED-CC (or 68Ga-PSMA-11)
In 2012, the development of PSMA-HBED-CC 
(also known as PSMA-11 or DKFZ-PSMA-11), 
at the German Cancer Research Centre (GCRC) 
and the University Hospital at Heidelberg by Drs. 
Eder, Haberkorn, and Afshar-Oromieh, should be 
regarded as a major milestone in the development 
of radiolabeled PSMA inhibitors for molecular 
imaging and targeted therapy.

PSMA-11 consists of a Glu-urea-Lys motif 
conjugated with the highly efficient and 
Ga-specific acyclic chelator HBED-CC via an 
aminohexanoic acid (Ahx) spacer [245]. In the 
first human studies, direct comparison to [18F]
FCH, 68Ga-PSMA-targeted PET imaging was 
able to detect lesions much earlier in patients 
with low PSA values and shows a reduced back-
ground activity in healthy tissue [246]. 
Subsequently, several clinical studies  documented 
the clinical utility of 68Ga-PSMA-11 for molecu-
lar imaging of prostate cancer [247]. Compared 
to the standard bone scan to identify the meta-

Fig. 14.33 PSMA inhibitors for molecular imaging of prostate cancer
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a b c

Fig. 14.34 99mTc-MDP bone scan vs. 68Ga-PSMA-PET: 
a 72-year-old patient with hormone and chemorefractory 
prostate cancer who underwent bone scintigraphy was 
referred for 223Ra therapy. PSMA PET/CT (c) showed dif-
fuse bone and bone marrow metastases, most not detect-
able by bone scan (a) and (b). Apart from bone metastases, 

there were many lymph node metastases, for example, 
mediastinal and left clavicular (pink arrows). PSA level at 
the time of PET imaging was 630 ng/mL, ALP in refer-
ence range. Based on PSMA scan, patient was not a can-
didate for 223Ra therapy, but underwent radioligand 
therapy with 177Lu-PSMA-617 [248]

static lesions, PSMA-PET scan may provide 
added value of detecting more lesions in patients 
with newly diagnosed prostate cancer (Fig. 14.34) 
[249].

The FDA approved 68Ga-PSMA-11 [250] 
based on the evidence from two clinical trials in 
patients with prostate cancer. Some patients were 
recently diagnosed with prostate cancer. Other 
patients were treated before, but there was suspi-
cion that the cancer was spreading because of ris-
ing PSA level. Both trials were conducted at 2 
sites in the USA (FDA package insert). Trial-1 
enrolled patients who were recently diagnosed 
with prostate cancer and were awaiting surgery 
for the removal of the prostate and the nearby 
lymph nodes. Trial-2 enrolled patients who were 
already treated for prostate cancer but, had rising 
PSA levels, suspicious for cancer spreading. In 

patients scheduled for radical prostatectomy, the 
positive predictive value was 61% and negative 
predictive value was  84%. The sensitivity was 
47% and specificity was 90%. In patients with 
biochemical recurrence, the likelihood of identi-
fying a 68Ga-PSMA-11 PET positive lesion gen-
erally increased with higher serum PSA level 
(36% at <0.5 ng/mL to 91% at >2.0 ng/mL).

18F]DCFPyl (Pylarify™)
[18F]DCFBC was the first 18F-labeled PSMA 
inhibitor, developed in 2008 at JHSM, based on 
Cys-Urea-Glu pharmacophore and was success-
fully evaluated in several clinical studies. The 
major drawbacks of this tracer are  slow blood 
clearance and high background activity. As a 
result, early imaging studies did not provide opti-
mal sensitivity.
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The next generation compound from JHSM is 
[18F]DCFPyl (Fig. 14.33), developed also based 
on Lys-Urea-Glu motif, was hydrophilic and 
shows faster renal excretion [76]. In patients with 
biochemical recurrence, direct comparison of 
[18F]DCFPyl with 68Ga-PSMA-11 indicated that 
[18F]DCFPyL is noninferior to 68Ga-PSMA-11, 
and that imaging with [18F]DCFPyL]-PET may 
even exhibit improved sensitivity in  localizing 
relapsed tumors after prostatectomy for moder-
ately increased PSA levels [251]. A pilot study 
comparing [18F]DCFPyl to [18F]PSMA-1007 
observed that excellent image quality was 
achieved with both agents, resulting in identical 
clinical findings. Nonurinary excretion of 
18F-PSMA-1007, however, might present some 
advantage with regard to delineation of local 
recurrence or pelvic lymph node metastasis in 
selected patients; the lower hepatic background 
might favor [18F]DCFPyL in late stages, when 

rare cases of liver metastases can occur 
(Fig. 14.35) [252].

The FDA approval was based on data from 
two studies, the OSPREY and CONDOR trials, 
which investigated the safety and diagnostic per-
formance of 18F-DCFPyL in prostate cancer 
[253]. In the phase 2/3 OSPREY trial, improve-
ments in the specificity (96–99%) and positive 
predictive value (78–91%) of the agent were 
observed when compared with conventional 
imaging for metastatic prostate cancer. Eligible 
patients in the OSPREY trial were divided into 
two cohorts, with cohort A including patients 
with high-risk, locally advanced prostate cancer, 
and cohort B including patients with metastatic 
or recurrent disease. In the phase 3 CONDOR 
study, a median PSA level of 0.8 ng/mL was 
observed among the 208 evaluable patients, with 
68.8% having a PSA level of less than 2.0 ng/
mL. The primary end point of correct localization 

a b c

d

Fig. 14.35 PET/CT images of 65-year-old patient 
referred because of a  Gleason score of 7a (3 1 4) and 
a PSA serum level of 55.2 ng/mL. Patient was examined 
with 18F-PSMA-1007 (a, c) and 18F-DCFPyL (b, d). 
Images showed bifocal prostate cancer (arrows). 

Delineation of tumor growth in both lobes of prostate was 
possible with both tracers. SUVmax was 17.68 and 19.65 in 
right lobe and 14.21 and 16.60 in left lobe for 18F-DCFPyL 
and 18F-PSMA-1007, respectively [252]
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rates (CLRs), identified by PyL–PET/CT and 
evaluated by three blinded independent central 
readers were observed at 85.6% (95% CI, 78.8–
92.3%), 87.0% (95% CI, 80.4–93.6%), and 
84.8% (95% CI, 77.8–91.9%) [254].

[18F]rhPSMA-7.3
A unique and novel class of theranostic agents 
named radiohybrid (rh) PSMA inhibitors based 
on Glu-Urea-Lys pharmacophore were devel-
oped by Drs. Wester and colleagues at the 
Technical University of Munich, Garching, 
Germany (TUMG). Radiohybrid concept repre-
sents a molecular species that offers two binding 
sites for radionuclides, a silicon-fluoride accep-
tor (SiFA) for 18F and a chelator (such as DOTA) 
for radiometallation. One of these binding sites 
is radiolabeled, the other one  is labeled with a 
stable nuclide, thus is silent. The lead compound 
[18F]Ga-rhPSMA-7 with natGa-DOTAGA com-
plex was evaluated in patients with biochemical 
recurrence [255]. The biodistribution was found 
to be similar to that of established PSMA ligands, 
and [18F,natGa]rhPSMA-7 PET/CT demonstrated 
high detection rates in early biochemical recur-
rence after radical prostatectomy, especially 
among patients with low PSA values. [18F]

Ga-rhPSMA-7, however, represents a mixture of 
four stereoisomers  (Fig.  14.36) [256, 257] 
[Based on preclinical studies, [18F,natGa]
rhPSMA-7.3 was identified as the preferred iso-
mer since it showed high tumor accumulation 
and  low uptake by liver and kidney with low 
blood levels. [18F]-rhPSMA- 7.3 completed 
recruitment of patients in phase III trials (spon-
sored by BlueEarth Diagnostics) for prostate 
cancer (PCa) imaging. In order to assess the role 
in primary staging, [18F]-rhPSMA-7.3 PET/CT 
studies in patients (n = 279) with primary pros-
tate cancer were evaluated [258]. 
[18F]-rhPSMA-7.3 offers superior diagnostic 
performance to morphological imaging for pri-
mary N-staging of newly diagnosed PCa, shows 
lower inter-reader variation, and offers good dis-
tinction between primary tumor, and bladder 
background activity.

99mTc-MIP-1404 (Trofolostat™)
In 2012, the investigators at Molecular Insight 
Pharmaceuticals in Boston reported the devel-
opment of two high affinity 99mTc-labeled 
PSMA inhibitors, 99mTc-MIP-1404 (Fig. 14.33) 
and 99mTc-MIP-1405 based on Glu-Urea-Glu 
and Glu-Urea-Lys pharmacophores and 99mTc 
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Fig. 14.37 99mTc-MIP-1404 images in a high-risk pros-
tate cancer patient scheduled for prostatectomy and 
extended pelvic node lymph node dissection. 99mTc- 
MIP- 1404 SPECT clearly identified the prostate cancer 

foci (Gleason score >7) in the prostate gland, confirmed 
by histopathology (Vallabhajosula et  al. from Weill 
Cornell Medicine, NY)

tricarbonyl core chemistry. The first human 
studies in patients with mCRPC showed both 
99mTc tracers localized to lesions in bone and 
soft tissue that correlated with radiologic evi-
dence of metastatic disease identified by the 
bone scan [259]. Based on these results a pre-
liminary phase I study and a multicenter phase 
II study were conducted in high-risk prostate 
cancer patients scheduled for prostatectomy 
and extended pelvic node lymph node dissec-
tion. In all subjects with Gleason score >7, 
99mTc- MIP- 1404 SPECT clearly identified the 
PCa foci in the prostate gland, confirmed by 
histopathology (Fig. 14.37), and PSMA stain-
ing [260]. Because 99mTc-MIP-1404 
(Trofolostat™) showed minimal urinary excre-
tion, it had a distinct advantage for detecting 
prostate cancer in the gland and pelvis at the 
initial stages of the disease and was selected 
for phase II/III studies to determine sensitivity 
and specificity to detect prostate cancer in 
high-risk patients. Subsequently, Trofolastat™, 
has been investigated (by Progenics 
Pharmaceuticals) in several clinical trials. 
99mTc-MIP-1404 was the first 99mTc-PSMA 
imaging agent to finalize phase 3 clinical trials. 
It is therefore expected that 99mTc-MIP-1404 

may be available as a “technetium instant kit” 
in the near future.

14.4.2.15  Fibroblast Activating 
Protein (FAP)

Malignant tumors consist of cancer cells but, 
also, of a variety of nonmalignant cells that cre-
ate and shape the tumor microenvironment 
(TME), also called tumor stroma. The TME 
consists of tumor cells and nontumor cells such 
as bone marrow- derived stem cells (BMDSC), 
B and T lymphocytes, natural killer (NK) cells, 
normal epithelial cells, activated fibroblasts 
(CAFs), macrophages (T1 and T2), and ECM 5 
extracellular matrix. The development of CAFs 
in the tumor stroma is accompanied by morpho-
logic and molecular changes leading to a 
spindle- shaped form, and the expression of par-
ticular surface markers, such as the a-smooth 
muscle actin, the platelet-derived growth factor 
b, and the fibroblast activation protein (FAP) 
[261]. In solid cancers, activated fibroblasts 
acquire the capacity to provide fertile soil for 
tumor progression. Specifically, cancer-associ-
ated fibroblasts (CAFs) establish a strong rela-
tionship with cancer cells. Cancer cells and 
CAFs are partners in crime and their interaction 
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is supported by inflammation [262, 263; Linder 
et al 2019].

FAP, also known as seprase or prolyl- 
endopeptidase- FAP, is a type II membrane-bound 
glycoprotein enzyme with peptidase activity. 
FAP is highly expressed on the cell surface of 
CAFs but, not quiescent fibroblasts. Since the 
volume of stroma can be larger than cancer cell 
volume, stroma-CAFs targeted PET and SPECT 
imaging may be more sensitive than glucose met-
abolic PET imaging for detecting small lesions, 
and lesions with low or heterogeneous glucose 
metabolism or those located in close vicinity to 
highly glycolytic normal tissues [264–266]. FAP 
is expressed in more than 90% of human epithe-
lial cancers, is absent from normal tissues in adult 
humans, and has a large extracellular domain, 
with the catalytic site also located extracellularly. 
It is important to recognize that, like glucose 
metabolism, FAP expression is not cancer- 
specific due to its expression in many tissue- 
remodeling processes. As a result, FAP-targeted 
PET imaging may be useful for many non- 
oncologic imaging applications, such as myocar-

dial infarction and chronic inflammatory 
diseases.

Radiolabeled Small Molecule Inhibitors 
for FAP
The first account of clinical FAP-targeting was 
reported in 1994 with 131I-F19 mAb, which was 
able to detect lesions of diameter as small as 1 cm 
at 3–5 days after injection [267]. In the last 5 
years, a variety of quinoline-based FAP inhibi-
tors (FAPI) were coupled to chelators (such as 
DOTA and NOTA) and showed specific binding 
of radiolabeled FAP inhibitors to human and 
murine FAP, with rapid and almost complete 
internalization [264]. The highly selective and 
potent inhibitors based on a (4-quinoinolyl)
glycinyl- 2-cyanopyrrolidine scaffold was origi-
nally developed in 2013 [268]. Some of the 
FAPI-precursors designed on the basis of this 
motif are shown in Fig. 14.38.

The proof-of concept and the potential of 
radiolabeled small molecule PSMI for molecular 
imaging studies were reported in 2018 by the 
investigators at German Cancer Research Center 

FAPI-02

FAPI-34

FAPI-04

FAPI-46

FAPI-74

DOTA DOTA

DOTA

NOTA

N

N

N

N

N N

N

N

N

O
O

O
O

O

O

N
N

CN

F F

H
H

H
N

HN

CO2H

CO2H CO2H

CO2H

CO2H

CO2H

N O

OO

O

O

O

O

O

O

O

O

CN

CN

CN

H

H

H

H

H

F

F F

F

O CN

N

N

N

N

N

N

N

N

Me

N

N

N

N

N

N

N

N

N

N

N

H
H

Fig. 14.38 Fibroblast activating protein inhibitor (FAPI) precursors to label radiometals (68Ga or 177Lu) and to perform 
molecular imaging and targeted radionuclide therapy

14.4 PET and SPECT Radiopharmaceuticals in Oncology



354

(DKFZ), Heidelberg, Germany. 68Ga-FAPI-02 
PET/CT studies were performed in three patients 
with cancer. 68Ga-FAPI-02 shows significantly 
higher uptake in tumor lesions compared to FDG 
(Fig. 14.39) 14.44). Based on these studies, the 
investigators  concluded that radiolabeled FAPIs 
allow fast imaging with very high contrast in 
tumors having a high stromal content and may 
therefore serve as pantumor agents. Coupling of 
these molecules to DOTA or other chelators 
allows labeling not only with 68Ga but also with 
therapeutic isotopes such as 177Lu or 90Y.

The pantumor (multiple cancers) imaging 
characteristic of radiolabeled PSMI inhibitors is 
shown in (Fig. 14.40). In 80 patients who had 28 
different tumor entities, with 54 primary tumors 
and 229 metastases, 68Ga-FAPI-02 and 
68Ga-FAPI-04 uptake discriminated three differ-
ent groups: the highest average SUVmax (>12) 
was found in sarcoma, esophageal cancer, breast 
cancer, cholangiocarcinoma, and lung cancer; an 
intermediate SUVmax (6–12) was seen in hepato-
cellular, colorectal, head and neck, ovarian, pan-
creatic, and prostate cancer; and the lowest 
uptake SUVmax (6) was observed in pheochromo-
cytoma, renal cell cancer, differentiated thyroid 
cancer, adenoid cystic cancer, and gastric cancer. 
Nevertheless, high variations in uptake were 
observed across and within all tumor entities 
[264, 272].

FAPI-PET emerges as a novel and highly 
promising technique for molecular imaging stud-
ies in various malignant and nonmalignant dis-
eases. Current studies indicate that FAPI is equal 
or even superior to the current standard oncologi-
cal tracer FDG in several oncological diseases. 
FAPI-PET seems to present lower background 
activity, stronger uptake in tumor lesions, and 
thus sharper contrasts. The significant tumor 
uptake of FAP inhibitors will encourage the 
development of therapeutic radiopharmaceuticals 
that can be used for a wide variety of cancers, 
unlike SSTR or PSMA-based therapeutic 
radiopharmaceuticals. 

14.4.3  Antigen-Antibody Binding

14.4.3.1  Antibody Structure 
and Function

A century ago, Paul Ehrlich postulated the notion 
that a magic bullet could be developed to selec-
tively target disease and he envisioned that anti-
body could act as such [274]. The introduction of 
hybridoma technology for the mAb development 
turned this magic bullet concept into a reality 
[275]. The first generations of mAbs were of 
murine origin and had limited clinical use; how-
ever, developments in recombinant DNA tech-
nology have resulted in the production of 
chimeric, humanized, and complete human mAbs 
(Fig. 14.41).

Antibodies (Abs) are large glycoproteins that 
belong to the immunoglobulin (Ig) superfamily. 
The basic structure of Abs is composed of two 
heavy and two light chains in the shape of a Y 
(Fig. 14.41). At each tip of the Y lies the fragment 
antigen-binding (Fab) portion of the antibody 
which is responsible for recognition of the spe-
cific antigen. The fragment crystallizable (Fc) 
region located at the base of the Y structure is 
recognized by Fc receptors (FcRs) found on a 
wide range of immune cells. Most of the FDA- 
approved mAbs belong to the IgG1 subclass, 
which has a long half-life and triggers potent 
immune-effector functions, such as complement- 
dependent cytotoxicity (CDC), complement- 
dependent cell-mediated cytotoxicity (CDCC), 
and antibody-dependent cellular cytotoxicity 
(ADCC).

Antibodies are heavy proteins of about 10 nm 
in size with a molecular mass of ~150 kDa, 
arranged in three globular regions that roughly 
form a Y shape. Also, each IgG molecule consists 
of four polypeptide chains; two identical heavy 
chains and two identical light chains connected 
by disulfide bonds. Each chain is made up of 1–4 
domains; light chains consist of one variable 
domain VL and one constant domain CL, while 
heavy chains contain one variable domain VH and 
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a b

Fig. 14.39 Comparison of 68Ga-FAPI-02-PET/CT with 
[18F]FDG-PET/CT in a patient with locally advanced lung 
adenocarcinoma. 68Ga-FAPI-02 (b) is seen to selectively 
accumulate in FAP-expressing tissue and to be signifi-

cantly higher than [18F]FDG (a)  in malignant lesions. 
Unlike FDG, 68Ga-FAPI-02 shows no uptake in the brain, 
spleen, or liver. (Figure from [273])
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Fig. 14.40 PET imaging with 68Ga-labeled FAPI tracers. 
By targeting the cancer-associated fibroblasts, FAPI-PET 
provides a very low uptake in the nontarget organs, and a 

fast background clearance. FAPI tracers allowed the 
detection of different tumor entities with high specificity. 
(Figure from [272])
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Fig. 14.41 (a) The fundamental structure of an intact, 
single immunoglobulin G (IgG) molecule has a pair of 
light chains and a pair of heavy chains. Light chains are 
composed of two separate regions (one variable region 
(VL) and one constant region (CL)), whereas heavy chains 
are composed of four regions (VH, CH1, CH2, and CH3). The 
complementarity-determining regions (CDRs) are found 
in the variable fragment (Fv) portion of the antigen- 
binding fragment (Fab). (b) Schematic overview of mAb 
humanization from murine antibodies (green domains) to 

fully human antibodies (blue domains) and associated suf-
fixes. In the chimeric mAb, the variable regions are of 
murine origin and the rest of the chains are of human ori-
gin. Humanized mAb only includes the hypervariable seg-
ments of murine origin. CH domains of the constant 
region of the heavy chain, CL constant domain of the light 
chain, Fab and Fc fragments resulting from proteolysis, 
VH variable domain of the heavy chain, VL variable 
domain of the light chain (The figure on right (b) was 
modified from [133])

three to four constant domains CH1-CH4. Each IgG 
has two Fabs, each containing one VL, VH, CL, and 
CH1 domains, as well as the Fc fragment. The 
subregion of each Fab fragment containing the 
variable regions (VL and VH) that binds to the anti-
gen is referred to as FV region and the existence 
of two identical antibody-binding sites (divalent) 
allows antibody molecules to bind strongly to 
multivalent antigen molecules.

The mouse hybridoma technology was ini-
tially used to produce murine monoclonal anti-
bodies (Fig. 14.41b). These mouse-derived mAbs 
(momab) elicit an immune response resulting in 
the production of human-anti-mouse-antibodies 
(HAMAs) which interfere with therapeutic appli-
cations [276]. The antibody engineering technol-
ogy identified regions that could be ‘humanized’ 
without compromising the functionality of IgG 

molecule, resulting in chimeric antibodies 
(ximab) and ‘humanized’ antibodies (zumab) 
and, finally, fully human antibody (umab) [277]. 
Chimeric mAbs are constructed with variable 
regions (VL and VH) derived from a murine source 
and constant regions derived from a human 
source. Humanized therapeutic mAbs are pre-
dominantly derived from a human source except 
for the complementarity-determining regions 
(CDRs), which are murine.

Antibodies are physically stable and experience 
a prolonged serum half-life resulting in an average 
half-life of several weeks and accumulate in  the 
liver and kidney. Antibody engineering enabled the 
production of a wide variety of IgG derivatives 
(Fig.  14.42) with significant differences in size 
(25–100 kDa) to improve pharmacokinetics, tumor 
localization, and antigen binding [278–280].
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Fig. 14.42 Antibody fragments and derivatives of varied sizes, and molecular weights

Pharmacokinetics of Antibodies and 
Fragments
Intact mAbs have a long residence time in 
humans, ranging from a few days to weeks, 
which results in optimal tumor-to-nontumor 
ratios at 2–4 days post injection. In contrast, mAb 
fragments have a much faster blood clearance 
and as a result, optimal tumor-to-nontumor ratios 
can be obtained at earlier time points; however, 
the absolute tumor uptake may be much lower 
compared to intact mAbs. In general, intact mAbs 
are preferable for therapy, while the optimal for-
mat for diagnosis is still under discussion.

Size is one factor that impacts the circulation 
time of Abs [281, 282]. A full IgG mAb is a large 
150-kDa protein that can remain in circulation 
for 3–4 weeks while being metabolized slowly by 
the reticuloendothelial system. In contrast, a 
25-kDa monovalent fragment (scFv) has a blood 
clearance time of <10 h with primarily renal 
excretion in 2–4 h. The Fv fragment, consisting 
only of the VH and VL domains, is the smallest 
immunoglobulin fragment available that carries 
the whole antigen-binding site. However, scFvs 
have never fared well in the clinic, despite their 
small size (25 kDa), because of their poor tumor 
retention. Molecules with molecular weights 
above >70 kDa (the glomerular filtration thresh-
old) remain in circulation much longer than 
smaller more rapidly eliminated molecules.

The development of smaller, antigen-binding 
antibody fragments, derived from conventional 

antibodies or produced recombinantly, has been 
growing at a fast pace. Antibody fragments can 
be used on their own or linked to other molecules 
to generate numerous possibilities for bispecific, 
multi-specific, multimeric, or multifunctional 
molecules, and to achieve a variety of biological 
effects. They offer several advantages over full- 
length monoclonal antibodies, particularly a 
lower cost, and because of their small size they 
can penetrate tissues, access challenging epit-
opes, and have potentially reduced immunoge-
nicity [283].

14.4.3.2  Immuno-PET and SPECT
In the early 1980s clinical nuclear imaging stud-
ies provided the proof of principle that tumor 
lesions could be imaged using radiolabeled 
mAbs. FDA approved four radiolabeled (with 
111In or 99mTc) mAbs for diagnostic imaging 
studies. However, the diagnostic accuracy of 
these antibody-based scans was limited due to 
poor resolution of the Anger gamma cameras at 
that time. In addition, with the introduction of 
FDG- PET and PET/CT, antibody-based imag-
ing for staging and restaging of cancer patients 
became obsolete [284]. With the availability of 
relatively long half-life positron emitters (124I, 
T1/2 = 4.2 d, and 89Zr, T1/2 = 3.266 d), a revival of 
imaging with radiolabeled antibodies based on 
PET imaging has taken place. By combining the 
sensitivity of PET imaging and the specificity of 
antibodies, immuno-PET imaging has become a 
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promising tool for monitoring the heterogeneity 
of specific gene expression and predicting the 
efficacy of RIT. 111In-labeled mAbs are still use-
ful for the initial development work based on 
SPECT imaging but, the lack of absolute quan-
titation with SPECT does not support clinical 
utility for dosimetry studies and to monitor 
response to RIT.

89Zr for ImmunoPET
The cyclotron production of 89Zr was first 
reported in 1990 [285]. 89Zr half-life is quite 
appropriate to study antibody biodistribution and 
in the same range as the therapeutic radiometals 
such as 90Y and 177Lu. Several radiometals have 
been investigated for long-duration PET studies, 
including 64Cu, 86Y, and 66Ga, although 89Zr best 
fulfills many of the desired properties with its 
3.27-d half-life and 23% positron emission. In 
addition, other favorable physical properties 
include minimal contamination from the 909-
keV prompt γ-photons within the 511-keV PET 
energy window, as well as superior spatial resolu-
tion compared with many other positron-emitting 
isotopes as a result of the relatively low excess 
decay energy (Emean = 396 keV).

In 2003, 89Zr-labeled antibodies were intro-
duced as chemical and biological surrogates for 
immunoPET studies to assess the biodistribution 
of 90Y- and 177Lu-labeled antibodies [286, 287]. 
The first human study was published in 2006 
with 89Zr-labeled chimeric mAb U36 in patients 
with squamous head and neck cancers [288]. 
89Zr-PET imaging localized cervical lymph node 
metastasis with a high accuracy (93%). It has 
been shown that radiation doses of RIT with 
90Y-ibritumomab tiuxetan (Zevalin) can be pre-
dicted by immuno-PET with 89Zr-ibritumomab 
tiuxetan  [289, 290] and other 90Y- and 
177Lu-labeled mAbs [291]. In the last 15 years, a 
number of studies have been conducted to inves-
tigate the feasibility of 89Zr immuno-PET imag-
ing for predicting the efficacy of RIT and 
antibody therapies, imaging target expression, 
detecting target-expressing tumors, and the mon-
itoring of anti-cancer chemotherapies. Many 
FDA-approved mAbs for immunotherapy (such 
as trastuzumab, bevacizumab, cetuximab, and 
rituximab) have been labeled with 89Zr (Table 
19.7) and were evaluated as radiopharmaceuti-
cals for immunoPET [292, 293]. PET/CT scan of 
89Zr-trastuzumab is shown in Fig.  14.43. 111In- 

a b

Fig. 14.43 89Zr-trastuzumab PET/CT scan in a patient with 
human epidermal growth factor receptor 2–positive meta-
static breast cancer 4 days after injection of 89Zr-trastuzumab 
(37 MBq in 50 mg antibody). (a) The scan showing 89Zr 
activity in circulation, uptake in intrahepatic metastases, and 

intestinal excretion. (b) Transverse plane of fused PET/CT 
of chest showing tracer uptake in cervical lymph node. (c) 
Transverse plane showing tracer uptake in metastasis (left 
side) in T7. (d) Transverse plane showing tracer uptake in 
liver metastases (Figure from [269])
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c d

Fig. 14.43 (continued)

Fig. 14.44 89Zr-IAB2M-PET imaging in mCRPC. 
Targeting with IAB2M (minibody fragment from J591 
mAb). Comparison with Bone scan and FDG-PET. 

89Zr-IAB2M scan shows more lesions than bone scan or 
FDG-PET (From [270])

and 177Lu-labeled huJ591 (anti-PSMA) mAb 
imaging studies showed excellent targeting of 
PSMA expression in mCRPC [294, 295]. 
However,  the 89Zr-IAB2M minibody (derived 

from J591 mAb) detected more lesions than bone 
scan and FDG-PET (Fig.  14.44). Immuno-PET 
using 89Zr has the advantage of a high resolution 
and high specificity but, compared to 18F-labeled 
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radiotracers, patients generally receive higher 
radiation dose from 89Zr-mAb PET (~20–40 mSv 
for 37–74 MBq) [293].

124I for ImmunoPET
Based on the long half-life and physical proper-
ties of the positron-emitting isotope of iodine, 124I 
may be used for both imaging (positron) as well 
as for 131I dosimetry. The relatively low percent-
age of high-energy positrons (22.7%) and a high 
percentage of cascade gamma photons in the 
background compared to the conventional PET 
isotopes make imaging with 124I technically chal-
lenging. However, optimizing image acquisition 
parameters and appropriate corrections within 
the image reconstruction process improve the 
image quality [296].

I-124 is an attractive radionuclide for the devel-
opment of mAbs for immunoPET. In 2007, 
124I-gerentuximab (anticarbonic anhydrase IX chi-
meric G250 mAb) PET clearly detected clear cell 
renal cancer [297]. This study indicated that 
immuno-PET/CT might be helpful in clinical 
decision-making and may aid in the surgical man-
agement of small renal masses scheduled for par-
tial nephrectomy. These promising results formed 
the basis for a multicenter phase III registration 
trial in 226 patients [298]. 124I-huA33 mAb-PET 
images in a patient with colorectal cancer also 
showed excellent localization of lesions in the 
liver, two days post administration of the radiola-
beled antibody (360 MBq/10  mg mAb) [299]. 
These early studies documented that immunoPET 
with 124I can provide the tissue concentration and 
pharmacokinetics of radiolabeled antibodies. 
124I-labeled Trastuzumab, huA33, and cG250 have 
shown promise in human clinical trials but, there is 
no FDA-approved 124I-labeled mAb. The major 
disadvantage of 124I PET scans are poor resolution 
of images  due to the high energy of positrons, 
and in vivo dehalogenation of 124I-labeled proteins 
[296].

ImmunoPET: Applications
The concept of immunoPET was originally meant 
to describe PET imaging of radiolabeled intact full-
length mAbs. However, immunoPET now includes 
radiolabeled antibody fragments or mimetics as 

targeting vectors. A variety of radionuclides and 
mAbs have been used to develop molecular imag-
ing probes for immunoPET (Table 14.8). The clini-
cal application of immunoPET imaging has 
increased our understanding of tumor heterogene-
ity and refined clinical disease management, and 
includes the following applications [292]:

• To facilitate better management of cancer 
patients since it has the potential to provide 
excellent specificity and sensitivity in detect-
ing primary tumors.

• To detect lymph node and distant metastases.
• Following immunoPET imaging, patients 

with positive findings can be selected for 
 subsequent therapies (e.g., antibody therapy 
and antibody-based RIT), whereas patients 
with negative or heterogeneous findings may 
need multidisciplinary treatments.

• As a theranostic companion, immunoPET can 
provide radiation dosimetry prior to adminis-
tering the therapeutic radiopharmaceuticals.

• immunoPET imaging is useful for improved 
triage during early disease stages and to facili-
tate image-guided surgery.

• The information provided by immunoPET will 
significantly enhance the existing diagnostic 
methods for better tumor characterization. One 
can envision that tumors may be classified not 
only according to their origins and mutation 
status but also according to the expression of 
specific tumor antigens in the future.

14.4.3.3  Molecular Imaging 
for Cancer Immunotherapy

The recent success of cancer immunotherapy 
especially with the checkpoint inhibitors has 
renewed interest in the development of molecular 
imaging of immune system and tumor microenvi-
ronment. A variety of biomarkers that predict 
tumor response to immunotherapy have been 
evaluated, including the expression levels of the 
programmed cell death protein 1 (PD-1) or its 
ligand (PD-L1). The expression of these two 
immune markers is dynamic and depends on 
prior therapies [300].

The immune system maintains a delicate bal-
ance between eradicating infection/cancers and 
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Radiolabeled antibodya Target Targeting vector Cancer types
89Zr-Df-cetuximab EGFR mAb Solid tumors
89Zr-Panitumumab EGFR mAb Colorectal cancer
89Zr-Df-trastuzumab HER2 mAb Breast cancer, esophagogastric adenocarcinoma 

(EGA)
64Cu-DOTA- 
trastuzumab

HER2 mAb BC

89Zr-Df-pertuzumab HER2 mAb BC
124I-trastuzumab HER2 mAb Gastric cancer, gastro-esophageal cancer
64Cu-DOTA- 
patritumab

HER3 mAb Solid tumors

89Zr-GSK2849330 HER3 mAb Solid tumors
89Zr-lumertuzumab HER3 mAb Solid tumors
89Zr-Df-bevacizumab VEGF mAb Solid tumors
124I-huA33 A33 mAb Colorectal cancer
89Zr-cmAb U36 CD44v6 mAb Squamous cell carcinoma of the head and neck 

(HNSCC)
89Zr-RG7356 CD44 mAb Solid tumors
89Zr-rituximab CD20 mAb Lymphoma
89Zr-DFO-5B1 CA19.9 mAb Pancreatic cancer
89Zr-huJ591 PSMA mAb Prostate cancer
89Zr-girentuximab CAIX mAb Renal cell carcinoma
124I-cG250 CAIX mAb Renal cell carcinoma
89Zr-DFO- 
MSTP2109A

STEAP1 mAb Prostate cancer

89Zr-fresolimumab TGF-β mAb Glioma
68Ga-ABY-025 HER2 Affibody Breast cancer
68Ga-HER2-nanobody HER2 Nanobody Breast cancer
89Zr-IAB2M PSMA minibody Prostate cancer
68Ga-IMP288 CEA BsAb Medullary thyroid cancer
89Zr-AMG 211 CEA/CD3 BiTE Gastrointestinal adenocarcinoma
89Zr-Df-IAB22M2C CD8 Minibody Solid tumors
89Zr-atezolizumab
111In-atezolizumab

PD-L1 mAb Non-small cell lung cancer (NSCLC), Bladder 
cancer, Triple negative breast cancer (TNBC)

18F-BMS-986192 PD1 Adnectin 
(monobody

Lung cancer

89Zr-Nivolumab PD1 mAb Lung cancer
a Table modified from Wei et al. [292]

Table 14.8 Radiolabeled mAbs and fragments as molecular imaging probes for Immuno-PET

maintaining self-tolerance, in part by the expres-
sion of immune checkpoints that control immune 
response. One major checkpoint inhibitor path-
way is the PD-1 pathway. PD-1 is a negative 
costimulatory receptor expressed on the surface 
of activated T and B cells. PD-L1 is a surface gly-
coprotein ligand for PD-1 that facilitates immu-
nosuppression on both, antigen-presenting cells 
and human cancers. PD-L1 downregulates T-cell 
activation and cytokine secretion by binding to 
PD-1. Tumors exploit these checkpoint pathways 

by expressing coinhibitory proteins to evade anti-
tumor immune responses. Elevated PD-L1 
expression is correlated with poor prognosis in 
some cancers, which suggests that PD-L1 upreg-
ulation is a mechanism for tumor immune eva-
sion. PET and SPECT imaging with radiolabeled 
probes targeting PD-1 and PD-L1 can provide 
in  vivo, real-time, and noninvasive imaging of 
tumor biomarker expression and immune 
responses to novel therapies, and in addition, 
may also help to overcome some of the chal-
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lenges of tumor biopsies. The FDA has approved 
several mAbs blocking the PD-1/PD-L1 interac-
tion. These agents include PD-1 inhibitors 
nivolumab, pembrolizumab, and cemiplimab, 
and PD-L1 inhibitors atezolizumab, avelumab, 
and durvalumab. Given the clinical success of 
PD-1 and PD-L1 inhibition for the treatment of 
advanced cancers, many radioligand imaging 
studies have targeted this receptor/ligand pair by 
radiolabeling PD-1 or PD-L1 antibodies.

89Zr-atezolizumab
In patients with locally advanced or metastatic 
bladder cancer, NSCLC, or triple-negative breast 
cancer, PET/CT imaging was performed with 
89Zr-atezolizumab prior to treatment with atezoli-
zumab [301]. Uptake of the radiotracer was noted 
in the bone marrow, spleen, and tumors. 
Importantly, heterogeneity in uptake was 
observed intratumorally in large tumors as well 
as in different metastatic lesions in the same 
patient, supporting the notion of tumor biomarker 

heterogeneity and demonstrating the power of 
PET molecular imaging to visualize real-time 
biomarker expression. Furthermore, on a per- 
lesion level, the baseline uptake on PD-L1 PET 
imaging was correlated with lesions demonstrat-
ing the best response to anti-PD-L1 immunother-
apy. Compared with biopsy samples for PD-L1 
IHC and RNA sequencing, 89Zr-atezolizumab 
uptake was more strongly related to response, 
progression-free survival, and overall survival. 
These preliminary studies demonstrate the power 
of molecular immunoPET imaging to potentially 
personalize a patient’s therapeutic regimen based 
on targeted biomarker expression [300, 301].

18F-BMS-986192 and 89Zr-Nivolumab
In patients with advanced NSCLC, PET/CT 
imaging was performed with 18F-BMS-986192 
(adnectin, ~10 kDa and specific for PD L-1) and 
89Zr-Nivolumab (anti-PD-1 mAb), prior to treat-
ment with nivolumab (Fig. 14.45). Tracer uptake 
was heterogeneous both between patients, as well 

Fig. 14.45 FDG PET (225 MBq) scan demonstrates high 
glucose metabolism of tumors in both lungs and mediasti-
nal lymph nodes. 18F-BMS-986192 PET (146 MBq) scan 
at 1 h and 89Zr-labeled Nivolumab PET (37.1 MBq) at 162 
h post injection. Both immunoPET scans demonstrate het-

erogeneous tracer uptake within and between tumors. 
BMS-986192 is an adnectin, ~10 kDa, and specific for PD 
L-1 and nivolumab is an anti-PD-1 mAb). (Figure modi-
fied from [271])
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as within patients between different tumor 
lesions. 18F-BMS-986192 identified more lesions 
and uptake in tumor lesions (SUVpeak), correlated 
with tumor PD-L1 expression, measured by IHC. 
89Zr-nivolumab uptake correlated with PD-1 pos-
itive tumor-infiltrating immune cells. They also 
demonstrated a correlation between tumor tracer 
uptake and response to nivolumab treatment for 
both tracers. These first in human studies suggest 
that 18F-BMS-986192 and 89Zr-nivolumab 
PET-CT may be useful imaging biomarkers to 
noninvasively evaluate PD-1 and PD-L1 expres-
sion [271, 302]

The clinical studies with radiolabeled antibod-
ies and antibody fragments are extremely limited 
but clearly demonstrated that immuno-PET pro-
vides high-resolution images needed for diagnosis 
and treatment assessment. More research and 
extensive imaging clinical trials are needed to 
refine immuno-PET for the diagnosis of cancers 
and assessment of response to therapy. ImmunoPET 
studies will be essential for the assessment of target 
antigen expression and identification of right 
patient for a specific RIT clinical trial.
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The brain is the last and grandest biological fron-
tier, the most complex thing we have yet discovered 
in our universe. It contains hundreds of billions of 
cells interlinked through trillions of connections. 
The brain boggles the mind. (James D. Watson)

15.1  Neuroscience

15.1.1  The Nervous System

The nervous system is traditionally divided into 
central and peripheral components. The central 
nervous system (CNS) comprises the brain (cere-
brum, cerebellum, and brain stem) and spinal 
cord. The peripheral nervous system (PNS) 
includes sensory neurons and motor neurons, 
which connect CNS to sensory receptors and 
muscles, and glands, respectively. In the PNS, the 
somatic division innervates the skeletal muscles, 
while the autonomic (sympathetic and parasym-
pathetic) division innervates smooth muscles, 
cardiac muscle, and glands. In the PNS, ganglia 
are accumulations of nerve cell bodies and their 
supporting cells, while nerves are bundles of 
nerve cell axons and their supporting cells.

15.1.2  Nerve Cells

The cells of the nervous system can be divided 
into two broad categories: nerve cells or neu-

rons, and a variety of supporting cells, which 
consist mostly of neuroglial cells—referred to 
simply as glial cells or glia (from the Greek 
word meaning glue).

The structure of neurons (Fig. 15.1) in many 
respects resembles that of most other cells in the 
body. The neuron has a cell body (containing a 
nucleus, mitochondria, etc.) and specialized 
extensions (for intercellular communication and 
signaling), known as dendrites and axon. 
Dendritic branches or processes are specialized 
for receiving information from other cells, while 
the axon is designed for signal conduction. Since 
the fundamental purpose of neurons is to inte-
grate information from other neurons, the num-
ber of inputs received by each neuron in the 
human nervous system ranges from 1 to approxi-
mately 100,000. Some neurons transmit locally, 
while others may carry signals several feet away 
from the cell body.

The glial cells are quite different from neurons; 
they do not participate directly in electrical sig-
naling. Also, there may be three times more glial 
cells than neurons, and these cells are usually 
smaller and lack dendrites and axons. The main 
role played by glia includes maintaining the ionic 
milieu of nerve cells, modulating the rate of nerve 
signal propagation/synaptic action, and aiding in 
the recovery from neural injury. The three types of 
glia are astrocytes, oligodendrocytes, and microg-
lia. Astrocytes maintain the appropriate chemical 
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Fig. 15.1 The structure of a neuron with a cell body, den-
drites, and the axon. The nerve signals transmitted along 
the axon trigger the release of neurotransmitter molecules 

into the synapse, the point of contact between two neurons 
or between a neuron and a target cell. (Modified from 
image at WordPress.com weblog)

environment for neuronal signaling. 
Oligodendrocytes provide a wrapping (myelin) 
around some axons to increase the speed of signal 
conduction. Microglia, derived from hematopoi-
etic stem cells, are similar in some ways to macro-
phages and help repair neural damage.

Neurons are organized into ensembles called 
circuits that process specific kinds of information. 

Neurons that carry information towards the CNS 
are called afferent neurons, while the neurons that 
carry information away from the CNS, are called 
efferent neurons. Neurons that participate only in 
the local circuits are called interneurons. Sensory 
circuits provide information about the internal and 
external environment, while motor circuits respond 
to sensory inputs by generating movement.
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15.1.3  The Human Brain

The CNS includes the brain and the spinal cord. 
The human brain (Fig. 15.2) consists of approxi-
mately 10,000 different types of neurons and a 
total of 100 billion neurons, and the adult brain 
weighs nearly 1400  g. The brain is subdivided 
into three main regions: the forebrain, midbrain, 
and hind brain. Collectively, the midbrain and 
hind brain are called the brain stem. The hind-
brain has three principal subdivisions: the 
medulla oblongata, the cerebellum, and the pons. 
The hindbrain tends to pass information to and 
receive controlling signals from the midbrain, 
which is itself controlled by the forebrain. The 
midbrain receives and processes sensory infor-
mation and distributes it to different parts of the 
forebrain for further processing. The forebrain 
integrates sensory information of various kinds 
and formulates motor commands that are exe-
cuted by other parts of the CNS.

The forebrain is subdivided into the dienceph-
alon (thalamus and hypothalamus) and telen-
cephalon (the cerebrum and basal ganglia). The 
thalamus is a sensory relay station that distributes 
sensory information to appropriate regions in the 

cerebral cortex, while the hypothalamus main-
tains homeostasis. The cerebral cortex is the 
outer layer of the cerebrum (the two cerebral 
hemispheres), which contains most of the neu-
rons and occupies a large, convoluted surface 
area. The ridges are known as gyri and the valleys 
are called sulci or fissures. The cerebral cortex is 
involved in the complex processing of sensory 
information to form perceptions, in the planning 
and initiation of movements, and in associative 
learning and higher cognition.

Each cerebral hemisphere is conventionally 
divided into four lobes: the frontal, parietal, tem-
poral, and occipital lobes. In addition to their role 
in primary and sensory processing, each lobe has 
characteristic cognitive functions (Fig. 15.3). The 
frontal lobe is critical in planning behavior, the 
parietal lobe in attending to important stimuli, the 
temporal lobe in recognizing objects and faces, 
and the occipital lobe in a variety of visual analy-
ses. The hippocampus, a highly specialized corti-
cal structure that is folded into the medial 
temporal lobe, plays a major role in memory.

When the brain is dissected, sectioned, or 
observed with noninvasive imaging techniques 
(CT, MRI, PET, SPECT), many deeper structures 
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Fig. 15.2 The human brain showing the main lobes and major blood vessels
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10. Equilibrium

9. Memory

8. Auditory

7. Vision

6. Language comprehension

5. Sensation

4. Voluntary movement

3. Motor and speech production

2. Voluntary eye movement

1. Higher intellect
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7.
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Fig. 15.3 The human brain showing the specific cortical areas associated with major functions

are apparent. Most of the cerebral cortex is made 
up of six layers and is referred to as neocortex. 
The gray matter refers to the cortex, whether 
cerebral, cerebellar, or hippocampal, and is 
mainly made up of neuronal cell bodies, their 
dendrites, the axon terminals, and glia. The white 
matter makes up a large part of the subcortical 
tissue consisting mostly of axons entering or 
leaving the cortex. Among the internal structures, 
the basal ganglia play a major role in the organi-
zation and guidance of complex motor functions. 
The basal ganglia include the striatum (the cau-
date and the putamen) and the globus pallidus. 
Another important nucleus (collection of neu-
rons) is the amygdala, which plays an important 
role in the emotional behavior.

The different parts of the cerebral hemispheres 
are interconnected by three large bundles of 
axons: the corpus callosum, anterior commis-
sure, and fornix. The ventricular system in the 
CNS is a series of interconnected, fluid-filled 
spaces in the core of the forebrain and brain stem. 
The cerebrospinal fluid (CSF), produced by the 
choroid plexus, a network of specialized secre-
tory tissue in the lateral, third, and fourth ventri-
cles, percolates through the ventricular system 
into the subarachnoid space, which helps cush-
ion the brain within the cranial cavity.

15.1.3.1  The Blood-Brain Barrier
The brain receives blood from two sources: the 
internal carotid arteries (ICA) and the vertebral 
arteries (VA). Many branches arising from ICA 
and VA supply blood to the brain and all the inter-
nal structures.

The blood supply of the brain is particularly 
significant because neurons are very sensitive to 
oxygen deprivation. The brain, more than any 
other organ, must be carefully shielded from toxic 
molecules and ionic species that would adversely 
affect the neuronal function. The interface 
between the walls of capillaries and the surround-
ing tissue is very important for the transport of 
various molecules and nutrients from the blood 
into the cells. In the brain, this interface has been 
given the special name, blood-brain barrier 
(BBB), since it protects and maintains homeosta-
sis. Unlike in many other tissues, the adjacent 
capillary endothelial cells in the brain have very 
tight junctions, permitting the transport of mole-
cules and ions, which can only move through the 
walls of the endothelial cell membranes. In addi-
tion to the tight junctions, the terminal regions of 
the astrocytic processes surround the outside of 
the capillary endothelial cells. As a result, only the 
neutral molecules that are lipid soluble (lipo-
philic) and molecules needed for cellular metabo-
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lism (such as glucose) that can be transported by 
facilitated diffusion are permitted to enter the 
brain tissue. Therefore, BBB presents a signifi-
cant challenge in the development of molecular 
imaging probes to assess brain function (Chap. 9).

15.1.4  Neural Signaling

Neurons have evolved as a sophisticated means of 
generating electrical signals to convey information 
over long distances and transmit the signal to other 
cells. Ion pumps and ion channels on the cell 
membrane create substantial transmembrane gra-
dients for most ions and are responsible for ionic 
movements across the cell membrane. In general, 
there are many more K+ inside the neuron than 
outside, and many more Na+ outside the neuron 
than inside. As a result, generally, neurons gener-
ate a negative potential called the resting mem-
brane potential (RMP), which is typically a 
fraction of a volt, −40 to −90 mV. An increase in 
the external K+ concentration makes the RMP 
more positive. Action potentials represent tran-
sient changes in the RMP of neurons. An action 
potential (AP) is generated when a transient rise in 
Na+ permeability allows a net flow of Na+ across 
the membrane. As a result, the Na+ is much more 
inside the neuron than outside. This influx of Na+ 
represents passing an electrical current across 
the  membrane. Depolarization occurs when the 
membrane potential is more positive than the 
RMP. The brief period of depolarization is quickly 
followed by an increase in K+ permeability that 
repolarizes the membrane and produces a brief 
undershoot of the AP.  The membrane potential 
soon returns to the RMP. It is important to recog-
nize that the membrane is depolarized in an all-or-
none fashion. APs are propagated along the length 
of the axons and are the fundamental electrical 
signals of neurons.

15.1.5  Synaptic Transmission

The point at which a signal or activity is transmit-
ted from one nerve cell to another, or from a 

motor neuron to a muscle cell, is called a syn-
apse. Synapses are classified into two general 
groups: electrical synapses and chemical syn-
apses. In both types, the input cell, called the pre-
synaptic cell, comes into contact with the output 
cell, called the postsynaptic cell.

In an electrical synapse, the membranes of 
the two communicating neurons are usually 
close together and are linked by a special kind 
of intercellular contact called a gap junction, 
which contains precisely aligned paired chan-
nels in the membrane of each neuron. The pores 
of the channels connect to one another allowing 
the exchange of ions and small molecules (such 
as ATP and second messengers). The gap junc-
tion permits the current to flow passively from 
the presynaptic neuron and initiates or inhibits 
the generation of a postsynaptic membrane 
potential. Hormone- secreting neurons within 
the hypothalamus communicate through gap 
junctions.

15.1.5.1  Chemical Synapses
A generalized structure of a chemical synapse is 
shown in Fig. 15.1. The separation between the 
presynaptic and postsynaptic neurons is called 
the synaptic cleft. Transmission between the two 
neurons is on the basis of special molecules 
called neurotransmitters. The sequence of events 
involved in the chemical neurotransmission at a 
synapse is as follows:

• In the presynaptic neuron, the neurotransmit-
ter molecules are synthesized and stored in the 
vesicles.

• An action potential reaching the presynaptic 
neuron terminal causes the opening of voltage 
gated Ca2+ channels.

• The influx of Ca2+ causes vesicles to fuse with 
presynaptic membrane.

• The neurotransmitter molecules are released 
into the synaptic cleft via exocytosis.

• The transmitter binds to specific receptors on 
the membrane of a postsynaptic neuron lead-
ing to (a) change in ionic permeability of post-
synaptic neuron or (b) an intracellular release 
or production of a second messenger, which in 
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turn interacts directly or indirectly with an ion 
channel, causing it to open or close.

• The postsynaptic current generated by the 
change in permeability of ions changes the 
membrane potential.

• The potential changes that increase the prob-
ability of firing an action potential are called 
excitatory, whereas those that decrease the 
probability of firing an action potential are 
called inhibitory.

15.1.6  Neurotransmitters 
and Receptors

Neurotransmitters are chemical signaling mole-
cules released into the synaptic cleft from the pre-
synaptic nerve terminal. The three major criteria 
that define a substance as a neurotransmitter are:

 1. The transmitter must be present within the 
presynaptic neuron.

 2. The substance must be released in response to 
presynaptic depolarization, which must occur 
in a Ca2+-dependent manner.

 3. Specific receptors for the substance must be 
present on the postsynaptic cell.

In contrast to neurotransmitters, certain hormones 
typically influence target cells far removed from 
the hormone-secreting cells. This “action at a dis-
tance” is achieved by the release of hormones into 
the blood stream. Certain molecules such as vaso-
pressin, oxytocin, and some other peptides may 
act as neurotransmitters in the brain but, as hor-
mones in a different part of the body.

In general, neurotransmitters can be classified 
into two broad categories: small molecule neu-
rotransmitters and neuropeptides. The small mol-
ecule neurotransmitters (Fig.  15.4) can be 
subdivided into acetylcholine, the amino acids 
(glutamate, aspartate, GABA, glycine), and the 
biogenic amines (dopamine, norepinephrine, epi-
nephrine, serotonin, histamine). Neuropeptides 
are relatively large molecules composed of 3–36 
amino acids. The peptide neurotransmitters may 
contain any different combinations of polar, 
hydrophobic, acidic, or basic amino acids.

The small molecule neurotransmitters are syn-
thesized in the presynaptic nerve terminals. The 

Glutamate Aspartate Glycine GABA

Acetylcholine

Dopamine Norepinephrine Epinephrine

Serotonin Histamine

H3N
+

H3N
+

H3N
+

H3N
+

(H3C)3N
+

COO–
COO–

COO–

COO–

COOH

COOHCH2

CH2 CH2

CH2 CH2

CH3

CH3

H2

H2

H2

H2

C

C C CO

O

C
CH

HO HO

HO

HO

HOHO

HO

HN N
N

H

H2 H2
H2 H2

H

H H H

H H H

HHH

C C

C C CC

C

OH

C C C
+
NH3

+
NH3

+
NH3

+
NH3

+
NH2

CH

Fig. 15.4 The neurotransmitters can be chemically classified into three groups: amino acids, acetylcholine, and bio-
genic amines

15 Molecular Imaging in Neurology



381

Acetyl CoA

Tyrosine dihydroxyphenylalanine (DOPA)

Choline Acetylcholine Acetate +

Dopamine

Epinephrine

Serotonin

Dopamine

Tryptophan

Glutamine

Norepinephrine

5-Hydroxytryptophan

Glutamate

g-aminobutyric acid (GABA)

Glycine

Glutamate

Glucose Serine
serine transhydroxymethylase

Glutamine

Choline
choline acetyltransferase

tyrosine hydroxylase

dopamine b-decarboxylase

tryptophan 5-hydroxylase

glutaminase

glutamic acid decarboxylase

phenyethanolamine N-methyltransferase

Aromatic L-amino acid decarboxylase

glutamine synthetase

DOPA decarboxylase

acetylcholinesterase
+

Fig. 15.5 The enzyme mediated synthesis of neurotransmitters in vivo

precursor molecules are taken up by the nerve 
terminals by specific transporters. Following 
enzyme mediated synthesis (Fig. 15.5), the free 
neurotransmitter molecules are loaded into syn-
aptic vesicles by specific vesicular membrane 
transport proteins. Following release of neu-
rotransmitters into the synaptic cleft, they may 
bind to specific neuroreceptors on the membrane 
of the postsynaptic neuron. The transmitters may 
also be enzymatically degraded quickly or trans-
ported back (reuptake) into the presynaptic neu-
ron by specific reuptake transporters.

Neuroreceptors are protein molecules embed-
ded in the plasma membrane of the postsynaptic 
neuron. These receptors act as on and off switches 
for the receptor function. Each receptor has a dis-
tinctly shaped part that selectively recognizes a 
particular chemical messenger. A neurotransmit-
ter fits into this region in much the same way as a 
key fits into a lock. When the transmitter is in 
place, this alters the neuron’s outer membrane 
potential (excitability) by opening or closing the 
ion channels and triggers a change, such as the 
contraction of a muscle or increased activity of 
an enzyme in the cell.

Two broadly different families of receptors are 
involved in neurotransmitter-receptor interaction. 
(a) The ligand-gated ion channels combine the 
receptor site and ion channel into one molecular 
entity and, therefore, give rise to rapid postsynaptic 
changes in the membrane potential. (b) 

Metabotropic receptors, on the other hand, regulate 
the activity of ion channels indirectly via G-proteins 
and induce a slower, longer-lasting electrical 
response. These receptors may activate intracellu-
lar effector enzymes that modulate the phosphory-
lation of target proteins and/or gene transcription.

For each neurotransmitter, there may be more 
than one structurally and pharmacologically dis-
tinct receptor subtype (Table  15.1) that can be 
expressed on the membrane of a postsynaptic 
neuron depending on its exact location in the spe-
cific area of the brain. For example, dopamine has 
five receptor subtypes, while serotonin has 14 
5-HT receptor subtypes [1]. Following binding of 
a neurotransmitter to a specific receptor or recep-
tor subtype, the postsynaptic response, at a given 
synapse, is, therefore, dictated by the combination 
of receptor subtypes, G-protein subtypes, and ion 
channels that are expressed in a particular post-
synaptic neuron. The second messengers are mol-
ecules that trigger the biochemical communication 
within cells, after the action of neurotransmitters 
at their specific receptors, and these intracellular 
effects may be responsible for long-term changes 
in the nervous system. These messengers convey 
the chemical message of a neurotransmitter (the 
first messenger) from the cell membrane to the 
cell’s internal biochemical machinery. The effects 
of the second messenger may last for a few milli-
seconds to many minutes.
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Table 15.1 Properties of some of the major neurotransmitters

Neurotransmitter
Receptors and 
subtypes

Postsynaptic 
effect Specific role or functions

Acetylcholine (Ach) Nicotinic, 
Muscarinic

Excitatory Involved in muscle contraction, heartbeat, memory, 
sleep, and normal attention

Glutamate NMDA Excitatory Learning and memory
Aspartate NMDA Excitatory
GABA GABA Inhibitory Mood, Coordinate movement
Dopamine D1–D5 Excitatory Regulate movement and endocrine function. 

Specific role in cognition and emotion
Norepinephrine or 
Noradrenaline

α1,α2, β1–3 Excitatory Regulate heart rate and blood pressure, learning 
and memory

Serotonin or 5-HT 5-HT1A, 5-HT2A Excitatory Sleep, mood, depression, anxiety
Enkephalin, Endorphin δ and μ opioid 

receptors
Inhibitory Minimize pain, induce sleep, enhance adaptive 

behavior

Knowledge of the role neurotransmitters play 
in the brain and the effect of drugs on receptor 
molecules are two of the most frequently studied 
areas in neuroscience. Armed with this informa-
tion, scientists hope to understand the circuits 
responsible for disorders, such as Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), depression, 
and drug addiction. Sorting out the various chemi-
cal circuits involved in neuropsychiatric diseases 
is vital to understanding how the brain functions 
under normal physiological conditions and altered 
pathophysiological states. Radioisotope-based 
molecular imaging probes provide the highest 
specificity and sensitivity needed to study and 
noninvasively image the neuroreceptor interaction 
within the human brain.

15.2  Neurodegenerative Diseases

Neurodegenerative disorders (NDs) result from 
the gradual and progressive loss of neural cells, 
leading to nervous system dysfunction [2]. Many 
NDs including Alzheimer’s disease (AD), 
Parkinson’s disease (PD), multiple sclerosis 
(MS), amyotrophic lateral sclerosis (ALS), and 
Huntington’s disease (HD) occur because of neu-
rodegenerative processes. While the term “neuro-
degenerative” implies that it is the loss of neurons 
that causes the disease, it is possible that the neu-
ronal demise is merely the final stage of a preced-
ing period of neuron dysfunction. NDs clinical 
syndromes are often categorized by whether they 

initially affect cognition, movement, strength, 
coordination, sensation, or autonomic control. 
However, NDs are defined as disorders showing 
distinct anatomical distribution and, as a result, 
different clinical phenotypes. For example, AD is 
characterized by the loss of neurons and synapses 
in the cerebral cortex and certain subcortical 
regions resulting in gross atrophy of the affected 
regions; PD results from the death of dopamine- 
generating cells in the substantia nigra, a region 
of the midbrain. In HD, loss of medium spiny 
neurons occurs mainly in the striatum (basal gan-
glia), but also in the frontal and temporal corti-
ces. Although progressive neuronal loss is a 
hallmark of NDs, some neurological impairment 
may reflect neuron dysfunction rather than loss 
of neurons [3]. A spectrum of immunohistochem-
ically detectable proteins deposited in the central 
nervous system (CNS) serve as a basis for 
protein- based disease classification [4], summa-
rized in Table 15.2. Furthermore, it has become 
evident that there is considerable overlap between 
deposited proteins and pathologies. Accordingly, 
diagnostic criteria and disease staging have been 
updated [5].

Known risk factors for NDs include certain 
genetic polymorphisms and increasing age. 
Other possible causes may include gender, 
poor education, endocrine conditions, oxida-
tive stress, inflammation, stroke, hyperten-
sion, diabetes, smoking, head trauma, 
depression, infection, tumors, vitamin defi-
ciencies, immune and metabolic conditions, 
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Table 15.2 Common neurodegenerative diseases characterized by the deposition of aggregated proteins

Neurodegenerative disease Aggregated protein Location Microscopic lesion
AD Aβ Extracellular Amyloid plaque

AD Tau Intracytoplasmic (neurons) Neurofibrillary tangle
Pick’s disease Pick bodies
CBD/PSP Intracytoplasmic (neurons, 

oligodendroglia, and 
astrocytes)

Tau-positive 
inclusions

PD α-Synuclein Intracytoplasmic (neurons) Lewy bodies
DLB
AD Lewy bodies (seen in 

Lewy body variant)
MSA Intracytoplasmic 

(oligodendroglia)
Glial cytoplasmic 
inclusions

TSEs, also known as prion 
diseases, including CJD, 
GSS

PrP Extracellular Prion plaques

ALS SOD1 Intracytoplasmic (neurons) Hyaline inclusions
Huntington disease (HD) Huntington (containing 

polyglutamine repeat 
expansion)

Intranuclear (neurons) Neuronal inclusions

Spinocerebellar ataxia Ataxin (containing 
polyglutamine repeat 
expansion)

Intranuclear (neurons) Neuronal inclusions

Aβ amyloid-β, AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, CBD corticobasal degeneration, CJD 
Creutzfeldt-Jakob disease, DLB dementia with Lewy bodies, GSS Gerstmann-Sträussler-Scheinker disease, MSA mul-
tiple system atrophy, PD Parkinson’s disease, PrP protease-resistant prion protein, PSP progressive supranuclear palsy, 
SOD1 superoxide dismutase-1, TSEs transmissible spongiform encephalopathies

and chemical exposure. NDs are associated 
with several insults, such as misfolded pro-
teins, reactive oxygen and nitrogen species, 
mitochondrial-complex inhibition, calcium 
entry, excitotoxicity, trophic-factor with-
drawal, death-receptor activation, and finally, 
they trigger programmed cell death (PCD) 
also known as apoptosis). Temporal studies of 
neurodegenerative models suggest, however, 
that PCD may be a relatively late event in the 
neurodegenerative process, and that death is 
preceded by early functional alterations (e.g., 
electrophysiological deficits and cellular 
stress pathway activation) and microanatomi-
cal deficits, such as neurite retraction and syn-
apse loss [6]. These functional alterations may 
be associated with regional and focal abnor-
malities in blood flow/perfusion, glucose 
metabolism, and neuroreceptor expression. As 
mentioned earlier, most of the NDs are associ-
ated with abnormal accumulations of soluble 
and insoluble proteins (Table 15.2).

15.2.1  Dementia

Dementia is a serious loss of cognitive ability in 
a previously unimpaired person beyond what 
might be expected from normal aging. Dementia 
is a nonspecific illness syndrome in which 
affected areas of cognition might be memory, 
attention, language, and problem solving. It is 
normally required to be present for at least 
6 months to be diagnosed. Dementia that begins 
gradually and worsens progressively over several 
years is usually caused by neurodegenerative dis-
ease, that is, by conditions affecting only or pri-
marily the neurons of the brain and causing a 
gradual but irreversible loss of function of these 
cells.

Alzheimer’s disease (AD) is the most com-
mon form of dementia in persons older than 
65 years old. Many causes of dementia, as well as 
other syndromes of cognitive impairment, can 
mimic the clinical state of dementia [7]. Some of 
the major other causes of cognitive decline 
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include dementia with Lewy bodies (DLB), vas-
cular disease (VaD), frontotemporal lobar degen-
eration (FTLD), and Parkinson’s dementia (PD) 
[7]. Although it is recognized that AD and other 
causes of dementia are distinct diseases, in the 
early stages, it is difficult to differentiate between 
the onset of AD and other types of age-related 
cognitive decline.

15.2.1.1  Alzheimer’s Disease (AD)
The most common cause of decline that eventu-
ally leads to dementia and the most studied is 
AD, a disease that is present in approximately 
two thirds of cases of dementia. This incurable, 
degenerative, and terminal disease was first 
described by the German psychiatrist and neuro-
pathologist Alois Alzheimer in 1906 and was 
named after him [8]. On the basis of histopatho-
logic examination of brain tissue, Dr. Alzheimer 
described two of the hallmarks of AD, numerous 
globs of sticky proteins; β-amyloid (Aβ) plaques 
in the spaces between neurons and a tangled 

bundle of fibrils within neurons known as neuro-
fibrillary tangles (NFTs). Mild cognitive impair-
ment (MCI), also known as incipient dementia 
or isolated memory impairment, is a diagnosis 
given to individuals who have cognitive impair-
ments beyond those expected for their age and 
education but, that do not interfere significantly 
with their daily activities [9]. It is considered the 
boundary or transitional stage between normal 
aging and dementia. The most- studied type of 
MCI involves a memory problem and is called 
amnestic MCI. that is  frequently seen as a risk 
factor for AD [10]. A hypothetical timeline for 
the onset and progression of AD neurodegenera-
tion and cognitive impairments progressing from 
normal control to MCI and on to AD is shown in 
Fig. 15.6. A series of events might occur in the 
brain during many years. This gradual process, 
which results from the combination of biologi-
cal, genetic, environmental, and lifestyle factors, 
eventually sets some people on a course to MCI 
and possibly AD [11].
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Fig. 15.6 Charting the course from healthy aging to AD (NIH publication number 08-3782)
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β-Amyloid
AD is clinically, neuropathologically, and geneti-
cally heterogeneous. Depending on the stage of 
disease, the brain might appear unremarkable to 
the naked eye or might be grossly atrophic, which 
is usually symmetrical. AD affects mainly the fron-
tal, temporal, and parietal lobes with relative spar-
ing of the sensorimotor cortices and occipital lobe, 
although all cortical areas might be affected in the 
most severe cases [12]. AD is defined histologi-
cally by the presence of extracellular Aβ plaques 
and intraneuronal NFTs in the cerebral cortex. The 
senile or neuritic plaque, or Aβ is one of the signa-
ture lesions of the AD brain. These complex extra-
cellular structures range in size from 50 to 200 μm 
and are readily visualized by silver impregnation 
methods. Immunohistochemistry, however, gener-
ally reveals much more extensive pathology than 
that seen by traditional silver and other staining 
methods. The classic senile plaque consists of an 
amyloid core with a ring or crown, as seen in the 
cross section with the light microscope, and  of 
argyrophilic axonal and dendritic processes, amy-
loid fibrils, astrocytic processes, and microglial 
cells [12]. The neuritic processes of the senile 
plaque are often dystrophic and contain abnormal 
paired helical filaments made up largely of hyper-
phosphorylated tau protein. In AD, however, the 
Aβ component far outweighs the other amyloid- 
related protein components, such as NFTs, on a 
total mass basis in most brain regions [13, 14].

According to the amyloid hypothesis, the 
accumulation of Aβ in the brain is the primary 
influence driving AD pathogenesis. The rest of 
the disease process, including formation of NFT- 
containing tau protein, is proposed to result from 
an imbalance between Aβ production and Aβ 
clearance [15].

PHF-tau Protein Fibril Deposits
The second histologic signature lesion of AD is 
the NFT composed mainly of hyperphosphory-
lated forms of the microtubule-associated protein 
tau [16]. The NFT, however, is not specific to AD 
and also occurs in aging and other neurodegen-
erative diseases, such as Down syndrome, 
dementia pugilistica, and postencephalitic par-
kinsonism [12]. NFTs and Lewy bodies (com-

posed mainly of α-synuclein protein) are not 
amyloids; instead, they are defined as “close rela-
tives” of amyloids because of their predomi-
nantly intracellular or intraneuronal locations.

Tau protein belongs to a group of proteins 
referred to as microtubule-associated proteins 
(MAPs). NDDs characterized by pathological tau 
accumulation are termed “tauopathies.” AD and 
related tauopathies are histopathologically char-
acterized by slow and progressive neurodegenera-
tion, which is associated mostly with intracellular 
accumulation of tau protein leading to the so-
called neurofibrillary tangles (NFTs) and other 
inclusions containing modified tau [17].

The physiological function of tau is to bind to 
tubulin to stabilize microtubules, which is critical 
for the axonal support of neurons. Based on the 
number of tubulin-binding repeats within the pro-
tein, six tau isoforms have been identified. These 
isoforms of tau protein differ according to the 
contents of 3–4 tubulin-binding domains and vary 
in size from 352 to 441 amino acid residues. The 
phosphorylation of tau regulates its activity to 
bind to microtubules. A normal level of phosphor-
ylation is required for the optimal function of tau; 
hyperphosphorylation leads to a loss of biological 
activity. Although the underlying mechanisms 
leading to tau hyperphosphorylation, misfolding, 
and aggregation remain unclear, tau aggregation 
and deposition follow a stereotyped spatiotempo-
ral pathway at the intraneuronal level as well as in 
its topographical and neuroanatomical distribu-
tion in the brain [18, 19]. The hyperphosphory-
lated tau accumulates as paired helical filaments 
(PHF) that in turn aggregate into masses inside 
nerve cell bodies known as NFTs and as systro-
phic neurites associated with amyloid plaques. 
PHF are composed of disulfide-linked antiparallel 
hyperphosphorylated tau proteins [16]. Human 
post-mortem studies indicate that the density of 
NFTs, which are aggregates of PHF-tau, but not 
Aβ plaque deposition, correlates with neurode-
generation and cognitive impairment [20].

Neurodegeneration and neuronal dysfunction 
are caused by the binding of extracellular Aβ 
oligomers to the neuronal surface, leading to 
functional disruption of a number of receptors, 
finally culminating in dysfunction and neurode-
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generation [21]. The accumulation of hyperphos-
phorylated tau protein in neurons self-aggregates 
and forms paired helical filaments (PHF), which 
leads to the formation of intracellular NFTs, 
which ultimately block the neuronal transport 
system [21].

15.2.2  Parkinson’s Disease

PD is the prototypic movement disorder described 
almost 200 years ago by James Parkinson and is 
characterized by a constellation of motor (slow-
ness of movement, muscular rigidity, tremor, and 
postural instability) and non-motor symptoms 
(cognitive dysfunction and psychiatric features) 
that inexorably progress over time [22]. Idiopathic 
PD is the most common movement disorder 
among a spectrum of diseases with common fea-
tures but  with different causes, prognosis, and 
clinical course. Under normal circumstances, 
nerve cells in the substantia nigra communicate 
with other cells in the nearby striatum (the cau-
date nucleus and putamen) by releasing dopa-
mine at nerve terminals in that region. Many 
neurons in the substantia nigra are destroyed in 
individuals with PD causing slowed movements, 
rigidity, and tremors. The demonstration of intra-
cytoplasmic Lewy bodies is the pathological hall-
mark of PD and is necessary for a definitive 
diagnosis of PD [23, 24].

The discovery in the late 1950s that the level 
of dopamine (Fig.  15.4) was decreased in the 
brains of Parkinson’s patients was followed in the 
1960s by the successful treatment of this disorder 
by the administration of the drug l-DOPA 
(levodopa), which is converted to dopamine in 
the brain. Levodopa is now combined with 
another drug, carbidopa, that reduces the periph-
eral breakdown of levodopa, thus allowing 
greater levels to reach the brain and reducing side 
effects. The discovery in the late 1970s that the 
neurotoxin, 1-methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine (MPTP), can cause parkin-
sonism in drug addicts has stimulated intensive 
research on the causes of the disorder [25]. MPTP 
was found to be converted in the brain to a sub-
stance that destroys dopamine neurons, thus, the 

disturbance of dopamine synthesis is the hall-
mark of PD.

The diagnosis of PD is primarily made on the 
basis of clinical assessment and becomes difficult 
by the variability of the disease presentation, rate 
of progression, and response to medications. 
Morphological imaging techniques, such as CT 
and MRI, may help to exclude other diseases that 
may lead to Parkinsonism. In fact, PD and the 
secondary or atypical Parkinsonian syndromes 
(APS) of multiple system atrophy (MSA), pro-
gressive supranuclear palsy (PSP), and cortico-
basal syndrome (CBS), dementia with Lewy 
bodies (DLB) are proteinopathies which are 
characterized by aggregation of misfolded 
 proteins like alpha synuclein seen in PD and 
MSA or Tau seen in PSP and CBS.

Essential tremor (ET), drug-induced 
Parkinsonism (DIP), and other forms of non- 
dopamine deficiency etiologies (non-DDA) may 
present clinical features such as bradykinesia, 
atypical tremor, rigidity, postural instability/gait 
impairment resembling PS or PD without evi-
dence of dopaminergic deficit [26, 27]. Therefore, 
clinically uncertain Parkinsonian syndrome 
(CUPS) presents an important challenge to clini-
cians because an accurate diagnosis is required in 
order to provide patients with the appropriate 
therapies and prognosis.

15.3  Radiopharmaceuticals 
for Brain Imaging 
in Neurology

The radiopharmaceuticals for molecular imaging 
studies are based on positron-emitting radionu-
clides (11C and 18F) for PET and gamma photon- 
emitting radionuclides (123I and 99mTc) for 
SPECT. Since the physical half-life of positron- 
emitting radionuclides is relatively short (18F, 
109.8 min; 11C, 20.4 min), the manufacture and 
distribution of PET radiopharmaceuticals is 
accomplished by several hundred PET radiophar-
macies. In contrast, the distribution of SPECT 
radiopharmaceuticals (99mTc, 6 h; 123I, 13 h) has 
been well established in the last five decades. The 
unique value of 11C is not only that carbon is 
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present in virtually all biomolecules and drugs, 
which allows for isotopic labeling of their chemi-
cal structures but, also, that a given molecule can 
be radiolabeled at different functions or sites, 
thereby permitting in-vivo explorations of meta-
bolic pathways.

Among all the halogens, the fluorine atom is 
the only one that closely mimics the hydrogen 
atom in size; the van der Waals radii of fluorine 
and hydrogen are very similar, 1.35 and 1.2 Å, 
respectively. As a result, one can expect that in 
any given organic molecule, a C-F bond closely 
mimics the biological behaviour of a C-H bond. 
In addition, the fluorine atom is also the most 
electronegative of all halogens and introduces a 
polarity more akin to a hydroxyl substituent in a 
molecule. Halogen atoms in drug molecules are 
quite common and, sometimes, the halogen- 
containing drug molecules may have even 
greater affinity for a receptor or an enzyme 
in vivo than the non-halogenated molecules [28]. 
In the last three decades, a number of radiophar-
maceuticals have been developed based on 123I 
for SPECT imaging studies as well. Since 
organic molecules containing an aromatic ring 
can easily be labeled with radionuclides of 
iodine, 123I plays a major role in the development 
of SPECT radiopharmaceuticals.

The most common radiopharmaceuticals 
used for brain imaging studies are generally 
lipophilic and neutral compounds with limited 
protein binding. Initially, they should be able to 
penetrate freely through the intact blood-brain 
barrier (BBB) by simple diffusion and remain 
trapped in neuronal tissue for enough time to 
permit imaging by PET or SPECT.  The main 
factors which regulate passage across the BBB 
are ionic selectivity and lipid solubility [29]. 
Osmotic pressure and specific and non-specific 
binding to plasma proteins, cell membranes, and 
other components present in the bloodstream 
may also affect the permeability of BBB and 
brain uptake of the administered radiopharma-
ceuticals. In the absence of radiotracer binding 
to these metabolic (biological) barriers, free dif-
fusion of lipophilic, small, neutral compounds, 
occurs directly through the endothelial cells of 
the BBB [29].

The changes in electrical activity of neurons 
(excitation or inhibition) have been indirectly 
attributed to the alterations in the regional cere-
bral blood flow (rCBF) or local cerebral meta-
bolic rate for glucose (LCMRglc). The functional 
coupling of rCBF and LCMRglc has been well 
established in the normal human brain and cer-
tain neurological diseases. However, brain func-
tion is directly related to neural signaling and 
transmission of electrical activity via chemical 
and electrical synapses. In order to optimize the 
individualized patient treatment on the basis of 
targeted molecular therapies and to select appro-
priate patients for specific drugs, noninvasive 
molecular imaging techniques are needed that 
can quantitatively assess the functional status and 
the underlying neurotransmitter and/or neurore-
ceptor abnormalities associated with a specific 
neuropsychiatric disease or disorder.

The FDA-approved and investigational  radio-
pharmaceuticals specifically for brain imaging 
studies are listed in Table  15.3. These  targeted 
molecular imaging probes were designed specifi-
cally, for both diagnosis and assessment of treat-
ment response.  The potential clinical utility and 
limitations of the current FDA-approved radio-
pharmaceuticals and the new investigational drugs 
will be described briefly in this chapter. Several 
reviews recently discussed the clinical application 
of radiopharmaceuticals in neurodegenerative dis-
eases [30–35].

15.3.1  Cerebral Blood Flow 
and Perfusion

CBF has been traditionally measured quantita-
tively either as a flow rate, expressed as volume 
of blood flowing per unit of time (mL min−1) or 
as a rate of tissue perfusion, expressed as volume 
of blood flowing through a given quantity of tis-
sue per unit of time (mL min−1 100 g−1). However, 
with respect to physiologic function, perfusion 
directly relates to the supply of metabolic nutri-
ent delivery to the tissue through the capillary 
beds. While there is a tight coupling between 
blood flow and metabolism in normal conditions, 
the coupling is disturbed in pathophysiologic 
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Table 15.3 FDA-approved and investigational radiopharmaceuticals for molecular imaging of neurodegenerative dis-
eases by PET and SPECT

Brain function/mechanism Radiopharmaceutical Target
Neurodegenerative 
disease

FDA-approved radiopharmaceuticals
Blood flow [15O]Water

99mTc-HMPAO (Ceretec®)
99mTc-ECD (Neurolite®)
[123I]Iofetamine (SPECTamine)

Dementia, PD

Glucose metabolism 2-[18F]-fluoro-2-deoxy-d-glucose 
(FDG)

Hexokinase AD, MCI, FTD, PD, 
MSA, DLB

Brain amyloid burden [18F]AV-45 (florbetapir)
[18F]AV-1 (florbetaben)
[18F]-3′-F-PiB (flutemetamol)

Amyloid-β (Aβ) AD, MCI, FTD, 
DLB

Neurofibrillary tangles 
(NFTs) and aggregated 
tau (τ) proteins

[18F]AV-1451 (T807, Flortaucipir) AD

Dopaminergic system 123I-FP-CIT (DaTSCAN) Dopamine transporter 
(DaT)

Parkinsonian 
syndromes, essential 
tremor

[18F]FDOPA Aromatic l-amino acid 
decarboxylase (AAAD)

PD, essential tremor, 
DLB

Investigational radiopharmaceuticals (INDs)

Amyloid-β (Aβ) [11C]PiB
[11C]AZD2184
[18F]NAV-4694 (AZD 4694)

Amyloid-β (Aβ) AD, MCI, FTD, 
DLB

Neurofibrillary tangles 
(NFTs) and aggregated 
tau (τ) proteins

[18F]FDDNP
[18F]THK-523
[18F]THK-5105

Hyperphosphorylated tau 
as paired helical 
filaments (PHF)

AD, TBI

Neuroinflammation [11C]PK11195
[11C]PBR28
[11C]DPA713
[11C]DAA1106
[11C]SSR180575
[18F]DPA714
[18F]FEDAA1106

Peripheral 
benzodiazepine receptor 
(PBR), also known as the 
translocator protein 
(TSPO) in activated 
microglia

Dementia, MCI, PD

[11C]-l-Deuteriodeprenyl (DDP) Activated astrocytes MCI
[11C]Arachidonic acid Acyl-CoA-synthetase AD

Dopaminergic system [18F]FDOPA Aromatic l-amino acid 
decarboxylase (AAAD)

PD, essential tremor, 
DLB

[11C]β-CFT
[11C]PE2i
[18F]FP-CIT
123I-Altropane

Dopamine transporter 
(DAT)

PD, essential tremor, 
DLB

[11C]DTBZ
[18F]FP-DTBZ (AV-133)

Vesicular monoamine 
transporter (VMAT)

PD, essential tremor, 
DLB

[11C]Raclopride
[11C]FLB 457
[18F]Fallypride
123I-IBZM

Dopamine D2 receptor MSA

Cholinergic system [11C]MP4A
[11C]AMP

Acetylcholinesterase 
(AChE)

AD

[11C]Nicotine
[18F]FA
[18F]AZAN
[18]Nifene

α4β2 Nicotinic 
acetylcholine receptor 
(nAChR)

AD
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Table 15.3 (continued)

Brain function/mechanism Radiopharmaceutical Target
Neurodegenerative 
disease

Serotonergic system [11C](+)McN-5652
[11C]DASB
[11C]MDAM
123I-ADAM
123I-βCIT

Serotonin transporter 
(SERT)

[11C]WAY 100635 or [11C]WAY
[11C]DWAY
[18F]MPPF

Serotonin receptor, 
5-HT1A

[18F]Altanserin
[11C]MDL100 907

Serotonin receptor, 
5-HT2B

Glutamate receptors [11C]CNS 5161 Ionotropic NMDA 
receptor

TBI, PD, AD

[11C]ABP688
[18F]SP203b
[18F]F-PEB

Metabotropic receptors

conditions associated with several neuropsychi-
atric diseases.

A number of radiotracers have been used to 
assess CBF or perfusion. When the tracer reaches 
the capillaries, the process whereby a tracer 
leaves the blood pool and enters the tissue is criti-
cal for the quantitative measurement of perfu-
sion. The fraction of the tracer which is extracted 
from the capillaries is referred to as the extrac-
tion fraction (E), a unitless parameter that can be 
estimated on the basis of the following Renkin- 
Crone equation:

 E e PS F= - -
1

/  (15.1)

The magnitude of E depends on the total avail-
able capillary surface area (S), the capillary per-
meability (P) for the tracer, and the blood flow 
(F). E increases as S or P increases but, decreases 
with increased F, because the tracer spends less 
time in the capillaries of that region. In the above 
equation, P for a specific radiopharmaceutical 
depends on the physicochemical properties of the 
radiotracer.

An ideal flow radiotracer accumulates in a tis-
sue or clears from it, in proportion linear to the 
blood flow. Such a linear relationship between 
blood flow and uptake or clearance of the tracer 
should be constant and independent of patho-
physiological changes and metabolism of that tis-
sue. [15O]water most closely meets the criteria of 
an ideal tracer for measuring blood flow or tissue 

perfusion. It is freely diffusible and the first-pass 
extraction approaches unity and is independent 
of tissue blood flow and metabolic state. This 
tracer is, therefore, the most common radiotracer 
used for the measurement of rCBF [36, 37]. 
Besides [15O]water, several other tracers such as 
[18F]fluoromethane, [11C]butanol, and 77Kr have 
been used to image brain blood flow.

Since CBF is related primarily to the synaptic 
activity at the level of the neuron’s cell body, the 
gray matter requires 3–4 times more blood flow 
compared to that of white matter. In the normal 
brain, the rCBF is dependent on vascular integrity, 
cerebral anatomy, and cerebral function. Over the 
years, the rCBF measurements, in normal human 
subjects, have provided quantitative estimation 
but, have yielded values that showed wide varia-
tion. Most published studies have reported values 
in the range of 40–80 mL min−1 100 g−1 for gray 
matter structure, while a recent study has esti-
mated the cortical global flow to be 
62 ± 10 mL min−1 100 g−1 [38].

Iofetamine (123I) (Perfusamine, SPECTamine), 
or N-isopropyl-(123I)-p-iodoamphetamine (IMP), 
is a lipid-soluble amine used in cerebral blood 
perfusion imaging with SPECT [30]. This was the 
first radiopharmaceutical approved by the United 
States Food and Drug Administration (FDA) for 
use as a diagnostic aid in localization and evalua-
tion of non-lacunar stroke and  complex partial 
seizures, as well for the early diagnosis of AD 
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[39]. An analogue of amphetamine, iofetamine, 
has been shown to inhibit the reuptake of sero-
tonin and norepinephrine as well as inducing the 
release of these neurotransmitters and dopamine, 
with similar potencies to other amphetamines.

SPECT radiopharmaceuticals (Fig. 15.7) for 
measuring rCBF are lipophilic agents, known as 
chemical microspheres, which are transported 
into brain tissue by diffusion and subsequently 
trapped intracellularly in proportion to blood 
flow. Two of the agents used clinically are 99mTc- 
HMPAO (Ceretec®) and 99mTc-ECD (Neurolite®). 
99mTc-HMPAO is converted to one or more polar 
species by an assumed interaction with glutathi-
one [40], while 99mTc-ECD is retained in 
the brain tissue after being hydrolyzed to ionized 
non- diffusible metabolites by interaction with 
esterases in the  brain cells [41]. While assess-
ment of rCBF using SPECT tracers has provided 
diagnostic clinical information, the SPECT tech-
nique does not provide high-resolution images 
and the data is not optimal for quantitative esti-
mation of rCBF, and perfusion. An advance in 
voxel-based statistical analysis, however, has 
markedly enhanced the value of brain perfusion 
SPECT in diagnosing early AD at the stage of 
mild cognitive impairment (MCI) [42]. Brain 
perfusion SPECT has well-recognized clinical 
applications mainly in dementia, cerebrovascu-
lar disease, epilepsy, and traumatic brain injury 
(TBI) [30, 43]. This technique generally adds 
valuable information to the clinical management 
of patients with brain disorders of a broad vari-
ety, helping in diagnosis, therapeutic manage-
ment, and follow-up. The presence of 
hypometabolism or hypoperfusion in parietal 

association areas, in association with entorhinal 
atrophy on MRI at the MCI stage, has been 
reported to predict a rapid conversion to AD. 
Dementia with Lewy bodies (DLB) is the second 
most common form of degenerative dementia 
and neuroimaging findings indicated a relative 
preservation of medial temporal lobe structures 
and rCBF in DLB. Comparison of brain perfu-
sion SPECT images for moderate AD and mod-
erate DLB are shown in Fig. 15.8. DLB showed 
lower perfusion in the occipital cortex than AD. 
In contrast, AD showed lower perfusion in the 
medial temporal areas [42]. A recent review con-
cludes that brain SPECT, as a biomarker of neu-
rodegeneration in dementia, is still a valid option 
in the current era of molecular imaging based on 
PET radiotracers [44].

15.3.2  Cerebral Oxygen Metabolism

In addition to the measurement of rCBF, estima-
tion of the cerebral blood volume (CBV) and 
cerebral metabolic rate of oxygen (CMRO2) 
permit the discrimination of various compensa-
tory mechanisms in occlusive vascular diseases. 
The ratio of CBF/CBV indicates a perfusion 
reserve, while the oxygen extraction fraction 
(OEF) is a marker of a metabolic reserve. The 
OEF reflects arteriovenous oxygen difference 
divided by the arterial oxygen content. Almost 
40 years ago, the methods of quantitative mea-
surement of rCBF, CMRO2, and OEF were 
described in detail [45–47].

The continuous inhalation of either molec-
ular oxygen, [15O]O2 or carbon dioxide, [15O]

99mTc-HMPAO (CeretecTM) 99mTc-ECD (NeuroliteTM) Iofetamine 123I (Spectamine)
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Fig. 15.7 SPECT radiopharmaceuticals for imaging regional brain blood flow/perfusion
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Fig. 15.8 Comparison of brain perfusion SPECT images 
for moderate AD and moderate Lewy body dementia 
(DLB). DLB showed lower perfusion in occipital cortex 
than AD (arrows). In contrast, AD showed lower perfu-

sion in medial temporal areas (arrowheads). (Reproduced 
with permission from [42]). Role of neuroimaging in 
Alzheimer’s disease, with emphasis on brain perfusion 
SPECT J Nucl Med 48:1289–1300)

CO2, will generate complementary images 
relating regional oxygen uptake and blood 
flow, while the assessment of CBV can be per-
formed using carbon monoxide, [15O]CO, a 
tracer that would label RBCs in  vivo. The 
CMRO2 can be estimated on the basis of the 
following relationship [45]:

 
CMRO total blood oxygen count

2
= ´ ´CBF OEF  

(15.2)

CBF, CMRO2, and OEF have been determined 
in normal human subjects (Table  15.4) on the 
basis of steady-state inhalation methods [45]. 
Methods have also been developed to measure 
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Table 15.4 Normal Values of CBF, CMRO2, and CMRglc in human adults

Brain region

CBF CMRO2 CMRglc

mL/min/100 g mL O2/min/100 g μmol/min/100 g mg/min/100 g μmol/min/100 g
Gray matter, temporal 
lobe

65.3 ± 7.0 5.88 ± 0.57 255 ± 25 7.9 ± 2.1 44 ± 12

Thalamus – – – 6.5 ± 1.2 36 ± 7
White matter 21.4 ± 1.9 1.81 ± 0.22 78 ± 9 4.1 ± 1.4 23 ± 8

Data from Mazziotta et al. [41]

these quantitative parameters on the basis of the 
autoradiographic technique, using intravenous 
administration of [15O]H2O [36].

15.3.3  Cerebral Glucose Metabolism

Energy metabolism in the adult human brain 
depends almost completely on the oxidation of 
glucose [49]. Since the brain does not store oxy-
gen and glucose, it has been hypothesized that 
the regional rCBF is continuously regulated to 
supply these nutrients locally based on the 
demands of neural activity. The deoxyglucose 
autoradiographic technique [50] based on [14C]
deoxyglucose (DG) was the basis for imaging in- 
vivo glucose metabolism and measure the 
regional metabolic rate (rCMRglu).

2-[18F]Fluoro-2-deoxy-d-glucose (FDG) 
(Fig. 15.9) was initially developed as a tracer to 
assess cerebral glucose metabolism. Based on the 
FDG-PET imaging technique [51–53] and arte-
rial sampling of 18F blood activity, the global and 
regional cerebral metabolic rates of glucose utili-
zation (CMRglc) has been estimated and 
expressed as mg  min−1  100  g−1 or 
μmol min−1 100 g−1 by several investigators [48, 
52]. In 2005, FDA approved the use of FDG-PET 
in patients with AD and FTD.

Since FDG is a glucose analogue, with physio-
logical aspects almost identical to glucose using it 
as a PET tracer allows the measurement of glucose 
consumption. FDG is transported from the blood 
to the brain by a carrier-mediated diffusion mecha-
nism, also known as facilitated transport. FDG dif-
fers from glucose in that an 18F atom replaces the 

hydroxyl group at the second carbon atom of the 
molecule. FDG and glucose are phosphorylated by 
hexokinase as the first step of the glycolytic pro-
cess. Glucose is then phosphorylated to glucose 
6-phosphate and continues along the glycolytic 
pathway for energy production. FDG is also phos-
phorylated to FDG 6-phosphate but, this is trapped 
in the cytoplasm since it is not a substrate for fur-
ther metabolism. Further, since glucose is the only 
source of energy for the brain, it reflects the neuro-
nal integrity of underlying brain pathology. In 
NDs, specific brain regions degenerate, and spe-
cific patterns of metabolic brain activity have been 
observed. The altered synaptic activity or density, 
in a specific brain region, is accompanied by pro-
portional changes in capillary perfusion and local 
glucose consumption. The uptake of FDG also 
depends on the consumption of glucose by the 
astrocytes in interaction with neuronal function, 
on the transport mediated by the glucose trans-
porter 1 across the blood-brain barrier, and possi-
bly during pathological inflammatory conditions 
on microglial activation states [54].

FDG-PET imaging thus makes it possible to 
identify disease-specific cerebral metabolic brain 
patterns in several NDs at an early stage and can 
be used to assist in differential diagnosis 
(Fig.  15.10), because different dementia syn-
dromes demonstrate different patterns of hypo-
metabolism [56]. Classically, patients with AD 
have a pattern of bilateral parietotemporal hypo-
metabolism (Fig. 15.8) that is not generally seen 
in patients with other forms of dementia or in age 
matched control subjects [57]. The decline of the 
FDG uptake in the posterior cingulate, hippo-
campus, parietotemporal, and prefrontal associa-
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Fig. 15.9 The chemical structures of glucose, deoxyglucose, and FDG. 18F radionuclide replaces hydroxyl group 
attached to C-2 atom of glucose molecule

Fig. 15.10 FDG-PET in Alzheimer’s disease (AD) and differential diagnosis of AD from other forms of dementia such 
as vascular dementia (VD), Lewy body dementia (LBD), and frontotemporal dementia (FTD). (From Jacobs et al. [55])
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Fig. 15.11 FDG-PET in Alzheimer's disease showing typical areas of hypometabolism in posterior cingulate, parieto-
temporal, and temporomesial cortices. (From Jacobs et al. [55])

tion cortices (Fig.  15.11) allows for the 
identification of mild to moderate AD with high 
sensitivity and specificity. Also, there is typically 
sparing of the basal ganglia, thalamus, cerebel-
lum, and primary sensory cortex. Even early in 
the disease process, before the appearance of vol-
ume loss, FDG-PET has been helpful in diagnos-
ing AD. Histopathologically confirmed 
sensitivity and specificity of PET for detecting 
the presence of AD are in the range of 92–94% 
and 71–73%, respectively [58].

In frontotemporal dementia (FTD), hypome-
tabolism is seen predominantly in the frontal lobe 
but, parietal and temporal cortical uptake depends 
on the disease stage [59]. It has also been shown 
that the measurements of resting glucose metabo-
lism can be helpful for separating typical from 
atypical Parkinsonian syndromes. In typical idio-
pathic PD, lentiform nucleus (striatum) glucose 
metabolism is preserved or raised, while it is 
reduced in most atypical cases, such as multiple 
system atrophy (MSA) (Fig. 15.12) [60].

Recent reviews conclude that a large body of 
literature has demonstrated that FDG-PET sub-
stantially improves diagnostic accuracy and 
differential diagnosis of several neurodegenera-
tive diseases and enables earlier and better 
treatment planning. For epilepsy, FDG-PET 
can provide a key component of presurgical 
localization of the epileptogenic lesion or zone 
and can potentially help in the setting of diag-
nostic uncertainties [54, 61].

15.3.4  β-Amyloid Neuritic Plaque 
Density

Although a number of Aβ PET radiopharmaceu-
ticals have been evaluated in clinical studies, 
currently, there are three FDA-approved radio-
pharmaceuticals to image amyloid burden in 
AD. In addition, several new agents are under 
active clinical investigation. Recent reviews 
have extensively discussed the advantages and 
limits of amyloid imaging in patients with AD 
[21, 30, 33, 35, 62, 63].

Neuropathologic evidence suggests that the 
characteristic neuropathologic hallmark in AD is 
the deposition of senile plaques (SPs) which con-
tain Aβ aggregates and NFTs. The main constitu-
ents of Aβ-deposits in the AD brain are peptides 
of 40 and 42 amino acids, Aβ40 and Aβ42, respec-
tively, generated from the cleavage of the amy-
loid precursor protein (Fig.  15.13) [64]. The 
subsequent arrangement of these peptide mono-
mers into an amyloid fibril results in a character-
istic β-plated sheet structure, which represents 
the target for tracers developed for noninvasive 
molecular imaging probes.

Compact plaques consist of a dense central 
core of amyloid fibrils, while noncompact 
plaques contain less fibrillar Aβ [65]. A shift of 
the brain Aβ from the soluble to the fibrillar form 
is closely associated with the onset of AD [66]. 
Previous neuropathologic studies have indicated 
that neuritic plaque densities are highest in the 
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Fig. 15.12 FDG-PET images show significant striatal reduction of glucose metabolism (black arrows) in a patient with 
multiple system atrophy (MSA) compared to that in a patient with Parkinson’s disease (PD). (From Brooks [60])

Fig. 15.13 Amyloid precursor protein (APP) metabolism, elimination, and deposition in the brain
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neocortex, especially in the temporoparieto- 
occipital region, and lowest in the cerebellum.

The chemical backbones for developing amy-
loid radioligands were based on the histological 
dyes like Congo red, Thioflavin-T, and 
Chrysamine G, which bind to most amyloid 
deposits because of their β-sheet fibrillar nature, 
without specificity for any particular amyloid 
protein. The chemical structures and the relative 
binding affinities of 11C- and 18F-labeled Aβ bind-
ing radiopharmaceuticals are shown in Fig. 15.14 
and Table 15.5.

The first radio tracer developed for imaging 
β-amyloid was [18F]-FDDNP based on aminonaph-
thalene [67]. In vitro binding studies have shown 
that FDDNP was bound to the synthetic Aβ1–40 with 
two binding sites, a high-affinity site (0.12 nM) and 
a low-affinity site (1.9 nM). In contrast, [18F]-FDDP 
binding studies with postmortem AD homogenates 
have shown a Bmax value of 144 nM with a KD value 
of 0.75 nM [68] (Table 15.5).

15.3.4.1  [11C]PiB and [18F]-3′-F-PiB 
(Flutemetamol, Vizamyl)

Investigators from the University of Pittsburgh 
Medical Centre developed a series of 11C-labeled 
arylbenzothiazole (BTA) neutral analogues of 
Thioflavin-T and reported the development of 
[11C]6-OH-BTA-1 (also known as Pittsburgh 
compound B or PiB) which not only displays 
high affinity for aggregated Aβ but also provides 

Table 15.5 Relative binding affinities of 11C and 
18F-labeled PET radiopharmaceuticals for Aβ amyloid

Amyloid binding ligand Ki (nM)a Kd (nM)
Thioflavin-T >1000
[11C]PiB 0.87 ± 0.18 1.4 – 2.4
[18F]Flutemetamol 0.74 ± 0.38 2.4
[18F]Florbetaben 2.22 ± 0.54
[18F]Florbetapir 2.87 ± 0.17 3.72 ± 0.3
[18F]Flutafuranol 2.30 ± 0.3
[18F]FDDNP 172 ± 18 0.75
[18F]FIBT 0.72 ± 0.2
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the high brain uptake necessary for PET imaging 
studies [69, 70].

PiB was subsequently modified to introduce 
an 18F atom in the aromatic ring to create 3′-F- 
PiB (GE067 or Flutemetamol F18) [71]. A direct 
comparison of the Aβ binding properties has 
demonstrated that the inhibition constant Ki of 
[3H]3′-F-PiB (2.4 nM) is nearly identical to that 
of [3H]PiB (1.9 nM). In addition, the amount of 
[3H]3′-F-PiB bound to brain homogenates has 
been closely correlated with the Aβ content of 
these homogenates [72].

15.3.4.2  18F-AV-1 (Florbetaben, 
Neuraceq) and 18F-AV-45 
(Florbetapir, Amyvid)

Investigators at the University of Pennsylvania 
and Avid Pharmaceuticals initially reported the 
development of several iodinated derivatives 
based on the stilbene backbone that displayed 
good binding affinities for Aβ aggregates. A stil-
bene derivative with similar functional groups as 
PiB called [11C]SB-13 (4-N-methylamino-4′-
hydroxystilben) was found to display high speci-
ficity for amyloid plaques [73, 74]. Subsequently, 
a series of fluoropegylated stilbene derivatives 
were successfully prepared and tested [75–77]. 
The two structurally similar fluoropegylated 
agents developed commercially are [18F]
Florbetaben and [18F]Florbetapir.

18F-AV-1 and 18F-AV-45 share common struc-
tural features to PiB. Both these tracers are small 
planar molecules with extended aromatic sys-
tems and alkylamino substitution. They compete 
pharmacologically for the same binding site on 
amyloid aggregates with similar affinity, and in 
human brain sections, they show the same pattern 
of labeling of Aβ plaques. 18F-AV-1 has been 
shown to bind avidly to neuritic and diffuse Aβ 
plaques and to cerebral amyloid angiopathy 
in  vitro; however, it does not show appreciable 
labeling of tangles, Pick bodies, Lewy bodies, or 
glial cytoplasmic inclusions. 18F-AV-1 binds with 
high affinity to brain homogenates in patients 
with AD, and in AD tissue sections it selectively 
labeled Aβ plaques. At tracer concentrations, it 
did not show binding to the post-mortem cortex 
of patients with frontotemporal dementia or in 

the post-mortem brain tissue of a variety of NDs, 
including tauopathies and α-synucleinopathies. 
Preclinical toxicity studies in several animal spe-
cies showed a good safety profile with no observ-
able effects at 100 times the expected human 
mass dose. In human subjects, the biodistribution 
of 18F-AV-1 was compared to that of [11C]
PiB.  Both tracers showed substantial clearance 
through the liver and excretion of radioactivity 
into the bowel. Both tracers also showed consid-
erable renal excretion so that the data for the criti-
cal organs (i.e., gallbladder wall, liver, and 
urinary bladder wall) were the same [78]. In a 
proof-of-concept clinical study, 18F-AV-1 PET 
scans showed potential utility in differential diag-
nosis of AD, frontotemporal lobe degeneration 
(FTLD), or healthy controls and may facilitate 
the integration of Aβ imaging into clinical prac-
tice [79].

In a direct binding assay on AD brain homog-
enates, 18F-AV-45 displayed a high-binding affin-
ity and specificity to Aβ plaques [75]. Further, an 
in-vitro binding assay was used to measure 18F- 
AV- 45 affinity to Aβ aggregates in the AD brain 
tissue homogenates [80]. The inhibition con-
stants (Ki, nM) of various agents against the bind-
ing of 18F-AV-45 to Aβ aggregates in post-mortem 
AD brain homogenates are presented in Table 
11.3, and 18F-AV-45 has shown excellent binding 
affinity (2.87 ± 0.17 nM).

15.3.4.3  [18F]Flutafuranol (AZD4694, 
NAV4694)

Chemists at AstraZeneca in Sweden made a 
minor structural modification to PiB in order to 
develop a Aβ plaque-selective agent, [11C]
AZD2184, which has the positive attributes of 
PiB but with an apparent lower degree of non- 
specific binding [81]. In order to further reduce 
the non-specific binding, AZD2184 was structur-
ally modified to develop a benzofuran-derived 
11C-labeled radioligand containing fluorine, 
known as 2-(2-fluoro-6-methylamino-pyridin- 3-
yl)-benzofuran-5-ol [11C]AZD4694. In cortical 
sections from human AD brains, [3H]AZD4694 
selectively labeled β-amyloid deposits in grey 
matter, whereas there was a lower level of non- 
displaceable binding in plaque-devoid white mat-
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ter [82]. 18F-labeled [18F]AZD4694 (NAV4694) 
has high affinity to Aβ fibrils in vitro and shows 
selective labeling of Aβ in cortical sections from 
post-mortem human AD brains. The clinical 
studies suggest that [18F]AZD4694 has the poten-
tial for wide clinical application and satisfies the 
requirements for a promising Aβ radioligand, 
both for diagnostic use and for evaluation of 
disease- modifying therapies in AD [83, 84].

15.3.4.4  [18F]FIBT
The best imidazobenzothiazole derivative [18F]
FIBT is regarded as the first high-contrast 
Aβ-imaging agent on par with florbetaben. It also 
displayed excellent pharmacokinetics, selectivity 
and high-binding affinity to Aβ fibrils in vitro and 
in vivo comparable to the gold standard PiB [85, 
86]. It was also reported that FIBT has a better 
PK profile and specific binding affinity to Aβ 
than florbetaben in transgenic mice. FIBT has 
>300-fold selectivity for Aβ in comparison to the 
other amyloid protein aggregates; a 
Ki  >>  1000  nM to recombinant tau and 
Ki  >>  1000  nM to α-syn aggregates [21]. The 
pilot clinical studies in patients with dementia 
demonstrated excellent pharmacokinetics and 
brain amyloid uptake comparable to the gold 
standard PiB-PET [87].

15.3.4.5  Brain Amyloid-PET: Clinical 
Studies

As described earlier (Fig.  15.6), the pathologic 
process in dementia usually begins decades 
before symptoms are evident. Aβ-amyloid 
plaques are one of the hallmark brain lesions of 
AD. Three Aβ-amyloid-selective PET radiophar-
maceuticals (Florbetapir, Florbetaben, and 
Flutemetamol) have been approved for clinical 
use in the USA, Europe, and Japan. The indica-
tion for these three agents is to estimate β-amyloid 
neuritic plaque density in adult patients with cog-
nitive impairment who are being evaluated for 
AD and other causes of cognitive decline. A neg-
ative scan indicates sparse to no neuritic plaques 
and is inconsistent with a neuropathological 
diagnosis of AD at the time of image acquisition. 
A negative scan result, however, reduces the like-

lihood that a patient’s cognitive impairment is 
due to AD. A positive scan indicates moderate to 
frequent amyloid neuritic plaques; neuropatho-
logical examination has shown this amount of 
amyloid neuritic plaque is present in patients 
with AD but, may also be present in patients with 
other types of neurologic conditions as well as 
older people with normal cognition. Amyloid- 
PET is an adjunct to other diagnostic evaluations. 
The clinical studies in the last 10  years have 
shown high correlation with Aβ amyloid neuro-
pathologic findings and clinical utility [21, 33].

The clinical studies with all the current Aβ 
PET radiopharmaceuticals claim to have dem-
onstrated an ability to discriminate between 
AD patients and healthy controls with high 
degrees of sensitivity and specificity 
(Fig.  15.15) [33, 88, 89]. In addition, several 
studies suggest that Aβ imaging can distin-
guish AD from non-AD dementia, such as 
FTD, VD (Fig. 15.16), and can help determine 
whether MCI is due to AD [90]. One of the 
major concerns is the high non- specific white 
matter binding of amyloid tracers (especially 
18F-labeled agents) and the potential spillover 
effects that can occur from this non- specific 
retention into neighboring gray matter.

Amyloid-PET imaging studies have shown 
that Aβ-amyloid accumulation is a slow and pro-
tracted process extending for more than two 
decades before the onset of the clinical pheno-
type. Although Aβ-amyloid burden on PET scan 
correlates with memory impairment and a higher 
risk for cognitive decline in the aging population 
and patients with MCI, it does not strongly cor-
relate with cognitive impairment, synaptic activ-
ity, and neurodegeneration in AD, likely because 
Aβ-amyloid accumulation has already reached a 
plateau. Taking all this into account, it is clear 
that Aβ-amyloid deposition in the brain is not a 
benign process that is part of normal aging but, 
an early and necessary, although not sufficient, 
cause for cognitive decline in AD. This indicates 
the involvement of other downstream mecha-
nisms, likely triggered by Ab-amyloid such as 
NFT formation, neuroinflammation, synaptic 
failure and eventual neuronal loss [33].
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Fig. 15.15 Aβ-PET: Representative sagittal, transaxial, 
and coronal PET images in control patient without cogni-
tive impairment (left column) and five different patients 
with Alzheimer disease (AD). [18F] florbetaben scan in 
control patient without cognitive impairment shows non-
specific tracer retention in white matter. All patients with 
AD have present high Ab burdens, reflected in marked 

radiotracer retention in cortical and subcortical gray mat-
ter areas. Tracer retention in AD is particularly higher in 
frontal, cingulate, precuneus, striatum, parietal, and lat-
eral temporal cortices, whereas occipital, sensorimotor, 
and mesial temporal lobes are much less affected. All 
these tracers show a variable degree of nonspecific bind-
ing to white matter. (From Villemagne et al. [33])

Fig. 15.16 18F-Florbetaben PET in differential diagnosis 
of dementia in healthy control (HC), Parkinson disease 
(PD), dementia with Lewy bodies (DLB), Mild cognitive 

impairment (MCI), Alzheimer disease (AD), and pure 
vascular dementia (VD). (From Rowe et al. [79])
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15.3.5  Tau Imaging in Dementia

Pathologic aggregates of tau protein are observed 
in several NDDs and are used to diagnose and 
stage disease postmortem. In spite of Aβ pathol-
ogy temporarily preceding tau pathology, there is 
documented evidence to support the concept that 
the density and neocortical spread of NFTs cor-
relate better with neurodegeneration and cogni-
tive decline in AD patients [91]. Apart from AD, 
NFTs are also present in other dementias, like 
FTD, CBD, and PSP.  A PET radiotracer that 
could quantify NFTs would help to understand 
the pathophysiology and clinical management 
not only of AD, but also these other NDD. The 
major clinical application of tau imaging will be 
tracking disease progression, disease staging, or 
as a surrogate marker of cognition.

The focus of tau PET ligand discovery and 
clinical research has largely centered on imaging 
NFTs observed in AD. Tau expressed in  the 
human adult brain can have six isoforms that are 
frequently subdivided as 3-repeat (3R), or 
4-repeat (4R) based on the number of repeat 
regions in the microtubule binding domain. In 
NDD, it is postulated that abnormal phosphoryla-
tion of tau results in dissociation of tau from the 

microtubule after which tau begins to self- 
aggregate forming insoluble aggregates of tau 
protein, and tau aggregates differ in the expres-
sion of 3R and 4R isoforms [92]. The structural 
differences between tau aggregates likely affect 
the accessibility of binding sites for PET radioli-
gands, which has consequences for ligand speci-
ficity and sensitivity. In AD, the dissociated 3R 
and 4R tau form paired-helical filaments (PHF) 
which make up NFTs, a hallmark proteinopathy 
of AD [93]

Great progress has been made in the past 
10 years, with the development of several selec-
tive tau tracers extensively used in clinical 
research studies (Fig.  15.17). There are several 
tracers for PET that have been developed and 
used for clinical assessment in patients with vari-
ous tauopathies as “first-generation” tracers, such 
as 18F-THK5317, 18F-THK5351, 18F-AV-1451, 
and [11C]PBB3. Limitations of these tracers with 
regard to off-target binding and diagnostic range 
provided the motivation to develop a new genera-
tion of tau tracers, including 18F-MK-6240, 18F- 
PI- 2620, 18F-RO-948, 18F-JNJ311/069, 18F-GTP1, 
and 18F-PM-PBB3 (Betthauser 2018) [21, 33, 94, 
95].The most widely used early- generation selec-
tive tau tracer 18F-flortaucipir (also known as 
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AV1451, T807) has been recently approved for 
clinical use by the FDA under the name of Tauvid 
[94, 96].

15.3.5.1  Flortaucipir F18 Injection 
(AV-1451, T-807, TauvidTM)

Investigators at Siemens Medical Solution in the 
USA have designed and prepared a novel class of 
5H-pyrido[4,3-b]indoles, and reported the pre-
clinical characterization of two PET tracers [18F]
T807, and [18F]T808 for imaging tau protein in 
AD [97, 98]. They both have sufficient affinity 
for tau (AD-PHF) 14.6 nM and 22 nM and with 
Kd(Aβ) /Kd(tau) 25 and 27, respectively, meaning 
a higher selectivity of tau aggregates over Aβ 
fibrils. Subsequently, [18F]T807 (flortaucipir) was 
selected over [18F]T808 for clinical development, 
because of the metabolic defluorination observed 
in some cases, and the significant accumulation 
of F-18 in the skull especially in late time points, 
that could confound PET images.

In 2013, Eli Lilly and Company (Avid 
Radiopharmaceuticals, a Lilly subsidiary) 
acquired the tau PET tracer, [18F]T-807 program 
developed by Siemens Medical Solutions USA, 
Inc. The Initial flortaucipir-PET scans in controls 
and subjects with AD and MCI demonstrated an 
accumulation of the tracer with a distinct increas-
ing neocortical distribution in tandem with the 
severity of dementia according to the known 
mode of spread of PHF in the brain in agreement 
with Braak’s staging [99]. Off-target binding has 
been seen in flortaucipir PET studies in the 
meninges, striatum, choroid plexus, and mid-
brain. In the analysis of autopsy brain samples, it 
was found that flortaucipir also binds to vessels, 
iron-associated regions, substantia nigra, the lep-
tomeningeal melanin, and also  calcifications in 
the choroid plexus. Another important off-target 
binding of flortaucipir is to both isoforms of the 
MAO enzyme. Furthermore, there was difficulty 
in quantification due to the fact that it does not 
reach a steady-state during a typical imaging 
duration [21, 94, 96].

TauvidTM is indicated for positron emission 
tomography (PET) imaging of the brain to esti-
mate the density and distribution of aggregated 
tau neurofibrillary tangles (NFTs) in adult 

patients with cognitive impairment who are being 
evaluated for Alzheimer’s disease (AD) 
(Fig.  15.18). In principle, tau PET imaging 
enables noninvasive detection of in  vivo tau 
deposition patterns, facilitates differential diag-
nosis between neurodegenerative diseases, 
including different tauopathies, and predicts dis-
ease progression. Furthermore, tau PET imaging 
could potentially be applied to achieve the thera-
peutic effect evaluation of anti-tau treatment and 
develop a novel drug, thereby allowing preven-
tive interventions [94].

15.3.5.2  [18F]THK-5351
Since 2002, investigators at Tohoku University in 
Japan have been designing and screening benzox-
azole, benzimidazole, quinolone, and other deriv-
atives targeting β-sheet structures in brain 
sections. These investigators initially reported the 
first tau imaging agent, 18F-THK523, which has a 
20-fold higher binding potential (BP) for PHF-tau 
compared to Aβ1–42 [101]. Subsequently, after 
careful structural modifications,  [18F]THK- 5351 
was  identified as a tracer with better imaging 
characteristics, (Fig.  15.18) which displayed a 
quicker white matter washout (lower white matter 
retention) and higher specific binding to AD tau-
associated regions of interest than [18F]THK-5317 
but, also, its retention correlated with extra-hippo-
campal sub-regional atrophy rather than hippo-
campal subfields, proffering hence different 
underlying mechanisms of atrophy in early AD. 
Another remarkable advantage it has over other 
tau tracers was the lack of significant retention in 
the choroid plexus or venous sinus, which could 
probably lead to a spill-in of tracer signals into the 
brain. Unfortunately, it has been reported to have 
high affinity to monoamine oxidase-B (MAO-B) 
in contrast with [18F]THK-5117 and also showed 
a greater off-target binding in the midbrain, thala-
mus, and the basal ganglia [102, 103].

15.3.5.3  [18F]MK-6240

The Investigators at Merk Developed [18F]
MK-6240, a Novel Ligand
The researchers from Merck & Co. reported the 
development of NFT PET tracer, 18F-MK-6240, a 
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Fig. 15.18 Sample images for tau PET ligands. 
Parametric images comparing [18F]THK-5351, [18F]
MK-6240, and [18F]Flortaucipir in amyloid negative con-

trol and amyloid positive dementia cases. Each column of 
images represents an individual person. (From Betthauser 
et al. [100])

novel pyridine isoquinoline amine derivative, 
which displayed high affinity for NFTs and weak 
affinity for amyloid plaque. Additionally, 
MK-6240 showed favorably moderate lipophilic-
ity [104]. It exhibited favorable pharmacokinet-
ics, with a fast brain uptake and clearance. Uptake 
was higher in AD subjects and was considerably 
higher in brain regions expected to have NFT like 
in the hippocampus but very low uptake in the 
cerebellar gray matter suggests a potential use of 
the cerebellar gray matter as a reference region 
[21]. 18F-MK-6240 has also shown high affinity 
and selectivity for 3R/4R PHF-tau. Preclinical 
findings confirmed a lack of binding to MAO-A 
and MAO-B. Unlike flortaucipir and [18F]THK- 
5351 off-target binding was not seen in the cho-
roid plexus and basal ganglia [204] but, like 
flortaucipir and various tau PET tracers, off- target 
binding to neuromelanin- and melanin- containing 
cells like the pigmented neurons in the substantia 
nigra, and meninges was observed [21, 92].

In vivo studies of 18F-MK-6240 
(Fig. 15.19) show good reproducibility, an ability 
to differentiate cognitively normal subjects from 
MCI or AD patients, and sensitivity for detecting 

tau in early disease stages (21). In a direct com-
parison of PET studies in human subjects, both 
tau tracers 18F-MK-6240 and [18F]flortaucipir are 
capable of quantifying signal in a common set of 
brain regions that develop tau pathology in AD; 
these tracers perform equally well in visual inter-
pretations. Each also shows distinct patterns of 
apparent off-target binding. 18F-MK-6240 
showed a greater dynamic range in SUVR esti-
mates, which may be an advantage in detecting 
early tau pathology or in performing longitudinal 
studies to detect small interval changes [105]. 

15.3.6  Dopaminergic System

Dopamine (3,4-dihydroxyphenethylamine) is a 
simple organic chemical that functions as a neu-
rotransmitter in the brain. Dopaminergic system 
(Fig.  15.20) plays a major role in reward- 
motivated behavior, in motor control, and in con-
trolling the release of several important hormones. 
As part of the reward pathway, dopamine is man-
ufactured in nerve cell bodies located within the 
ventral tegmental area (VTA) and is released in 
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Fig. 15.19 Mean parametric 18F-MK-6240 SUVR(70–
90 min) images taken across controls (top, n = 29) and 
PiB(+) AD and MCI individuals (bottom, n = 6) in MNI 

template space demonstrating common off-target and on- 
target binding. (From Betthauser et al. [100])

the nucleus accumbens and the prefrontal cortex. 
The motor functions of dopamine are linked to a 
separate pathway, with cell bodies in the substan-
tia nigra that manufacture and release dopamine 
into the striatum. Dopamine is transported to the 
synaptic sites and packaged into vesicles for 
release, which occurs during synaptic transmis-
sion. Following the release of dopamine into the 
synapse, dopamine interacts with postsynaptic 
dopamine receptor sites. Free dopamine in the 
synapse is also reabsorbed into the presynaptic 
terminal via the dopamine transporter (DAT).

Since dopamine does not cross the BBB, it is 
synthesized in the dopaminergic neurons in the 
substantia nigra, the ventral tegmental area, and 
the retrorubral area of mesencephalon. It is synthe-
sized in the neuron from the amino acid tyrosine 
and stored in the intracellular vesicles (Fig. 15.20). 
The amino acid tyrosine is first  converted to 
l-DOPA by tyrosine hydroxylase (TH), a rate-
limiting enzyme involved in the biosynthesis of 
dopamine. l-DOPA (precursor for dopamine) is 
then converted to dopamine by the enzyme aro-
matic l-amino acid decarboxylase (AAAD; also 

15.3 Radiopharmaceuticals for Brain Imaging in Neurology



404

Fig. 15.20 The dopaminergic system: Dopamine, syn-
thesized in the presynaptic neuron is stored in the vesicles 
(V) and released into the synapse. Dopamine binds to spe-

cific receptors on the postsynaptic membrane or is trans-
ported back into the presynaptic neuron via dopamine 
transporters

known as DOPA decarboxylase (DDC)). 
Levodopa, a pure form of l-DOPA, is the most 
widely used treatment for PD. Based on this mech-
anism, [18F]fluoro-l-DOPA (FDOPA) (Fig. 15.21) 
has been synthesized in order to image dopamine 
synthesis and metabolism in the presynaptic nerve 
terminals [106]. Following the transport into the 
neuron, FDOPA is converted to [18F]fluorodopa-
mine (FDA) by the enzyme AAAD. [18F]FDOPA, 
however, is not an ideal radiotracer to study dopa-
mine synthesis since quantitative analysis with 
FDOPA-PET in humans is flawed by the presence 
of radioactive metabolites, which cross the BBB 
and contribute significantly to the uptake of radio-
activity in the brain [107].

Specific vesicular amine transporters 
(VMAT2) transport dopamine and other mono-

amines from the cytosol into the vesicles. The 
free dopamine in the cytosol is oxidized by the 
enzyme monoamine oxidase (MAO). Following 
release of the dopamine into the synapse, the 
dopamine interacts with the postsynaptic dopa-
mine receptor sites. The five major subtypes of 
dopamine receptors can be classified into two 
major categories, depending on their ability to 
stimulate (D1, D5) or inhibit (D2, D3, D4) adenyl-
ate cyclase, following binding to the receptor. 
The synaptic concentration of dopamine is regu-
lated by the reuptake of dopamine into the pre-
synaptic nerve terminal by specific dopamine 
transporters on the presynaptic plasma mem-
brane. In the last four decades, the dopamine sys-
tem has been a major focus in the development of 
PET and SPECT tracers.
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15.3.6.1  Dopamine transporter (DAT)
The dopamine transporter (also dopamine active 
transporter, DAT) is a membrane-spanning pro-
tein that pumps the dopamine out of the synaptic 
cleft back into the presynaptic neuron (Fig. 15.20). 
The driving force for DAT-mediated dopamine 
reuptake is the ion concentration gradient gener-
ated by the plasma membrane Na+/K+ ATPase.

Studies with [11C]cocaine initially showed that 
cocaine binds to DAT, blocks the reuptake of 
dopamine, and increases the intrasynaptic dopa-
mine levels. Since cocaine is metabolized in the 
blood, several synthetic derivatives of a modified 
cocaine analogue (3-phenyltropane scaffold) 
have been developed and radiolabeled with PET 
and SPECT radionuclides to image the expres-
sion of DAT in the presynaptic neurons [108]. 
(–)-2-β-Carbomethoxy-3-β-(4-fluorophenyl)tro-
pane (β-CFT, WIN 35 428) has been the gold 
standard for DAT studies in molecular biology 
and pharmacology. Some of the important PET 
and SPECT radiotracers useful for imaging DATs 
are shown in (Fig. 15.22). [11C]β-CFT, [11C]PE2i, 
[18F]FP-CIT, 123I-FP-CIT (or DaTSCAN), and 
123I-altropane have all been well studied in human 
subjects. In addition, based on the N2S2 chelating 
agent known as bisaminoethanethiol (BAT), a 

tropane analogue, 99mTc-TRODAT-1, was also 
developed for SPECT imaging studies [109].

15.3.6.2  Vesicular Monoamine 
Transporter (VMAT)

The type 2 VMAT is a relatively unspecific trans-
porter, as it functions to move a wide variety of 
amines into the vesicle lumen, including dopa-
mine, serotonin, norepinephrine, histamine, and a 
number of structurally related molecules [110]. 
The classical VMAT2 inhibitor, tetrabenazine, 
has long been used for the treatment of chorea 
associated with HD. In order to image the density 
of presynaptic dopaminergic terminals, α(+)-
[11C]Dihydro-tetrabenazine ([11C]DTBZ), a sta-
ble, stereoselective tracer was developed [111, 
112]. [11C]DTBZ (Fig. 15.23) binds selectively to 
VMAT2 and is less regulated by intrasynaptic 
dopamine than are other dopaminergic tracers 
[113]. Among the 18F-labeled analogues of 
DTBZ, it was reported that [18F]fluoropropyl-(+)-
dihydrotetrabenazine ([18F]FP-(+)-DTBZ or 
AV-133) (Fig.  15.23) gave the highest specific 
signal in the assessment of presynaptic neuronal 
degeneration [113, 114]. These radiotracers are 
not specific for dopaminergic system. The PET 
images of VMAT2 provide a measurement 
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reflecting the density and integrity of all three 
monoaminergic neurons [112].

15.3.6.3  Dopamine Receptors
The five major subtypes of dopamine receptors 
can be grouped into two major categories, depend-
ing on their ability to stimulate (D1, D5) or inhibit 
(D2, D3, D4) adenylate cyclase, following binding 
to the receptor. The D2-like receptor family is of 
great therapeutic interest because D2 receptors 
have been identified as primary sites of action of 
most anti-Parkinson and antipsychotic drugs. The 
dopamine D2 receptors are primarily expressed in 
the caudate putamen, nucleus accumbens, and 
olfactory tubercle, where they are involved in the 
modulation of locomotion, reward, reinforce-
ment, memory, and learning. PET with high affin-
ity and selective D2 receptor radioligands could 
provide valuable knowledge about the impact of 
dopamine receptor density on the pathogenesis 
and devolvement of neuropsychiatric and neuro-
logical diseases. Initial studies were performed 
with 11C- and 18F-labeled N-methylspiperidol 

(MSP), an irreversible antagonist not ideal for 
pharmacokinetic modeling and receptor quantita-
tion studies. [11C]Raclopride (Fig. 15.24), a ben-
zamide analogue with moderate affinity and 
reversible binding, is the most widely used PET 
tracer for imaging dopamine D2 receptors in vivo 
[115, 116]. 123I-iodobenzamide (IBZM), a radio-
tracer for SPECT, has also shown remarkable suc-
cess in assessing dopamine D2 receptor density in 
human subjects [114, 117]. Among the high-
affinity reversibly binding radiotracers, [18F]fal-
lypride [118] provides a longer scanning period 
while [11C]FLB-457 [119] has shown clinical util-
ity to assess extrastriatal dopamine receptors.

15.3.6.4  Parkinson Disease (PD 
and Differential Diagnosis)

Parkinsonism is defined as slowness of move-
ment (bradykinesia) in association with rigidity 
and/or tremor and is related to basal ganglia dys-
function. Most often, a degeneration of dopami-
nergic nerve terminals is encountered, with PD 
being the commonest condition. PD is a progres-
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sive neurodegenerative disease characterized pri-
marily by the selective degeneration of 
dopaminergic neurons in the pars compacta of 
the substantia nigra (SN). Intraneuronal inclu-
sions composed of aggregates of a-synuclein 
(α-syn), called Lewy bodies (LBs), are the other 
neuropathological hallmark [120]. In PD, a lower 
membrane DAT expression on presynaptic termi-
nals may possibly reflect striatal dopamine termi-
nal loss and is in direct proportion to the 
magnitude of the depletion of nigral cells. 
Atypical Parkinsonian syndromes include multi-
ple system atrophy (MSA), progressive supranu-
clear palsy (PSP), corticobasal degeneration 
(CBD), and dementia with Lewy bodies (DLB).

Imaging may play a significant role in early 
PD, when the full triad of clinical symptoms and 
signs (rest tremor, bradykinesia, and rigidity) 
may not be apparent on examination. Differential 
diagnoses at this stage include benign essential or 
dystonic tremors and parkinsonism associated 
with exogenous agents, such as dopamine 
receptor- blocking drugs. These conditions are 
not associated with nigral degeneration or striatal 
dopamine deficiency [60] which may be assessed 
by  imaging. Different imaging biomarkers may 
be beneficial in assessing dopaminergic integrity 
and assist clinicians to narrow the differential 
diagnosis in patients with motor symptoms [60, 
121–127].

Molecular imaging studies can be performed 
using two different kinds of radiotracers to target 
the nerve terminals: (a) The enzymatic activity of 
AADC can be assessed using [18F]FDOPA, which 
acts as a false substrate for AADC (being con-
verted to F-dopamine) [128]. Therefore, the con-
centration of 18F-FDOPA in dopaminergic 
neurons reflects the in situ synthesis of endoge-
nous dopamine [129]. However, it must be noted 
that the extent of dopaminergic degeneration as 
detected by AADC ligands tends to be lower 
compared to other presynaptic targets, such as 
DAT ligands [123]. (b) Radiotracers specific for 
DAT (such as 18F-FP-CIT or 123I-FP- CIT and 
[11C]PE2i) can be used. c) On the other hand, 
postsynaptic terminals integrity can be assessed 
using D2/D3 specific ligands such as [11C]
Raclopride and [18F]Fallypride.

[18F]FDOPA and 123I-Ioflupane (FP-CIT, 
DaTscan)
DaTscan (Ioflupane I 123 Injection) was FDA 
approved in 2011 and is  indicated for striatal 
dopamine transporter visualization using SPECT 
brain imaging to assist in the evaluation of adult 
patients with suspected PS.  In these patients, 
DaTscan may be used to help differentiate essen-
tial tremor (with normal or negative SPECT scan) 
from tremor due to PS (positive or abnormal scan 
with decreased binding). The safety and efficacy 
of DaTscan were evaluated in two multicenter, 
single-arm studies that evaluated 284 adult 
patients with tremor.

Fluorodopa F 18 Injection (FDOPA) was FDA 
approved in 2019 and is indicated for use in PET 
to visualize dopaminergic nerve terminals in the 
striatum for the evaluation of adult patients with 
suspected PS. [18F]FDOPA-PET was introduced 
in 1983 to image dopamine synthesis in vivo. In 
normal subjects, the images show higher tracer 
uptake in the striatum (caudate and putamen) and 
the midbrain, while uptake in the cerebral cortex 
and cerebellum is much lower (Fig.  15.25). In 
patients with PD, the tracer uptake and retention 
in the striatum are reduced, most markedly on the 
opposite side of the major motor signs [106]. 
Measurement of striatal uptake of [18F]-DOPA is 
still regarded as one of the most reliable tools for 
the in  vivo diagnosis of PD because it directly 
probes the nigro-striate synthesis of dopamine 
[121–123]. However,  it undergoes metabolism 
and the two metabolites, [18F] 6-fluoro-3,4- 
dihydroxyphenylacetic acid (18FDOPAC) and 
[18F]6-fluorohomovanillic acid (18FHVA) are 
responsible for enhanced background noise, and 
lower image contrast [123]. The safety and effi-
cacy of FDOPA-PET (with prior administration 
of carbidopa) were evaluated in a prospective 
single-arm study conducted at a single center that 
enrolled 68 adult patients with possible PS.

[18F]FDOPA-PET and DAT-PET or SPECT 
(using cocaine analogues) can discriminate PD 
patients from healthy controls [130]. As shown in 
Fig. 15.26, FP-CIT uptake is reduced in patients 
with PD compared to healthy controls. This 
would result in a greater reduction of striatal 
binding of FP-CIT (DaTscan) in the early phases 
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Fig. 15.25 [18F]FDOPA-PET Representative example of 
Benamer grades, adapted to FDOPA uptake in patients 
with Parkinsonian syndromes. PET scans shown in the 

anterior commissure-posterior commissure plane and nor-
malization of color scale on the basal ganglia. (From 
Emsen et al. [121])

of PD compared to FDOPA. It has also been sug-
gested that, in the early stages of PD, AADC is 
upregulated, while DATs are downregulated as 
an early response to the reduction of the endoge-
nous dopamine levels [131]. Therefore, FP-CIT 
might be more sensitive than FDOPA for detect-
ing early striatal dopaminergic deficits [132]. 
When clinically probable PD and essential tremor 
patients have been compared, the  striatal DAT 
imaging with DaTscan (Fig.  15.26) has been 
shown to differentiate these conditions with a 
sensitivity and specificity of over 90% [60]. Also, 
PD and MSA both show decreased presynaptic 
dopaminergic function by FDOPA or DaTscan. A 
recent review suggests that dual tracer PET with 
both FDG and FDOPA in patients with PS and 
cognitive disorders to optimize the manage-
ment with an emphasis on the implementation of 
cognitive rehabilitation. Dopamine D2 receptor 
imaging with [11C]raclopride-PET or [123I]IBZM- 
SPECT is abnormal (decreased uptake) in MSA 
but, not in PD.  Based on DaT imaging with 
[11C]-2β-carbomethoxy-3β-(4-fluorophenyl)-
tropane ([11C]CFT) and dopamine D2 receptor 
imaging with [11C]raclopride, it was shown that 
the delayed (last) images clearly show that raclo-
pride uptake is reduced in MSA but, not in PD 
(Fig. 15.27) [133].

VMAT imaging with [18F]AV-133 allows for 
the assessment of nigrostriatal degeneration in 

Lewy body diseases. [18F]AV-133 can robustly 
detect reductions of dopaminergic nigrostriatal 
afferents in patients with DLB and assist in the 
differential diagnosis from AD [134].

15.3.7  Neuroinflammation

Neuroinflammation is more closely associated 
with many neurological disorders such as stroke 
or trauma when acute, and with NDs when 
chronic [135–137]. A dominant response to all 
types of CNS injuries is the activation of microg-
lia and astroglia, often referred to as gliosis, at 
the sites of damage. While it is becoming clear 
that activation of microglia and astroglia, and the 
attendant expression of proinflammatory cyto-
kines and chemokines are often associated with 
disease, trauma, and toxicant-induced damage to 
the CNS, it is by no means clear that a 
 cause-and- effect relationship exists between the 
presence of a neuroinflammatory process and 
neural damage. The inflammatory response in the 
brain is a double- edged sword. It is a self-defense 
reaction aimed at eliminating injurious stimuli 
and restoring tissue integrity. However, inflam-
mation may become a harmful process when it 
becomes chronic. Chronic activation of the 
inflammatory response in NDs produces proin-
flammatory cytokines, prostaglandins, and reac-
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Fig. 15.26 Illustrative axial 123I-FP-CIT (DaTscan) 
SPECT performed within 1 year of disease onset for 
neuropathologically- confirmed degenerative 
Parkinsonisms. A variable degree of presynaptic dopa-
mine striatal uptake impairment is observed in PD, MSA- 
P, PSP, and CBS subjects in comparison to a control 
(CTL) subject (center image). In PD, we can observe a 

severe uptake reduction in the putamen (especially poste-
rior part) and a relative asymmetry between left and right 
uptake, as this is the case for the CBS patient. Conversely, 
uptake impairment is more symmetrical for the MSA-P 
and PSP subjects and involves the whole striatum. (From 
Nicastro et al. [123])
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Fig. 15.27 DaT-PET with [11C]CFT and dopamine D2 
receptor-PET with [11C]raclopride. The rainbow scale rep-
resents the magnitude of uptake ratio index. The first and 
last images of DaT and D2 receptors in the patient with 

PD and MSA show that dopamine D2 receptor imaging 
can differentiate between PD and MSA. (From Ishibasi 
et al. [133])

tive oxygen species (ROS) that may induce 
neuronal dysfunction. Several studies have dem-
onstrated a strong link between chronic inflam-
mation and neurodegeneration. AD is 
characterized by the death of cells in the hippo-
campus and the frontal cortex secondary to 
chronic inflammation. In PD, chronic inflamma-
tion leads to loss of dopaminergic receptors in the 
substantia nigra. In amyotrophic lateral sclerosis 
(ALS) motor neurons are ultimately destroyed, 
while multiple sclerosis (MS) is an autoimmune 
disorder in which inflammatory cells attack the 
myelin sheath. Although activation of an acute 
inflammatory event is a necessary self-defense 
mechanism of the CNS against foreign antigens, 
prolonged activation of the inflammatory 
response can lead to chronic inflammation and 
cell death [138]. Despite widespread acceptance 
of the idea that inflammation contributes to NDs, 
it remains unclear at what stages of the disease 
inflammation is beneficial or detrimental.

The close inflammation–neurodegeneration 
relationship and the rising incidence of NDs have 
led to considerable interest in the detection and 
follow-up of neuroinflammation and in the moni-

toring of anti-inflammatory treatments. In addi-
tion, the generation of neuroinflammatory 
patterns of individual patients may help in strati-
fying patients for immunomodulatory therapies 
[137, 139]. To detect and monitor active neuroin-
flammation based on molecular imaging probes 
is a challenge. How well imaging can probe 
inflammation monitor response to anti- 
inflammatory response depends on the identifica-
tion of an appropriate and specific molecular 
target as a biomarker for neuroinflammation.

15.3.7.1  Microglia and TSPO Binding 
Radiotracers

Microglia are the CNS-resident macrophages 
that are the critical convergence point for the 
many diverse triggers in orchestrating the activity 
of other immune cells in the brain. In the healthy 
adult brain, microglia appear as small, branched 
monocytic cells with little apparent activity and 
have long been considered quiescent. During 
neuroinflammation, in response to neuronal 
injury or even subtle perturbations of the CNS 
environment, microglia undergo drastic changes 
in their morphology, migrate towards the lesion 
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site, proliferate, and produce neurotoxic factors, 
such as proinflammatory cytokines and reactive 
oxygen species (ROS) [140].

A major hallmark of microglial activation is 
the expression of the translocator protein (TSPO), 
also known as the peripheral benzodiazepine 
receptor (PBR) [141]. TSPO expression is nearly 
absent in resting microglia but rapidly increases 
during inflammation. This increase in TSPO 
expression is correlated with the extent of 
microglial activation. This makes TSPO a bio-
marker and an attractive target for the imaging of 
cerebral inflammation. TSPO is an 18-kDa pro-
tein with five transmembrane domains. It is pri-
marily situated at contact sites between inner and 
outer mitochondrial membranes and is part of the 

mitochondrial permeability transition pore 
(MPTP). The best- characterized function of 
TSPO is the regulation of cholesterol transloca-
tion through mitochondrial membranes, which is 
the rate-determining step in steroid biosynthesis. 
Because TSPO is expressed on microglia and 
other immune cells, it also plays a role in immune 
regulation [142]. Some of the important PET 
radiotracers for imaging neuroinflammation are 
shown in Fig. 15.28.

Historically, (R)-[11C]PK11195 is the first 
non-benzodiazepine and selective TSPO ligand 
with nanomolar binding affinity, and it is the 
prototypical reference for TSPO binding. 
Although PK11195-PET studies have provided 
numerous valuable insights on glial or macro-

Fig. 15.28 Radiotracers for imaging neuroinflammation

15 Molecular Imaging in Neurology



413

[11C]PK11195

[11C]24 or [11C]ER176 [11C]Dutero Deprenyl (DED)

[11C]PBR28

[11C]NE40 [11C]J147

[11C]DPA-713

[11C]SMW139

Cl

Cl

N

N N

N

N

N N
N

H

H

N
N

N
N

H
N

O

O

O

O

O

O

O

D D

F

F

F

O

O

O O

O

O CI

N
11CH3

11CH3

OC4H9

H3
11CO

11CH3

11CH3

11CH3

11CH3

11CH3

H3C

H3C

CH3

CH3

CH3

CH3
CH3

NEt2

CH3

CF3

CH3

Fig. 15.29 TSPO PET using [11C]PBR28-PET at base-
line, at Weeks 4 and 8 after treatment with AZD3241. 
Changes in VT in percent are given for putamen; TSPO 

genotype: Patient 1 (Pt 1) = high affinity binder; Patient 2 
(Pt 6) = mixed affinity binder. (From Jucaite et al. [145])

phage activation in different neurologic disor-
ders, including dementia and stroke, its poor 
brain permeability and high plasma protein 
binding have limited its sensitivity, and overall 
clinical utility [137, 143, 144]. Among the sec-
ond generation TSPO tracers, [11C]DPA-713 
and [11C]PBR28 have been applied clinically in 
a range of neurologic disorders (Yoko Tura et al. 
2017) [145]. [11C]PBR28- PET has been used to 
monitor immunomodulatory therapies in PD 
patients, wherein decreased binding of the 
radiotracer was found after treatment with 
myeloperoxidase inhibitor AZD3241 
(Fig.  15.29) [145]. This provides proof-of- 
concept data that TSPO PET could be used for 
clinical therapy monitoring. An important limi-
tation, however, regarding clinical application 
of second- generation tracers is their universal 
sensitivity to the rs6971 TSPO polymorphism, 
which results in high-, mixed-, and low-affinity 
binders [137]. Another important disadvantage 
of TSPO- PET studies is that TSPO is widely 
expressed throughout the brain and there is no 

brain region with a complete lack of the protein, 
making the modeling of PET studies more com-
plicated since there is no reference region [137].

Recent advances in TSPO PET, therefore, 
have focused on the development of third- 
generation tracers (Fig. 15.29) insensitive to the 
rs6971 polymorphism [146]. [11C]ER176, a quin-
azoline analog of PK11195, was identified as a 
promising candidate and is under clinical investi-
gation. Some non-TPSO neuroinflammatory PET 
tracers, including [11C]NE40 targeting the canna-
binoid type 2 receptor and [11C]-JNJ717 and [11C]
SMW139 targeting the P2X7R receptor, are 
also presently under clinical investigation.

15.4  Epilepsy

Epilepsy is a disorder characterized by recurrent 
unprovoked seizures; it reflects underlying brain 
dysfunction that is variable and multifactorial 
[147]. MRI is the modality of choice for identifi-
cation of morphologic and functional abnormali-
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ties to complement the video EEG information. 
About 60–70% of patients experience focal or 
partial seizures and 30–40% generalized seizures 
[148]. Despite the wide range of treatments avail-
able for controlling seizures, approximately 
20–30% of patients continue to have uncontrolled 
seizures. Functional imaging plays an important 
role in the care of patients with no structural 
lesions in the brain (nonlesional epilepsy), who 
make up 20–50% of patients with medically 
refractory epilepsy [147].

Epilepsy surgery is an effective technique 
for patients with intractable focal onset medi-
cally refractory epilepsy and has a reported 
success rate of 55–80% [147]. Postsurgical 
success depends on accurate presurgical local-
ization of the epileptogenic focus. Accordingly, 
precise identification of the epileptogenic 
focus is vital for effective seizure control and 
minimization of morbidity associated with epi-
lepsy surgery. The seizure-onset zone is the 
region in which the seizures actually originate, 
while the epileptogenic zone is a theoretical 
construct, which is defined in terms of different 
cortical zones [149].

In the  1980s, [18F]FDG-PET was used as a 
molecular imaging probe to image the epileptic 
focus  (Fig. 15.30). It was soon recognized that 
focal interictal hypometabolism correlated with 
the localization of the epileptic focus, and the 
method was widely implemented in presurgical 
epilepsy evaluation [150]. In 1994, the  FDA 
approved the first indication of FDG-PET for the 
identification of regions of abnormal glucose 
metabolism associated with foci of epileptic sei-
zures. Subsequently, several PET and SPECT 
radiopharmaceuticals were evaluated to study 
the molecular mechanisms of epilepsy. Recent 
reviews discussed the advantages and limitations 
of different tracers used in molecular imaging of 
epilepsy [147, 151–154].

15.4.1  Blood Flow and Metabolism

Patients with complex partial seizures (epilepsy 
that leads to temporary impairment but, not loss 
of consciousness) may be referred for functional 

brain imaging studies to assess the ictal perfusion 
or interictal glucose metabolism. During the epi-
leptic activity, a hyperperfusion of the seizure 
onset zone occurs because of an autoregulatory 
response to the local neuronal hyperactivity. 
When a SPECT blood flow tracer (99mTc-HMPAO 
or 99mTc-ECD) is injected intravenously immedi-
ately after the start of a seizure, the ictal SPECT 
images reflect the hyperperfusion changes in the 
early phase of the seizure. However, if the tracer 
is injected after the seizure is terminated, hypo-
perfusion in the seizure onset zone can be 
observed. Ictal-SPECT is the only imaging 
modality that can define the ictal onset zone in a 
reliable and consistent manner. Brain glucose 
metabolism, as a measure of neural activity, can 
be studied with FDG-PET, which identifies cere-
bral hypometabolism characterizing epilepto-
genic sites (Fig. 15.30). FDG-PET is useful for 
presurgical planning in most temporal lobe epi-
lepsy (TLE) patients. However, different antiepi-
leptic drugs have shown to affect the cerebral 
glucose metabolism to varying degrees, with 
phenobarbital being a greater depressant (up to 
37%) than valproate, carbamazepine, or phenyt-
oin [156].

The main limitation of interictal FDG-PET is 
that it cannot precisely define the surgical margin 
as the area of hypometabolism usually extends 
beyond the epileptogenic zone. Various neu-
rotransmitters (GABA, glutamate, opiates, sero-
tonin, dopamine, acetylcholine, and adenosine) 
and receptor subtypes are involved in epilepsy 
[157]. Since the late 1990s, the potential clinical 
utility of [11C]flumazenil PET in epilepsy  has 
been  investigated. This radioligand binds to the 
benzodiazepine site on the γ-aminobutyric acid 
(GABAA) receptor complex and has shown prom-
ising results in the localization and lateralization 
of the epileptic focus [155, 158]. The area of 
abnormality on Flumazenil- PET is usually 
smaller and more circumscribed than the area of 
hypometabolism on FDG images (Fig.  15.30). 
Studies have demonstrated that 11C-α-methyl-l-
tryptophan PET, or [11C]AMT (to study synthesis 
of serotonin) can detect the epileptic focus within 
malformations of cortical development and helps 
in differentiating epileptogenic from non-epilep-
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a b c

Fig. 15.30 Static [18F]FDG-PET and [18F]FMZ 
PET. Coronal images used for masked visual review. (a) 
FDG-PET image shows extensive hypometabolism 
throughout right temporal lobe (arrows). (b) 18F-FMZ 

(flumazenil) PET image shows more restricted localiza-
tion to mesial temporal region in same patient (arrows). 
(c) Symmetric FMZ distribution in control subject. (From 
Vivash et al. [155])

togenic tubers in patients with tuberous sclerosis 
complex.

15.5  Neurooncology

Brain neoplasms include primary brain neo-
plasms which stem from the brain parenchyma 
and metastatic lesions originating from other pri-
mary malignancies outside of the brain (such as 
lung, breast, and skin). The most common types 
of primary brain tumors include glioma, which is 
the most lethal brain tumor, accounting for about 
45% to 50% of total primary brain tumors, fol-
lowed by meningiomas, the second commonest, 
and comprising nearly 15% of all the primary 
brain neoplasms. According to the WHO 
Classification of Tumors of the Central Nervous 
System (CNS) 2016, tumors are graded into four 
grades based on the histopathologic characteris-
tics in which grade 1 represents benign features 
and grade 4 indicates the most malignant tumors 
[159]. Glioma is a tumor originating from glial 
cells of the brain. There are many types of glial 
cells and the tumors that arise from each type are 
named according to the cell type of origin (such 
as astrocytoma, oligodendroglioma and mixed 
glioma). Glioblastoma, on the other hand, is the 
most invasive primary brain tumor and the com-
monest primary brain tumor. Glioma may or may 
not be malignant while glioblastoma is malig-
nant. Glioma has a better prognosis than glioblas-
toma. Treatment of glioblastoma is a challenge 

because tumor cells are resistant to routine treat-
ments. Symptomatic treatment, surgery, radio-
therapy, and chemotherapy may be administered 
with varying degrees of success. A meningioma 
is a tumor that grows from the meninges—the 
protective membranes that cover the brain and 
spinal cord. Most meningiomas are benign (not 
cancer) and slow growing; however, some can be 
malignant.

15.5.1  Imaging in Neuro-oncology

MRI with gadolinium contrast agent is used as 
the standard method of choice in the practice 
of brain tumors. Functional MR imaging 
(fMRI) using the Blood Oxygen Level 
Dependent (BOLD) technique provides func-
tional map for each patient facilitates the surgi-
cal planning and averts the unsolicited 
collateral damage to vital brain regions during 
surgery and radiotherapy. In neuro-oncology, 
PET-imaging can be performed in several clin-
ical indications [160]. In clinical neuro-oncol-
ogy, [18F]-FDG is currently the most commonly 
used PET tracer and has been utilized mainly 
to differentiate the tumor recurrence from radi-
ation-induced changes. Novel PET tracers can 
offer biologic information not imaged via 
[18F]-FDG PET. PET- imaging in brain tumors 
and in particular in gliomas can be indicated 
using several different radiopharmaceuticals 
(Table 15.6):
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• At primary diagnosis: to differentiate grade 
III-IV gliomas from nonneoplastic lesions or 
grade I-II gliomas.

• To select the optimal biopsy site; to delineate 
tumor extent for surgery and radiotherapy; to 
aid in non-invasive grading of tumoral lesions.

• For diagnosis of tumor recurrence, differenti-
ating it from treatment induced changes (such 
as pseudoprogression or radionecrosis).

• For disease and therapy monitoring, such as 
malignant transformation (of grade I–II glio-
mas), response assessment after chemother-
apy and radiotherapy and to rule out 
pseudoresponse (especially when dealing with 
antiangiogenic drugs).

15.5.2  PET Radiotracers 
in Neuro-oncology

PET imaging is increasingly used to supplement 
MRI in the management of patient with brain 
tumors. Different PET radiotracers (Table  15.6) 
targeting different biological processes are used to 
accurately identify brain tumors and provide 
unique metabolic and biologic information. The 
main radiotracers implemented in clinical practice 
include [18F]FDG and radiolabeled amino acids 
([11C]MET, [18F]FET, and [18F]FDOPA) targeting 
glucose metabolism and l-amino-acid transport 

system. respectively. In addition, several radiotrac-
ers for cell proliferation ([18F]FLT), membrane 
synthesis ([11C]CH and [18F]FCH) have also been 
evaluated. Recent reviews described the advan-
tages and limitations of different PET radiotracers 
evaluated in neuro- oncology [161–166].

[18F]FDG is a well-established and the most 
widely used tracer for PET imaging. An 
increased FDG uptake corresponds to increased 
glucose metabolism. [18F]FDG remains useful 
for intensely hypermetabolic brain lesions such 
as PCNSL, glioblastoma, and some metastases. 
However, the physiological high FDG uptake in 
the normal brain, limits the lesion-to-back-
ground contrast for brain tumors. Amino acid 
PET tracers have the advantage over FDG in 
that they do not accumulate too much in the nor-
mal brain. [11C]MET has been the first devel-
oped tracer in this field. Because of the  short 
half-life of 11C (20 min) its availability is lim-
ited to centers with in-house cyclotron. [18F]
FDOPA and [18F]FET are the most often used 
tracers and their uptake in brain tumors relies on 
the overexpression of large amino acid trans-
porters of the l-type (LAT) [161].

[18F]FDOPA PET has a good accuracy for the 
diagnosis of primary brain tumors, with a sensi-
tivity of 96% and a specificity of 86%. It is more 
specific than [18F]FDG [19] and performs as well 
as [11C]MET [163, 166]. It can also be used to 

Table 15.6 PET radiopharmaceuticals in neurooncology

Radiopharmaceuticals Target/mechanism
2-[18F]fluoro-2-deoxy-d-glucose ([18F]
FDG)

Glucose transporters and 
Hexokinase

Glioma, primary CNS lymphoma, 
brain metastases

l-[methyl-11C]Methionine ([11C]MET) Amino acid transporters l-type Glioma
Meningioma
Brain metastases

O-(2-[18F]fluoroethyl)-l-tyrosine ([18F]
FET)
[18F]Fluciclovine (Axumin)
3,4-dihydroxy-6-[18F]fluoro-l- 
phenylalanine ([18F]FDOPA)

Aromatic amino acid 
decarboxylase (AAAD)

[11C]Choline ([11C]CH Cell membrane synthesis Glioma
[18F]Fluorocholine ([18F]FCH
[18F]Fluorothymidine ([18F]FLT) DNA synthesis Glioma
[18F]Fluoromisonidazole ([18F]FMISO
68Ga-DOTA-d-Phe-Tyr3-octreotate 
(DOTATATE)

Somatostatin receptor Type-2 
(SSTR2)

Meningioma

68Ga-DOTA-Tyr3-octreotide (DOTATOC)
68Ga-PSMA-11 Prostate specific membrane 

antigen
Residual or recurrent glioblastoma
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Fig. 15.31 Comparison of 18F-FET PET and T2 (FLAIR) 
MRIs in a patient with high grade glioma. (a) 18F-FET 
PET/CT shows metabolically active bifrontal tumor mass. 
(b) MRI shows T2 FLAIR-hyperintense tumor and perifo-

cal edema. (c) MRI and 18F-FET PET/CT image fusion 
reveal complementary information with inconsistent over-
lap of hypersignal in T2 and 18F-FET uptake. (From 
Dissaux et al. [167])

differentiate high- and low-grade gliomas as the 
uptake is significantly higher in high-grade glio-
mas. A recent meta-analysis found a pooled sen-
sitivity of 0.88 and a pooled specificity and 0.73 
for glioma grading, making it a valuable clinical 
tool.

[18F]FET-PET (Fig. 15.31) provides important 
diagnostic data concerning brain tumor delinea-
tion, therapy planning, treatment monitoring, and 
improved differentiation between treatment- 
related changes and tumor recurrence [164]. The 

accumulation of [18F]FET in most benign lesions 
and healthy brain tissue has been shown to be 
low, thus providing a high contrast between 
tumor tissue and benign tissue alterations. Based 
on logistic advantages of F-18 labeling and con-
vincing clinical results, [18F]FET has widely 
replaced [11C]MET.

A systematic review and metaanalysis includ-
ing 39 studies based on several PET tracers for 
distinguishing tumor progression from treatment- 
related changes in high-grade glioma patients 
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concluded that PET can reliably differentiate 
tumor progression from treatment-related 
changes, with the highest diagnostic accuracy 
being reached among amino-acid tracers. Both 
[18F]FET and [11C]MET showed a comparably 
higher sensitivity than FDG [161].

Meningioma is the most common non-glial 
primary brain tumor, which represents approxi-
mately 35% of all brain tumors. A high SSTR 
type 2 density is found in all meningioma [166]. 
[68Ga]Ga-SSTR PET tracers are an effective tool 
for imaging meningioma because  there is no 
physiological uptake in the brain except for the 
pituitary gland. As a result, SSTR-PET provides 
a high tumor-to-background ratio. In a series of 
21 meningioma patients, who underwent amino 
acid PET and PET with SSTR ligands, every 
tumor showed high SSTR ligand uptake while 
two meningiomas remained [18F]FET-negative 
[165].

In the era of precision and personalized medi-
cine, molecular imaging with PET can be of great 
value in the clinical management of primary and 
secondary brain tumors. The existing literature 
provides strong evidence that PET can efficiently 
supplement MRI in specific settings such as dis-
tinguishing recurrence from treatment related 
changes (TRC) in glioma and brain metastases. 
In addition to [18F]FDG, [18F]FDOPA, [18F]FET, 
and 68Ga-SSTR, ligands will continue to play a 
major role in the management of patients in 
neuro-oncology.
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16Molecular Imaging in Cardiology

Almost all aspects of life are engineered at the 
molecular level, and without understanding mole-
cules we can only have a very sketchy understand-
ing of life itself. (Francis Harry Compton Crick)

16.1  Nuclear Cardiology

Coronary artery disease (CAD), stroke, and con-
gestive heart failure (CHF) are responsible for 
the majority of all cardiovascular deaths. The 
current major diagnostic imaging procedures in 
nuclear cardiology to address the issues of CAD 
and heart failure are based on the assessment of 
myocardial blood flow (MBF) and substrate 
metabolism using FDA-approved SPECT and 
PET radiopharmaceuticals (Table 16.1). A num-
ber of review articles have extensively discussed 
various clinical issues and the relative signifi-
cance of noninvasive imaging techniques in 
nuclear cardiology [1–4]. In the last 30 years, the 
application of qualitative perfusion imaging 
based on SPECT has been extended to allow for 
the combined evaluation of perfusion, perfusion 
reserve, and ventricular function. The coronary 
flow reserve (CFR) is a quantitative parameter 
defined by the ratio of maximal myocardial 
blood flow to the rest myocardial blood flow, 
which allows to give functional information on 
the whole coronary arterial tree, integrating both 
epicardial arteries and microcirculatory. The 

CFR is a powerful tool to guide therapy and to 
assess prognosis [5]. With the improvements in 
SPECT instrumentation and with the availability 
of CZT- PECT and Dynamic PET scanners, the 
time has come for nuclear cardiology to provide 
the CFR measurements for clinical practice.

In cardiology, a paradigm shift is taking place 
with the emphasis from treatment to prevention 
of the disease. Current strategies involve the use 
of targeted markers of biological processes. With 
the recent advances in molecular biology, includ-
ing genomics and proteomics, molecular imaging 
using biologically targeted radiopharmaceuticals 
will play a key role in this interdisciplinary 
approach to understanding the origins, pathogen-
esis, and progress of cardiac diseases, and in 
evaluating therapeutic interventions. Several 
molecular imaging radiopharmaceuticals with 
potential clinical utility are listed in Table 16.1. 
Today, molecular imaging of the heart is increas-
ingly requested by cardiologists for infection, 
inflammation, infiltration, coronary atherosclero-
sis, vulnerable plaque, and heart failure. This 
trend is further fueled by the advent of an increas-
ing spectrum of novel molecule-targeted drug 
interventions in cardiology, which require early 
identification of the most suitable patients and 
subsequent monitoring of success [4]. Several 
recent reviews discussed the potential clinical 
significance of different molecular imaging stud-
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Table 16.1 Radiopharmaceuticals in nuclear cardiology

Assessment/mechanism RP for SPECT RP for PET
Myocardial perfusion/myocardial blood flow 201Tl-chloridea [15O]-water

99mTc-Sestamibi (Cardiolite™)a 82Rb chloridea

99mTc-Tetrofosmin 
(Myoview™)a

[13N]Ammoniaa

[18F]-Flurpiridaz
Blood pool/ejection fraction 99mTc-RBCsa

Myocardial infarction 99mTc-PYPa

Glucose metabolism (viability) [18F]Fluorodeoxyglucose (FDG)
Fatty acid metabolism 123I-BMIPP [11C]Palmitate

[18F]FTHA
Oxidative metabolism [11C]Acetate
Myocardial sympathetic innervation 123I-MIBG (Iobenguane) [11C]meta-hydroxyephedrine 

(HED)

β-adrenergic receptors [11C]CGP12177

Infection/inflammation 111In or 99mTc labeled 
leukocytes

[18F]FDG

Cardiac sarcoidosis 111In-DTPA-Octreotide 
(Octreoscan)

[18F]FDG
[18F]Fluorothymidine (FLT)
68Ga-Dotatate; 68Ga-Dotatoc

Cardiac amyloidosis 99mTc-PYP [11C]PiB, [18F]Flutemetamol
99mTc-HMDP [18F]Florbetaben
99mTc-DDP [18F]Florbetapir
99mTc-Aprotinin

Fibrosis: fibroblast activating protein (FAP) 68Ga-FAPI-04
Atherosclerosis [18F]FDG

[18F]Fluoride
Inflammatory pathway: chemokine receptor 
(CXCR4)

111In-Pentixafor 68Ga-Pentixafor

DPD = 3,3-diphosphono-1,2-propanodicarboxylic acid
aFDA approved agents

1. Aorta

5. Left Main CA

2. RCA

3. LAD CA

4. Circumflex CA

Fig. 16.1 Heart with coronary arteries

ies that are in clinical use and the new, and novel 
agents under investigation [4, 6–9].

16.2  The Clinical Problem

16.2.1  Coronary Artery Disease

The coronary arteries originate from the left and 
right coronary sinuses of the aorta (Fig.  16.1). 
The left main coronary artery divides into two 
major arteries: the left anterior descending artery 
(LAD) and the left circumflex artery (LCx). The 
right coronary artery (RCA) divides into a poste-
rior descending artery (PDA) and a posterior left 
ventricular branch. The cardiac muscle has two 
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essential properties: electrical excitability and 
contractility. The ability of myocardial muscle 
cells to contract and generate the force necessary 
to maintain blood circulation is achieved through 
the unique contractile function of two proteins of 
the sarcomere (actin and myosin) of the syncy-
tially arranged myocardial fibers. Also, the heart 
muscle has a rich supply of the high-energy phos-
phates needed for the contraction.

The majority of patients with acute coronary 
syndromes (ACS) present with unstable angina, 
acute myocardial infarction, and sudden coro-
nary death. The disease may be asymptomatic 
until advanced in severity or complications. CAD 
is an immune inflammatory process, which, over 
decades, results in arterial narrowing [10, 11]. 
Atherosclerosis is a systemic disease with focal 
manifestations, and it is by far the most frequent 
underlying cause of CAD. It is also a complex 

a b

c

Fig. 16.2 Atherosclerosis and thrombosis in coronary 
arteries (CA): (a) cross-sectioned CA containing a rup-
tured plaque with a nonocclusive platelet-rich thrombus 
superimposed; (b) cross section of a CA containing a ste-
notic atherosclerotic plaque with an occlusive thrombosis 
superimposed (plaque erosion); (c) atherothrombosis: a 
variable mix of chronic atherosclerosis and acute throm-

bosis. Cross-sectioned arterial bifurcation illustrating a 
collagen-rich (blue-stained) plaque in the circumflex 
branch (left) and a lipid-rich and ruptured plaque with a 
nonocclusive thrombosis superimposed in the obtuse 
branch (right). C contrast in the lumen, Ca calcification, T 
thrombosis [12]
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disease in which cholesterol deposition, inflam-
mation, and thrombus formation play a major 
role. Atherosclerotic lesions (Fig. 16.2), accord-
ing to the American Heart Association classifica-
tion are divided into two groups: 
nonatherosclerotic intimal lesions and progres-
sive atherosclerotic lesions [13]. A third group of 
lesions, healed atherosclerotic plaques, are the 
most prevalent lesions, particularly in the carotid 
arteries. A variety of factors contribute to the 
development and progression of atherosclerosis. 
Dysfunction of the endothelium, which main-
tains vascular homeostasis by regulating vascular 
tone, smooth muscle cell proliferation, and 
thrombogenicity, is thought to be the earliest step 
in the development of CAD. The endothelial dys-
function results in the imbalance of vascular reg-
ulatory mechanisms to cause damage to the 
arterial wall. Inflammation, macrophage infiltra-
tion, lipid deposition, calcification, extracellular 
matrix digestion, oxidative stress, cell apoptosis, 
and thrombosis are among other molecular 
mechanisms that contribute to plaque develop-
ment and progression [10, 14, 15]. The practice 
of estimating the severity of atherosclerotic dis-
ease by using CT calcification was introduced in 
the 1980s and was standardized with the publica-
tion of a CT calcium score. The utility in early 
diagnosis is limited by the fact that the macrocal-
cifications visible on CT are a relatively late- 

stage manifestation of atherosclerosis. By 
contrast, molecular imaging techniques can theo-
retically visualize the preliminary stages and 
microscopic manifestations of the disease pro-
cess (such as inflammation, microcalcification) 
and, if validated, would constitute an ideal 
modality for early diagnosis and intervention [8].

Atherosclerosis, alone, is rarely fatal; it is 
thrombosis, superimposed on a ruptured or 
eroded atherosclerotic plaque, that precipitates 
life-threatening clinical events, such as acute cor-
onary syndromes (ACS) and stroke [14]. 
Therefore, the term atherothrombotic disease is 
more appropriate since the atherosclerotic and 
the thrombotic processes are interdependent [12].

16.2.1.1  Vulnerable Plaque
Since the 1970s, scientists have sought to find the 
mechanisms responsible for converting chronic 
coronary atherosclerosis to acute coronary artery 
disease. Despite major advances in the treatment 
of coronary heart disease patients, a large number 
of victims of the disease, who are apparently 
healthy, die suddenly without prior symptoms. In 
the 1990s the term vulnerable plaque was intro-
duced to describe the rupture prone plaques as 
being the underlying cause of most clinical coro-
nary events [16]. Based on histopathological 
observations, a nonthrombosed lesion, that most 
resembles the acute plaque rupture, has been 

Fig. 16.3 Vulnerable plaque: cross section of a coronary 
artery containing plaque assumed to be rupture-prone 
containing a large lipid-rich necrotic core (NC), thin 

fibrous cap (FC), expansive remodeling (green arrow), 
and vasa vasorum and neovascularization (VV) [14]
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identified as the thin cap fibroatheroma (TCFA), 
which is characterized by a necrotic core with an 
overlying fibrous cap measuring <65  μm, 
 containing rare smooth muscle cells and numer-
ous macrophages (Fig.  16.3) [14, 15]. An 
inflamed TCFA is suspected to be a high 
risk/vulnerable plaque [17, 18].

Stable plaques are characterized by intimal 
thickening associated with lipid deposition, a 
chronic inflammatory infiltrate but, without evi-
dence of necrosis, whereas vulnerable and rup-
tured plaques are characterized by an “active” 
inflammation involved in the thinning of the 
fibrous cap, predisposing the plaque to rupture 
[13, 17]. Since rupture-prone plaques are not the 
only vulnerable plaques, it was proposed that all 
types of atherosclerotic plaques, with a high like-
lihood of thrombotic complications and rapid 
progression, should be considered as vulnerable 
plaques [19]. In addition, since the vulnerable 
blood (prone to thrombosis) and vulnerable myo-
cardium (prone to fatal arrhythmia) play an 
important role in the clinical outcome, the term 
“vulnerable patient” has been regarded as being 
more appropriate [20, 21].

Molecular imaging of inflammation, athero-
sclerosis/atherothrombosis, and vulnerable 
plaque would play a major role in nuclear cardi-
ology in the near future ([4, 6, 8, 19, 22, 23].

16.2.1.2  Myocardial Infarction
Myocardial infarction (MI) occurs in the setting 
of an acute coronary vessel occlusion, with a 
variable amount of spasm, and increased myo-
cardial demand as contributing factors. Most of 
the ACS are thought to be the result of sudden 
luminal thrombosis which occurs from three 
different pathologies: plaque rupture, erosion, 
and calcified nodules [15]. Histopathological 
studies reveal a large peripheral zone infiltrate 
by neutrophils that surround the subendocardial 
central zone devoid of neutrophils. The peri-
infarct zone is a complex collection of regions 
in different states of injury, depending on the 
amount of blood flow reduction, myocardial 
metabolic demand, and the rate of onset and 
duration of the blood flow reduction. Myocardial 

necrosis and severe acute ischemia lead to 
increased permeability, cell membrane disrup-
tion, and leakage. Different myocardial tissue 
states or zones, such as hibernating and stunned 
myocardium, may be present depending on the 
extent of damage, viability, and function [23]. 
The hibernating myocardium is the term applied 
to a dysfunctional myocardium with reduced 
perfusion (ischemia) at rest, but preserved cell 
viability.

16.2.2  Congestive Heart Failure

CHF stems from inadequate cardiac output, due 
to systolic or diastolic left ventricular function. 
The primary causes are ischemic heart disease 
and hypertension. Both, idiopathic cardiomyopa-
thy (ICM) and ischemic cardiomyopathy (ISM) 
are widespread and are major underlying cardiac 
diseases responsible for heart failure. Besides the 
risk of sudden cardiac death, patients with CHF 
can have intraventricular dyssynchrony (or left 
bundle branch block), which causes the two ven-
tricles to beat in an asynchronous fashion, reduces 
systolic function, and increases systolic volume. 
Autonomic dysfunction has been shown to 
increase the risk of death in patients with heart 
disease and may be applicable to all patients with 
cardiac disease, regardless of etiology [24]. The 
impaired cardiac presynaptic function has patho-
physiological implications in the occurrence of 
lethal cardiac events in patients with heart 
failure.

The autonomic innervation of the heart is the 
primary extrinsic control mechanism regulating 
cardiac performance. The heart is innervated by 
the parasympathetic and sympathetic nerve 
fibers. The left ventricle of the heart is primarily 
supplied by sympathetic nerves that modify car-
diovascular performance in adapting to the 
changing hemodynamic requirements. The para-
sympathetic nervous system primarily innervates 
the atria and the conduction system. The major 
neurotransmitters of the sympathetic and para-
sympathetic systems are norepinephrine and ace-
tylcholine, which define the stimulatory and 
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inhibitory physiological effects of each system. 
There is a highly regulated balance in the sympa-
thetic and parasympathetic input to optimize car-
diac performance.

16.2.3  Cardiomyopathy

Cardiomyopathy is a diseased heart muscle that 
cannot function (contract) adequately and results 
in the failure of the heart muscle to meet the needs 
of the body for oxygen-rich blood and the removal 
of carbon dioxide, and other waste products. 
There are many causes of cardiomyopathy but, 
the end result is a heart that is weak and cannot 
maintain a normal ejection fraction or cardiac out-
put. Primary cardiomyopathies are those that usu-
ally affect the heart alone. Secondary 
cardiomyopathies (such as sarcoidosis and amy-
loidosis) are those that are a result of an underly-
ing condition affecting many areas of the body 
[25, 26].

16.2.3.1  Cardiac Sarcoidosis (CS)
Sarcoidosis is a systemic inflammatory disorder 
resulting from the combined effects of genetic 
susceptibility and environmental exposures. 
Sarcoidosis is a granulomatous disease that 
affects multiple organs and has no clearly defined 
etiology. Although much attention is focused on 
lymphocytes in directing inflammation in sar-
coidosis, macrophages remain the dominant 
constituent of the sarcoidosis granuloma. The 
cardiovascular system is the third most common 
site of sarcoidosis and is involved in 25–50% of 
patients. Patients with heart failure have a par-
ticularly poor prognosis [25, 91]. The prevalence 
of sarcoidosis-related cardiomyopathy is increas-
ing. Sarcoidosis impacts cardiac function 
through granulomatous infiltration of the heart, 
resulting in conduction disease, arrhythmia and/
or heart failure. Diagnosis of CS can be chal-
lenging and requires clinician awareness as well 
as differentiation from overlapping diagnostic 
phenotypes such as other forms of myocarditis 
and arrhythmogenic cardiomyopathy [25]. Early 
diagnosis is the key to preventing the potentially 
devastating effects of cardiac sarcoidosis (CS). 

Cardiac MRI offers high spatial resolution and 
enables evaluation of ventricular function, myo-
cardial edema, and scarring. It provides high 
diagnostic value (sensitivity, 76–100%; specific-
ity, 78–92%). However, contrast- enhanced car-
diac MRI cannot be performed in patients with 
implantable devices and/or severe renal impair-
ment 91. Molecular imaging with PET radiotrac-
ers has the advantages of  overcoming these 
disadvantages of cardiac MRI and provide defin-
itive diagnosis of CS.

16.2.3.2  Cardiac Amyloidosis (CA)
CA is an infiltrative and restrictive cardiomyopa-
thy that leads to heart failure, reduced quality of 
life, and death. CA is a disorder characterized by 
deposition of insoluble protein fibrils (i.e., amy-
loid) in the extracellular space. Fibrils from two 
protein precursors, amyloid immunoglobulin 
light chain (AL) and amyloid transthyretin 
(ATTR), are the main causes of cardiac amyloi-
dosis [26]. Based on the protein fibrils, CA is cat-
egorized into two subtypes, transthyretin cardiac 
amyloidosis (ATTR-CA) and immunoglobulin 
light chain cardiac amyloidosis (AL-CA), char-
acterized by the precursor protein that forms 
amyloid and infiltrates the myocardium. AL 
amyloidosis develops after deposition of mis-
folded proteins that originate from the AL frag-
ments that are typically produced by bone 
marrow plasma cells. ATTR amyloidosis is 
caused by accumulation of transthyretin (TTR), a 
serum transport protein for thyroid hormone and 
retinol synthesized originally by the liver, and is 
classified into two subtypes: wild-type 
(ATTRwt-CA) and hereditary, previously called 
familial CA and now referred to as variant trans-
thyretin CA (ATTRv-CA) [26]. CA is caused by 
cumulative myocardial deposition of insoluble 
amyloid that causes chamber stiffening, conduc-
tion disturbances, impaired diastolic function ini-
tially, and heart failure with preserved ejection 
fraction (HfpEF) that can progress to a reduced 
ejection fraction (EF). Transthyretin (alterna-
tively, prealbumin) is a tetrameric protein mainly 
produced in the liver that transports thyroid hor-
mone and retinol. With aging, or a destabilizing 
mutation, the tetramer dissociates into monomers 

16 Molecular Imaging in Cardiology



431

or oligomers that misfold and aggregate into 
amyloid fibrils.

Recent advances in therapeutic options render 
accurate and early diagnosis of CA critical. 
Previously, definitive diagnosis of ATTR-CA 
often required an endomyocardial biopsy stain-
ing positive with Congo Red, with confirmatory 
testing for ATTR via immunohistochemistry or 
serum/urine protein electrophoresis with immu-
nofixation mass spectroscopy. Endomyocardial 
biopsy is highly sensitive and specific (nearly 
100% for each) and is considered the gold stan-
dard for diagnosis [26]. However, given its inva-
sive nature, biopsy was performed only when 
there was significant suspicion of 
CA.  Radionuclide planar/SPECT imaging stud-
ies with 99mTc bone agents or β-amyloid binding 
PET radiotracers can provide non-invasive diag-
nostic information.

16.2.4  Fibrosis

Postinfarction remodeling involves infiltration of 
activated fibroblasts into affected myocardium to 
assist with repair and to maintain structural integ-
rity of affected tissue. Myocardial fibrosis is a 
common endpoint of cardiovascular disease, 
characterized by resident cardiac fibroblast trans-
differentiation and activation, which produce 
fibrillary collagen and reorganize extracellular 
matrix. Reparative or replacement fibrosis after 
ischemic injury culminates in scar formation and 
stabilization of the infarct [27]. The dynamic 
remodeling process is driven by a multitude of 
cells including cardiomyocytes, endothelial cells, 
immune cells, and cardiac fibroblasts. After MI, 
fibroblasts undergo dynamic phenotypic changes 
and differentiate into collagen-secreting proto- 
myofibroblasts. These activated fibroblasts can 
further differentiate into mature myofibroblasts. 
After MI, activated fibroblasts migrate into the 
injured myocardium and contribute to tissue 
replacement, thereby helping to preserve the 
structural integrity of the infarcted heart. They 
secrete increased amounts of cytokines, growth 
factors, and pericellular proteases to maintain the 
extracellular matrix (ECM) and promote replace-

ment fibrosis—formation of a scar that stabilizes 
the ventricular wall and maintains the macroanat-
omy of the heart [28]. Excessive fibrosis, how-
ever, can lead to left ventricular stiffness, 
decreased contractility, and ultimately contrib-
utes to the progression to HF. Noninvasive imag-
ing of activated fibroblasts could therefore 
provide unique opportunities to study cardiac 
remodeling over time and to monitor therapeutic 
interventions that aim to prevent a progressive 
decline of ventricular function [29, 30].

16.3  Radiopharmaceuticals 
in Nuclear Cardiology

SPECT and PET radiopharmaceuticals with spe-
cific clinical applications in cardiology are sum-
marized in Table 16.1. The mechanisms of uptake 
and clinical utility of both approved and investi-
gational radiopharmaceuticals will be described 
briefly in the following sections.

16.3.1  Myocardial Blood Flow/
Perfusion

Myocardial perfusion Imaging (MPI) with 
SPECT has been the clinical workhorse for MPI, 
but over the past two decades, PET MPI is expe-
riencing growth due to enhanced image quality 
that results in superior diagnostic accuracy over 
SPECT. Furthermore, dynamic PET imaging of 
the tracer distribution process from the time of 
tracer administration to tracer accumulation in 
the myocardium has enabled routine quantifica-
tion of myocardial blood flow (MBF) and myo-
cardial flow reserve (MFR) in absolute units [31].

MBF is regulated by anatomical, hydraulic, 
mechanical, and metabolic factors. Autoregulation 
of MBF is driven by changes in regional myocar-
dial metabolism and oxygen consumption. Under 
resting conditions, MBF is one-fifth the maxi-
mum flow capacity, which occurs during reactive 
hyperemia and, or with maximum pharmacologi-
cal vasodilation [32]. Near-maximal MBF can be 
produced by intense metabolic stress associated 
with exercise. The difference between the peak 
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(under stress) and basal MBF represents the cor-
onary flow reserve (CFR), which is reduced in 
the presence of severe CAD.

The resting MBF is not reduced until the ste-
nosis exceeds 90% of the normal vessel diameter. 
The coronary flow reserve, however, is reduced 
with only a 50% diameter stenosis [33]. 
Therefore, myocardial perfusion imaging (MPI) 
is performed in conjunction with exercise or 
pharmacological vasodilatation (using adenos-
ine, dipyridamole, or dobutamine) in order to 
identify subcritical coronary stenosis. MPI maps 
the relative distribution of coronary flow, which 
is normally almost uniform in the absence of 
prior infarction or fibrosis.

The ideal MPI radiopharmaceutical should 
have a linear relationship between myocardial 
uptake and blood flow, high first-pass extraction 
over a wide range of blood flow rates, low extra-
cardiac uptake, minimal myocardial redistribu-
tion, and intrinsic chemical stability. The 
relationship between uptake and clearance of the 
radiotracer and MBF should be constant and 
independent of MBF, physiological and patho-
logical changes of the myocardial tissue state, 
and the myocardial metabolism. Most radiotrac-
ers used for imaging the myocardial perfusion/
blood flow, however, do not fully meet these 
requirements [2, 34].

16.3.1.1  SPECT Radiotracers 
for Perfusion

201Tl as thallous chloride behaves like a K+ analog 
and is highly extracted by the myocardial cell. It 
was first introduced in the 1970s as a radiophar-
maceutical for myocardial perfusion imaging 
[35]. 201Tl, with a physical half-life of 73.1  h, 
decays by electron capture to 201Hg, which emits 
useful X-ray photons (69–80 KeV; 94.4% abun-
dance) for gamma camera imaging studies. It is 
produced in a cyclotron and is indirectly based on 
the following nuclear reaction:

 81
203

82

201 9 4 201 73 1
80

201

3Tl , Pb Tl Hg.
h hp n EC EC( )  →  →, . , .

 
(16.1)

Following intravenous administration, it is rap-
idly cleared from the circulation and normal 

myocardial tissue extracts about 85% of the 
amount present in the coronary arteries. At pH 
4–7, 201Tl predominantly exists as a monoca-
tion, and like K+ ion, it relies on cell-membrane 
integrity and active metabolic transport using 
Na+/K+ pump for its uptake into the myocardial 
cells. Approximately 3–5% of the injected dose 
localizes in the normal myocardial tissue and 
after initial localization, there is rapid redistri-
bution of 201Tl activity in the myocardium. 
Early stress- induced defects, which later nor-
malize in redistribution images, imply myocar-
dial ischemia, while persistent defects indicate 
scarring.

Three important 99mTc labeled radiopharma-
ceuticals (Fig. 16.4) were introduced for myocar-
dial perfusion imaging studies [36]; sestamibi 
(cardiolite®), tetrofosmin (Myoview™), and 
teboroxime (CardioTec), however, CardioTec is 
no longer commercially available. In the case of 
99mTc-Sestamibi, six molecules of MIBI 
(2-methoxy isobutyl isonitrile) bind to the central 
99mTc atom forming a coordination complex with 
a single positive charge. As a cationic complex, it 
is transported into the myocardium by passive 
diffusion (extraction efficiency < 60%), and the 
myocardial retention is due to mitochondrial 
binding. Tetrofosmin (99mTc-1,2-bis[bis(2- 
ethoxyethyl)phosphino]ethane) is also a monoca-
tion complex and is transported into the 
myocardial tissue similar to sestamibi.

16.3.1.2  PET Radiotracers 
for Perfusion

Several PET radiopharmaceuticals are available 
for evaluating the relative distribution of MBF and 
for measuring regional MBF in absolute quantita-
tive units (mL/min/g) based on PET [2, 31].

As described previously, the first-pass unidi-
rectional extraction fraction E is the fraction of 
the tracer that changes across the capillary mem-
brane during a single transit of tracer bolus 
through the coronary circulation. For most dif-
fusible radiotracers, such as [15O]water, E  <  1 
declines with increasing MBF. The relationship 
between E and the permeability-surface product 
and blood flow is described by Renkin and Crone. 
It is also important to note that the E for radio-
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Fig. 16.4 SPECT and PET radiopharmaceuticals for myocardial perfusion imaging

tracers administered as bolus is generally higher 
than the steady state extraction fraction, also 
called the extraction ratio [34]. Also, the first- 
pass retention fraction R of the radiotracer may 
decrease at higher flow rates due to back diffu-
sion of the radiotracer into the vascular space and 
blood. The plot of the myocardial net uptake 
(E × F) for several radiotracers, as a function of 
MBF (Fig.  16.5), suggests that the net uptake 
would increase linearly with higher blood flows 
but, correlates nonlinearly with blood flow, 
except for [15O]water.

[15O]water meets the criteria for an ideal radio-
tracer for MBF measurement most closely. Based 
on a single tissue compartment model, MBF 
(mL min−1  g−1) estimates in normal human sub-
jects are 0.90 ± 0.22 at rest and 3.55 ± 1.15 with 
stress, based on intravenous dipyridamole [34].

[13N]Ammonia (NH3) in circulation exists pre-
dominantly as an ammonium ion NH4

+ at normal 
pH. It may be actively transported into the myo-
cardial cells via the Na+/K+ pump or by the pas-

sive diffusion of neutral lipid-soluble ammonia. 
Inside the cell, ammonia is quickly converted to 
ammonium ion which is rapidly converted and 
trapped as glutamine by the enzyme glutamine 
synthase [34]. Because of the large intracellular 
levels of glutamine, the washout of N-13 activity 
from the cell is minimal. Since the rate of their 
back-diffusion depends on MBF, the retained 
fraction R declines with higher flow.

Intrasubject comparison studies have demon-
strated a close linear correlation between MBF 
estimates determined by [15O]water and [13N]
ammonia techniques, over a range of flows from 
0.5 to 5.0  mL  min−1  g−1 [37]. Also, global and 
regional MBF estimates with [13N]ammonia have 
shown a close correlation to MBF estimates 
which were determined based on the inert argon 
gas washout technique [38]. In patients with 
CAD and previous myocardial infarctions, MBF 
estimates with [13N] ammonia and [15O]water 
may markedly differ in regions of previously 
infracted myocardium [34]. MBF imaging with 
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Fig. 16.5 Schematic representation of cardiac PET and 
SPECT radiotracers uptake in relation to myocardial per-
fusion. [15O]H2O demonstrates close to linear uptake 
whereas the initial linear extraction of 99mTc labeled com-
pounds plateau at approximately 2 mL/min/g. PET radio-

tracers 13NH4
+ ion and 82Rb+ fall between 201Tl+ and the 

99mTc-SPECT radiotracers, whereas 99mTc-teboroxime 
(discontinued) demonstrates superior extraction at high 
flow rates. [18F]Flurpiridaz rivals [15O]H2O with closer to 
linear extraction. (From [31])

[13N]ammonia-PET, demonstrating anterior and 
lateral defects, is shown in Fig. 16.6.

82Rb+ as a K+ analog, is actively transported 
into the myocardial cells via the Na+/K+ pump. 
The extraction fraction decreases at high flows 
and can be altered by drugs, severe acidosis, 
hypoxia, and ischemia. 82Rb+ appears to leak 
from the irreversibly injured myocardium, but is 
retied or continues to accumulate in only revers-
ibly injured myocardium [34]. In normal sub-

jects, at baseline, and with dipyridamole stress, 
there is a close correlation between MBF esti-
mates with 82Rb+ and [15O]water [40]. Comparison 
of 82Rb-PET images with 99mTc-Tetrofosmin 
images obtained with SPECT-CZT scanner is 
shown in Fig. 16.7.

18F-Flurpiridaz (BMS-747158-02, Lantheus 
Medical, Inc.) is a novel PET mitochondrial com-
plex- 1 inhibitor indicated for detection of CAD 
and risk stratification. Flurpiridaz is an analog of 
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Fig. 16.6 Myocardial blood flow imaging with [13N]
ammonia-PET demonstrating anterior and lateral defects 
during pharmacological stress and significant improve-

ment at rest, consistent with ischemia. SA short axis, HLA 
horizontal long axis, VLA vertical long axis [39]

mitochondrial complex-1 (MC1) inhibitor that 
specifically binds to the MC1 receptors on the 
inner mitochondrial membrane. Structurally it is 
an analog of the known MC-1 inhibitor, pyrida-
ben. [18F]Flurpiridaz can provide improved image 
quality due to the shorter positron range and lon-
ger half-life, enabling delayed imaging post 
injection. The longer half-life of 18F also provides 
an opportunity for exercise stress protocols. 

The  superior pharmacokinetic profile of [18F]
Flurpiridaz, including its sustained myocardial 
extraction at high flow rates (Fig. 16.5), enables 
the possibility of enhanced assessment of abso-
lute quantification of myocardial flow reserve to 
better identify multivessel disease, microvascular 
disease, and response to treatment of endothelial 
dysfunction [41]. [18F]Flurpiridaz was evaluated 
in an initial Phase III trial with mixed results and 
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a

b

Fig. 16.7 82Rb-PET/CT (a) and 99mTc-Tetrofosmin 
SPECT-CZT (b) images in a 52-year-old man 3 months 
following PCI of the LAD coronary artery. Persantine 
82Rb-PET images demonstrate substantial residual isch-
emia in the LAD territory with sum stress and sum defect 

scores (SSS and SDS respectively) equal to 18 (26% of 
LV). Exercise 99mTc-SPECT images in the same patient 
showed milder ischemia with SSS = SDS = 3 (4% of LV) 
due to lower tracer retention and lower hyperemic stress 
compared to persantine 82Rb PET. (From [2])

is currently undergoing a second Phase III trial 
sponsored by GE Healthcare [2].

16.3.2  Myocardial Metabolism

Understanding the myocardial metabolism of 
substrates is very important for understanding the 
pathophysiology of various cardiac diseases and 
for designing therapeutic interventions. The heart 
requires a constant supply of energy to sustain 
contractile function. The energy is supplied by 
hydrolysis of ATP, which is primarily derived 
from the aerobic metabolism. The myocardium 
chooses between various substrates, such as free 
fatty acids (FFA), glucose, lactate, and ketone 
bodies (Fig.  16.8) [42]. The tricarboxylic acid 
(TCA) cycle is linked to the myocardial oxygen 
consumption via the electron transport chains, 
which supply most of the energy in the form of 
ATP. The amount of oxygen required, however, 
depends on the substrate. For example, one mol-

ecule of glucose requires 12 oxygen atoms to 
produce 38 ATP molecules. In contrast, one mol-
ecule of palmitate requires 46 oxygen atoms to 
produce 130 molecules of ATP. The selection of 
an appropriate substrate, however, depends on 
several conditions, such as plasma concentration 
of the substrate, hormonal control (insulin, gluca-
gon, and catecholamines levels), stress, and 
physical activity.

In the normal myocardium, and also with 
moderate levels of exercise, FFAs are considered 
the preferred substrate for metabolism at rest. In 
the fasting state, FFA levels in circulation are 
high and insulin levels are low so that up to 80% 
of energy is derived from the FFA metabolism. A 
diet rich in carbohydrates increases the plasma 
glucose and insulin levels, and then glucose 
becomes the preferred substrate [43, 44]. With 
strenuous exercise, the release of lactate into the 
circulation from skeletal muscle increases and 
lactate will then become the major fuel for myo-
cardial metabolism.
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In various pathological conditions, the myo-
cardial metabolism can be changed significantly. 
In ischemic myocardium, the oxidative metabo-
lism is reduced and as a result, there is a shift 
from an aerobic to an anaerobic metabolism. 
With the lack of a sufficient oxygen supply, glu-
cose is now metabolized to lactate (glycolysis). 
With ischemia, glucose is the preferred substrate 
regardless of the availability of other fuels [44, 
45]. For ischemic heart disease, the major player 
in the disease pathophysiology is the reduction in 
regional or focal perfusion. Changes in regional 
metabolism are a consequence of reduced blood 
flow to these areas.

Changes in myocardial metabolism may also 
play a key role in various other cardiac condi-
tions, such as heart failure, cardiomyopathy, and 
diabetes, which involve the myocardium more 
globally, and involve the myocardium as a whole. 

However, due to difficulties in evaluating metab-
olism in human subjects, the alterations in the 
myocardial metabolism under such conditions 
are poorly understood [46]. The substrate utiliza-
tion may vary depending on the extent of CAD 
and prior drug therapy to improve LV function. 
For example, long-term treatment with a 
β-adrenergic receptor antagonist was reported to 
be associated with a switch in myocardial metab-
olism away from FFA oxidation towards glucose 
metabolism [47]. Studies in animal models of 
diabetes mellitus have demonstrated an upregula-
tion of myocardial fatty acid utilization and a 
reduction of the insulin-mediated glucose trans-
port. However, little is known about the effect of 
diabetes mellitus on the human heart.

In the era of traditional SPECT, MPI alone 
and exercise testing, with  relatively long-lived 
tracers that are retained by the myocardium were 
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advantageous but, with the shift to more sensitive 
imaging devices (i.e., PET and cardiac-dedicated 
SPECT), MBF quantification and an emphasis on 
dose reduction, short-lived tracers offer more 
advantages.

16.3.2.1  Glucose Metabolism
Glucose is transported into the myocardial cell 
by facilitated diffusion of insulin-independent 
GLUT 1 and insulin-dependent GLUT 4 glucose 
transporters [48]. Intracellularly, glucose is rap-
idly phosphorylated to glucose 6-phosphate, 
which is further metabolized (glycolysis) to 
pyruvate. Under aerobic conditions, pyruvate is 
converted to acetyl-CoA, which enters the TCA 
cycle in the mitochondria for oxidative 
 metabolism (Fig. 16.8). Under anaerobic condi-
tions, pyruvate is further metabolized to lactic 
acid.

[18F]FDG that enters the myocardium is phos-
phorylated to FDG-6-phosphate but, then, does 
not enter further metabolic pathways; instead, it 
accumulates in the myocardium. Thus, the myo-
cardial uptake of FDG reflects the uptake and 
metabolism of glucose [49, 50]. FDG-PET 
images reflect the relative distribution of FDG 
uptake in different regions of the myocardium. 
Also, the metabolic rate (MRglc) of glucose in 
absolute units can be measured with PET based 
on dynamic imaging studies, mathematical mod-
eling, compartment model analysis, or graphical 
plot analysis. Since the rate of the glucose uptake 
and FDG uptake is not equal, a lumped constant 
(LC) was developed to convert the FDG uptake to 
glucose uptake. Usually, the value of LC is fixed, 
and is approximately 0.6–0.7 for the FDG-PET 
measurement of MRglc [51]. The LC, however, 
can vary over a wide range, depending on blood 
insulin levels and cardiac disease [52].

Fig. 16.9 FDG-PET to image myocardial viability. Classic mismatch showing FDG uptake in the areas of decreased 
myocardial perfusion identified by [13N]NH3

16 Molecular Imaging in Cardiology



439

Detection of viability in ischemic heart dis-
ease is one of the most important aspects of the 
diagnostic and prognostic workup in patients 
with CAD. In some cases of hibernating myocar-
dium, the resting flow based on PET or SPECT 
tracers cannot differentiate hibernating myocar-
dium from irreversible myocardial scar forma-
tion. Relatively higher FDG uptake in an area of 
decreased myocardial blood flow in the dysfunc-
tional myocardium, known as “flow metabolism 
mismatch,” indicates viable myocardium [53]. As 
a result, FDG-PET is considered as one of the 
gold standards for the determination of myocar-
dial viability (Fig. 16.9).

16.3.2.2  Fatty Acid Metabolism
Since the FFAs are hydrophobic, they are deliv-
ered to the heart by binding to plasma proteins, 
albumin, or lipoproteins. After dissociating from 
proteins, FFAs easily pass through the myocardial 
membrane by diffusion or a facilitated transport 
mechanism. Based on clinical and animal experi-
ments, it has been shown that CD36 plays a cru-

cial role in the fatty acid transport into the cells 
[54, 55]. Intracellularly, FFAs are activated as 
acylcoenzyme A (Acyl CoA) and then carried into 
the mitochondria through an acyl carnitine carrier 
system and catabolized by β-oxidation into two-
carbon fragments, acetyl-CoAs, which enter the 
TCA cycle for further oxidative metabolism 
(Fig. 16.8). A part of FFAs is not oxidized but, is 
formed into triglycerides and myocardial struc-
tural lipids and stays in the myocardium for a long 
time. The straight-chain FFAs are generally 
metabolized through β-oxidation and released 
from the myocardium, while the development of 
modified FFAs is based on the concept of myocar-
dial retention from metabolic trapping [56].

Radiolabeled Fatty Acids for PET
A physiological radiotracer 1-[11C]palmitate 
(Fig.  16.10) was the first FFA introduced to 
image fatty acid metabolism of the heart [57]. 
Subsequently, 14(RS)-[18F]fluoro-6-thia- 
heptadecanoic acid (FTHA) was developed as a 
metabolically trapped radiotracer [58].
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[11C]Palmitate is biologically identical to non- 
radioactive circulating palmitate. The first-pass 
extraction fraction (0.67) is relatively high and 
the initial uptake, and regional distribution in the 
myocardium are largely determined by MBF 
[34]. It clears from the myocardium in a biexpo-
nential fashion. Once the tracer is taken up into 
the myocardium, β-oxidation breaks it down to 
generate acetyl-CoA.  This [11C] acetyl-CoA is 
oxidized via the citric acid cycle and finally 
released from the myocardium in the form of 
[11C]CO2. The rapid clearance fraction corre-
sponds to β-oxidation, whereas the slow-washout 
fraction reflects the turnover rate of the intracel-
lular lipid pool and is an index of FFA metabo-
lism [56]. In severely ischemic myocardium, the 
regional uptake of [11C]palmitate is reduced. The 
PET images provide a qualitative and semiquan-
titative evaluation of fatty acid metabolism. The 
quantitative value of myocardial fatty acid use 
and oxidation is difficult to estimate in absolute 
units (milliequivalents of free fatty acid per min-
ute per gram of myocardium). Since the C-1 label 
of 1-[11C]palmitate is removed in the initial step 
of β-oxidation, ω-[11C]palmitate was proposed as 
a potential tracer to prolong the myocardial reten-
tion of trapped metabolites [59].

With FTHA, the rate of metabolic trapping is 
thought to be proportional to the rate of 
β-oxidation. In patients with CAD, estimates of 
myocardial FFA utilization (MFAU) in a normal 
myocardium were found to be approximately 
5.8 ± 1.7 μmol 100 g−1 min−1, while in patients 
with CHF, the MFAU was found to be elevated 
(19.3 ± 2.3 μmol 100 g−1 min−1) [34, 60]. Further, 
because FTHA does not trace the FFA uptake 
under hypoxic conditions accurately, several 18F 
analogs have been developed. It is still not clear 
which tracer is the most reliable or the most clini-
cally useful PET tracer to image fatty acid metab-
olism in different cardiac diseases [46].

Radiolabeled Fatty Acids for SPECT
Since the 1970s several iodinated fatty acid trac-
ers for SPECT have been developed (Fig. 16.10) 
by introducing radioiodine to the terminal posi-
tion of fatty acids without significant alteration 
of the extraction efficiency, compared with the 

natural FFAs [55, 56, 61]. The two groups of 
iodinated fatty acid compounds include straight-
chain FFAs and modified branched FFAs. In a 
clinical study, 123I-16-iodoheptadecanoic acid 
(IHA), an analog of stearic acid demonstrated a 
high- quality image early after injection but, the 
image quality deteriorated rapidly because of the 
rapid reduction of myocardial counts and 
increase in background counts due to deiodin-
ated radioiodine [62]. To prevent in  vivo deio-
dination, the phenyl fatty acids were developed 
by attaching iodide to the para or ortho position 
of the phenyl ring (IPPA). For routine clinical 
use, however, the rate of metabolism and clear-
ance of IPPA is still relatively too fast for SPECT 
imaging studies.

In order to develop a tracer with more pro-
longed cardiac retention and with improved 
image quality, a methyl branching was intro-
duced at the β-carbon position to slow the myo-
cardial clearance by inhibiting β-oxidation. Two 
iodinated branched fatty acid analogs, 
15-(p-iodophenyl)-3-R,S-methylpentadecanoic 
acid (BMIPP) and 15-(p-iodophenyl)-3,3- 
methylpentadecanoic acid (DMIPP) were, there-
fore, developed [55, 56, 63, 64]. FTHA has 
shown to be metabolically retained in the myo-
cardium and has very good imaging properties in 
normal human subjects, and in patients with 
CAD. The concept underlying BMIPP imaging is 
metabolic trapping of BMIPP-CoA, similar to 
FDG, but by inhibition of β-oxidation through 
the introduction of methyl branching, at the 
β-carbon position. Under the condition of isch-
emia, a reduction in BMIPP uptake is observed, 
reflecting the reduction in ATP production due to 
depressed oxidative fatty acid metabolism and 
substrate shift from fatty acids to glucose 
(Fig.  16.11). When compared with myocardial 
perfusion imaging, BMIPP imaging enables 
“ischemic memory imaging,” with detection of 
previous myocardial ischemia (metabolically 
stunned myocardium) and viable but chronically 
dysfunctional myocardium (hibernating myocar-
dium) [55]. Also, in cardiomyopathy, BMIPP 
imaging may be useful for the early detection of 
HCM, the differentiation of ischemic cardiomy-
opathy from idiopathic DCM, and also for the 
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Fig. 16.11 Myocardial metabolic imaging using 
123I-BMIPP in patients with unstable angina: Although 
201Tl scans did not show definite perfusion abnormalities, 

decreased BMIPP uptake was noted in the lateral region, 
indicating decreased regional myocardial  fatty acid 
metabolism [56]

Fig. 16.12 Myocardial metabolic imaging using 
123I-BMIPP in patients with hypertrophic cardiomyopathy 
(HCM). There is increased 201Tl uptake in the apex to the 
anteroseptal wall but, BMIPP uptake is reduced in that 

area. Discordant BMIPP uptake less than blood flow in 
the hypertrophic area is a rather early phenomenon of 
HCM [55]
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prediction of prognosis (Fig. 16.12). 123I-BMIPP 
has been the most commonly used commercially 
available SPECT tracer to assess fatty acid 
metabolism in patients, especially in some of the 
European countries and in Japan.

16.3.2.3  Oxidative Metabolism
The assessment of myocardial oxidative metabolism 
involves the estimation of myocardial ventricular 
oxygen consumption (MVO2) in absolute units, mL 
min−1 g−1. Under steady-state conditions, MVO2 
provides an accurate measure of overall myocardial 
metabolism regardless of which substrate or fuel is 
used. Based on the determination of myocardial 
blood flow, using [15O] water, myocardial blood vol-
ume using [15O]CO, and oxygen inhalation studies 
using [15O]O2, myocardial oxygen extraction can be 
determined. The MVO2 is then estimated using the 
plasma oxygen content as the arterial input function. 
In normal subjects, an average MVO2 is 
0.097 ± 0.022 mL min−1 g−1 [65]. While this method 
provides an absolute quantitative estimation of 
regional MVO2 in various cardiac diseases, the PET 
imaging studies involving 15O (T½ = 2 min) are not 
practical for routine clinical use.

[11C]Acetate
Acetate is avidly extracted from the coronary cir-
culation and rapidly distributed in the myocar-
dium. In cytosol, it is activated to acetyl-CoA 
and, subsequently, enters the TCA cycle in the 
mitochondria for oxidation and metabolism to 
[11C]O2 and water (Fig. 16.8). It is important to 
realize that the myocardial kinetics of [11C] ace-
tate is independent of the metabolic milieu, such 
as the blood glucose level or FFA concentration 
in the blood [66]. Following intravenous bolus 
administration, the myocardial washout of activ-
ity demonstrates a biexponential clearance. The 
myocardial oxidative metabolism, however, can 
be estimated based on the rapid washout rate 
determined, using monoexponential curve fitting 
of the time–activity data [67]. Because of its high 
myocardial first-pass extraction fraction, the 
early phase (1–3 min) is flow-dependent and pro-
vides an estimation of regional myocardial perfu-
sion [68]. With [11C]acetate, simultaneous 

determination of myocardial blood flow and oxy-
gen consumption can be performed with a single 
data acquisition [46].

16.3.3  Myocardial Presynaptic 
Adrenergic Neuronal Imaging

The cardiac sympathetic nervous system remains 
of interest for molecular imaging, due to the 
direct relationship between sympathetic activity, 
cardiomyocyte β-adrenoceptor expression, and 
ventricle remodeling. In the failing heart, 
increased sympathetic drive leads to increased 
norepinephrine stimulation and downregulation 
of adrenoceptors, the pathophysiology underly-
ing the common use of β-blocker therapy to nor-
malize contractility [69].

The mammalian heart is characterized by 
dense adrenergic innervation with a norepineph-
rine (NE) concentration gradient from the atria to 
the base of the heart and from the base to the apex 
of the ventricles. In contrast, parasympathetic 
innervation is distributed throughout the atrial 
and ventricular walls, with a gradient from the 
former to the latter, with acetylcholine (ACh) 
being the main neurotransmitter. Both, the sym-
pathetic and parasympathetic tones control the 
rate of the physiologic stimulation and conduc-
tion, while the contractile performance is primar-
ily modulated by sympathetic neurotransmission. 
The major neurotransmitters of the sympathetic 
and parasympathetic systems, NE and ACh, 
define the stimulatory and inhibitory physiologic 
effects of each system.

The NE is produced from tyrosine within a 
neuron (Fig.  16.13). Tyrosine is converted to 
DOPA, which is converted to dopamine by DOPA 
decarboxylase. Dopamine is then transported by 
a vesicular monoamine transporter (VMAT2) 
into the vesicles, where it is converted to NE by 
dopamine β-hydroxylase. Adrenergic nerve stim-
ulation leads to the release of NE into the syn-
apse. The sympathetic neurotransmission in the 
heart is mediated by adrenoreceptors of type β1 
and β2, which are located on the myocardial cells. 
Only a small amount of NE, released into the 
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Fig. 16.13 Adrenergic neurotransmission in the heart. PET and SPECT tracers for imaging presynaptic adrenergic 
neurons and postsynaptic adrenoceptor density
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synapse, binds to the adrenoreceptors while most 
of the NE in the synapse undergoes reuptake 
(uptake-1 mechanism) back into the presynaptic 
nerve terminal by a saturable and Na+, tempera-
ture, and energy-dependent mechanism 
(uptake-1) via a neuronal norepinephrine trans-
porter (NET) or by nonsaturable, and not Na+, 
temperature, or energy dependent mechanism 
(uptake-2). The free cytosolic NE is degraded by 
MAO to dihydroxyphenylglycol (DHPG).

16.3.3.1  Radiotracers for Presynaptic 
Sympathetic Innervation

All of the radiotracers developed for imaging car-
diac sympathetic innervation are analogs of NE 
(Fig. 16.14). As discussed earlier, NE within the 
synapse is transported back into the presynaptic 
neuron terminals via NETs, based on the uptake-1 
mechanism. Structural analogs of NE are also 
transported into synaptic terminals by this 
uptake-1 mechanism [70].

[11C]Hydroxyephedrine (HED)
PET radiotracers (Fig.  16.14) resemble the 
endogenous NE more closely than 
123I-MIBG. Two different groups of PET tracers 
are available for presynaptic sympathetic imag-
ing of the heart; radiolabeled catecholamines and 
radiolabeled catecholamine analogs [71, 72].

[11C]Hydroxyephedrine (HED) is the most 
widely used tracer for cardiac neuronal imaging. 
HED has a high affinity for the NETs and shows 
negligible non-specific binding. Following the 
transport into the presynaptic terminal, it is not 
metabolized by MAO or COMT enzymes [71, 
73]. Since HED is not metabolized, it diffuses out 
of the nerve terminal and is transported back into 
the nerve terminal. Therefore, HED myocardial 
retention is actually dependent on both the con-
tinuous release and reuptake by NETs [72].

While HED is a false neurotransmitter, [11C]
epinephrine (EPI) is a more physiological tracer 
since it is primarily a circulating hormone pro-
duced together with NE by the adrenal medulla 
and other chromaffin tissues. Unlike HED, EPI is 
degraded by MAO but, its storage in the vesicles 

is very efficient, preventing it from degradation 
and causing slow clearance of the tracer from the 
heart. Therefore, EPI reflects the whole cascade 
of uptake, metabolism, and storage of neuro-
transmission, while the primary target for HED 
and MIBG is the uptake-1 system. Both, HED 
and EPI can be synthesized with high chemical 
purity (>95%) and SA (33–74 GBq μmol−1).

123I-MIBG
Guanethidine is a potent neuron-blocking agent 
that acts selectively on sympathetic nerve end-
ings. Based on this molecule, 131I-meta- 
iodobenzylguanidine (MIBG) was initially 
developed as an agent for imaging tumors of 
adrenal medulla origin [74]. The avid heart 
uptake and retention of MIBG observed in ani-
mal biodistribution studies strongly suggested 
that MIBG might also be successfully used for 
imaging cardiac sympathetic neurons [75]. 
Consequently, 123I-MIBG was developed for 
imaging the heart, in patient studies [76]. MIBG 
is transported into presynaptic terminals by the 
uptake-1 mechanism and is stored mainly in the 
NE storage vesicles. In other words, MIBG and 
NE have the same mechanisms for uptake, stor-
age, and release. Unlike NE, MIBG does not bind 
to receptors on the myocardial cell membrane, 
and does not undergo any metabolism within the 
presynaptic terminals [71, 77]. As a result, MIBG 
is retained in sympathetic nerve endings, and 
provides clinically useful diagnostic information 
for different cardiac diseases.

For practical clinical application, the SA and 
radio-chemical purity of MIBG are critical fac-
tors. The unlabeled catecholamines (cold MIBG) 
may compete with the labeled tracer and may not 
only limit image quality but, also, cause pharma-
cologic action via adrenoceptor activation. The 
specific activity (SA) of commercial preparation 
of 123I-MIBG (Adreview) is ~1.0 GBq/mg and is 
sub-optimal for imaging studies. Therefore, high 
SA 123I-MIBG (>50 GBq) may be beneficial for 
clinical studies.

To overcome the limitations of [11C]HED and 
123I-MIBG, several 18F-labeled MIBG analogs 
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have been developed [78–81]. 18F-N-[3-bromo-4-
(3-fluoro-propoxy)-benzyl]-guanidine (18F-
LMI1195) showed specific uptake in the heart as 
assessed by in  vivo PET imaging in rabbits. 
Stable retention under a desipramine chase indi-
cates promising properties as a new class of PET 
tracer for visualizing the cardiac nervous system, 
mimicking physiologic norepinephrine turnover 
at nerve terminals [79]. In a phase I clinical study, 
[18F]4F-MHPG and [18F]3F-PHPG have demon-
strated that both tracers provide high-quality car-
diac PET images, with extremely low uptake in 
lungs and acceptable uptake levels in the liver. 
Comparing the two tracers, an advantage of 
[18F]4F-MHPG is its more rapid clearance from 
the liver [78].

16.3.3.2  Radiotracers for Cardiac 
Neuroreceptors

The sympathetic adrenoreceptors β1 and β2, 
located on the myocardial cells, play a major role 
in the regulation of cardiac function. In the 
healthy myocardium, β1-receptors are the most 
abundant, forming 80% of all β-receptors, while 
in heart failure the proportion of β2-adrenoceptors 
may increase to 50% [72, 82]. Also, sympathetic 
activation results in the elevation of systemic cat-
echolamine levels and subsequent downregula-
tion of β-receptors. Many different 
pharmaceuticals, that act as cardiac receptor 
antagonists, such as β-blockers or β-receptor 
antagonists, are used in cardiological practice. 
The efficacy of these drugs depends on many dif-
ferent factors, especially the β-receptor density. 
Noninvasive imaging and quantitation of 
β-receptor density (Bmax) before initiation of ther-
apy with β-blockers might predict the outcome of 
therapy.

[11C]CGP-12177 (4-(3-t-butylamino- 2-
hydroxypropoxy)-benzimidazol-1), a hydro-
philic, nonselective antagonist, that binds to the 
β-receptors with high affinity (0.3 nmol L−1), was 
one of the first ligands developed for cardiac PET 
adrenoreceptor imaging studies [83]. So far, [11C]
CGP-12167, is the only tracer, that has been used 
more extensively in patient populations, such as 
patients with dilated hypertrophic and arrhyth-
mogenic right ventricular cardiomyopathy [71, 

72]. Because of the difficulties involved in the 
synthesis of this tracer, the N-isopropyl deriva-
tive, [11C]CGP-12388 was developed as an alter-
native for clinical use [84].

16.3.3.3  Clinical Applications
Sympathetic nerve endings are easily damaged 
by ischemia, in comparison to myocardial cells, 
and sympathetic function disorders are known to 
persist for a certain period even after alleviation 
of the ischemia. The utility of cardiac sympa-
thetic imaging is most widely studied in patients 
who have heart failure with reduced ejection 
fraction (HFrEF) [6, 85, 86] (Fig. 16.15).

PET imaging of the cardiac autonomic ner-
vous system has advanced in recent years and 
multiple pre- and postsynaptic tracers have been 
used to determine the involvement of the sympa-
thetic dysinnervation at different stages of heart 
diseases, such as ischemia, heart failure, and 
arrhythmia. In general, [11C]HED is the most 
widely used PET tracer for cardiac neuronal 
imaging. In a healthy heart, there is an even dis-
tribution of HED over the left ventricle, making it 
a valuable tracer for detecting specific regional 
defects of the presynaptic sympathetic system in 
disease [72]. In patients with dilated cardiomy-
opathy there is a loss of neurons or downregula-
tion of uptake-1. In a patient with idiopathic 
dilated cardiomyopathy and severely reduced left 
ventricular ejection, the myocardial retention of 
HED was reduced significantly (Fig.  16.16). In 
heart failure patients, the extent of denervation 
denoted by HED retention predicts sudden car-
diac arrest [87, 88]. The [11C]HED is the most 
commonly used PET tracer for sympathetic nerve 
imaging. The superior sensitivity and quantitative 
capability of HED-PET allow for reliable assess-
ment of regional neurohumoral abnormalities.

In patients with unstable angina, MIBG- 
SPECT makes it possible to identify the culprit 
coronary artery with a high probability and, thus, 
is of diagnostic value (Fig.  16.16). In patients 
with heart failure, the increased washout rate and 
the decreased heart/myocardium (H/M ratio) on 
the delayed MIBG image become marked with 
an increase in hypofunction in the left ventricle, 
regardless of the underlying diseases [89]. 
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Fig. 16.15 [11C]HED-PET for imaging presynaptic sym-
pathetic innervation in the heart. In a normal subject, there 
is an even distribution of HED in the heart similar to the 
myocardial perfusion images of [13N] ammonia-PET. In a 

patient with idiopathic dilated cardiomyopathy (IDC) and 
severely reduced left ventricular ejection fraction (22%), 
there is a significantly reduced retention of HED com-
pared with the myocardial perfusion [72]

Similar results have been reported from studies 
on dilated cardiomyopathy, hypertrophic cardio-
myopathy (HCM), valvular heart disease, pulmo-
nary hypertension, amyloidosis, and diabetes 
[77]. 123I-MIBG planar/SPECT has been used in 
numerous studies to document regional denerva-
tion for arrhythmic event risk assessment [90].

16.3.4  Cardiac Sarcoidosis (CS)

As discussed earlier, CS occurs most commonly 
in patients who are 20–40 years old, with a pre-
dominance of female patients. The cardiovascu-
lar system is the third most common site of 
sarcoidosis and is involved in 25–50% of patients. 
Patients with heart failure have a particularly 

poor prognosis. Because corticosteroid therapy 
improves cardiac function and prognosis, accu-
rate diagnosis, and timely intervention for 
improving outcomes is necessary [25, 91].

In the 1990s, it was documented that a combina-
tion of 201Tl chloride and 67Ga citrate scintigraphy 
may be useful not only in the diagnosis of cardiac 
sarcoidosis but, also, in the prediction of the effects 
of corticosteroids [92]. 67Ga-SPECT/CT scanning 
was also shown to be a very useful diagnostic imag-
ing technique because it improves the diagnostic 
specificity of 67Ga-SPECT to allow the highly spe-
cific diagnosis of cardiac sarcoidosis [93].

It is well recognized that glucose metabolism 
is increased in inflammatory cells. Macrophages 
and CD4+ T cells present in sarcoid granulomas 
have a high energy demand requiring increased 

16 Molecular Imaging in Cardiology



447

Fig. 16.16 123I-MIBG imaging in patient with ischemic 
heart disease. In a patient with unstable angina, myocar-
dial perfusion with 201Tl-SPECT at rest was relatively nor-
mal with no significant findings. In contrast, MIBG 

SPECT (early and delayed) showed decreased accumula-
tion in the infero-posterior wall. Coronary angiography 
performed later, and advanced stenosis was recognized in 
the proximal part of the RCA [77]

glycolysis and, therefore, cellular inflammation 
can be detected by PET/CT using [18F]
FDG.  Consequently, the clinical utility of FDG 
PET/CT for diagnosis and management in patients 
with known or suspected CS was investigated. 
Background cardiomyocyte uptake, however, rep-
resents a major limitation of FDG-PET scan, and 
may be suppressed by fasting, fatty meals, and 
heparin infusion, though nonspecific uptake may 
still be present in some patients [91].

FDG-PET is currently the best clinical tool for 
the assessment of myocardial inflammation in CS 
[25, 94]. Suppression of baseline myocardial 
FDG uptake via fasting and adoption of a very 

low carbohydrate diet allows for visualization of 
FDG uptake by inflammatory cells. The optimal 
PET protocol used to evaluate CS requires rest 
myocardial perfusion, cardiac and whole body 
FDG-PET imaging. FDG-PET imaging provides 
a good diagnostic accuracy for CS. However, accu-
rate interpretation may be hampered by physio-
logic accumulation of FDG in the myocardium, 
which is seen in up to 20% of patients even after 
elaborate preparation [94]. Most patients with 
cardiac sarcoidosis have extracardiac involve-
ment, and identification of the extracardiac 
lesions is essential in diagnostic evaluation of 
patients with suspected CS. The major advantage 
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a b

Fig. 16.17 Representative [18F]FDG-PET images from a 
patient with cardiac and pulmonary sarcoidosis. Baseline 
cardiac FDG-PET images (Panel a) demonstrate a 
moderate- sized area of abnormal FDG uptake extending 

to medial and basal segments of the inferior and infero-
septal wall. After treatment with prednisone and myco-
phenolate mofetil, there is resolution of cardiac FDG 
uptake (Panel b) [25]

of whole-body FDG PET/CT is that it enables 
evaluation of the systemic extent of sarcoidosis 
beyond the myocardium. Figure 16.17 shows the 
diagnostic value of FDG-PET in CS, and to mon-
itor treatment response. The advantage of FDG- 
PET in the diagnosis of CS, the detection of the 
extracardiac sarcoidosis involvement, and the 
response to therapy is shown in Fig. 16.18.

Radiotracers that do not have any uptake in 
the myocardium but, are taken up by inflamma-
tory cells have also been evaluated for imaging 
CS. [18F]Fluorothymidine (FLT), a tracer to study 
cellular proliferation and DNA synthesis has 
been reported to be useful for the detection of CS 
[91, 96]. The main advantage is that FLT PET/CT 
can provide detectability as high as that for FDG 
PET/CT but, without fasting or change in the 
diet. In CS lesions containing granulomas with 
high-turnover traits, proliferation tracers accu-
mulate predominantly in active lesions. A corre-
lation between FLT uptake and myocardial 
scarring was observed indicating that FLT-PET/
CT allows detection of areas that are developing 
into myocardial scars [97].

Somatostatin receptors (SSTRs), specifically 
subtype 2, are expressed not only in neuroendo-
crine tumors (NETs) but, also, on the surface of 
activated inflammatory cells such as macro-
phages, epithelioid cells, and multinucleated 
giant cells, which are the main constituents of 
sarcoid granuloma [98]. SSTR-agonists such as 
111In-DTPA-octreotide (Octreoscan) and 68Ga 
labeled Dotatoc, dotatate, and Dotanoc have 
shown potential clinical utility for detecting CS 
[99–102]. SSTR imaging has the  potential for 
differentiation of active CS lesions from those in 
the chronic phase because fibrotic tissue, which 
is seen in the chronic phase, lacks extensive 
SSTR expression [91].

16.3.5  Cardiac Amyloidosis (CA)

CA is more prevalent than previously expected, 
contributing to significant cases of heart failure 
with preserved ejection fraction [103]. Recent 
developments in treatment strategies have also 
shown the importance of early and accurate diag-
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Fig. 16.18 FDG-PET 
to assess response to 
therapy in cardiac 
sarcoidosis (CS). 
Examples of using 
18F-FDG PET to assess 
response to therapy. 
(Top) Patient with no 
response to treatment. 
(Bottom) Patient with 
marked response of both 
extra CS and CS to 
treatment. (From [95])

nosis in CA.  In patients with CA with amyloid 
fibril protein (AL-CA), novel antiplasma cell 
therapy has been proved effective, even in popu-
lations of patients with refractory disease. A 
lower mortality rate and improved overall sur-
vival can be achieved with earlier diagnosis of 
AL amyloidosis [42]. Introduction of therapy 
with the  FDA-approved drug, tafamidis, which 
binds to transthyretin (TTR) and inhibits tetramer 
dissociation and amyloidogenesis, has improved 
outcomes in patients with ATTR-CA [26, 91]. 
The improved therapeutic options render accu-
rate and early diagnosis critical.

Several 99mTc labeled bone-seeking SPECT 
radiopharmaceuticals (Fig.  16.19)  have shown 
the clinical utility to detect and provide confir-
matory diagnosis of CA. Additionally, PET tech-
niques are emerging in amyloidosis [91, 
104–108]. Although the role of the bone-seeking 
agent 18F-sodium fluoride for the workup of 
ATTR-CA is still under debate because of low 
signal intensity, PET amyloid mark-
ers (Fig. 16.19) originally developed for neurol-
ogy to identify β-amyloid in neurodegenerative 
disease have also been used to  detect cardiac 
amyloidosis.
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Fig. 16.19 Radiopharmaceuticals for imaging cardiac amyloidosis

Fig. 16.20 (Left) 99mTc-pyrophosphate planar scan 
showing avid myocardial tracer uptake (Perugini grade 3, 
myocardial uptake greater than rib). (Right) Cardiac 
SPECT showing diffuse myocardial tracer uptake in 
short-axis images (top row), vertical long-axis images 

(middle row), and horizontal long-axis (bottom row). This 
scan is diagnostic of ATTR cardiomyopathy if serum and 
urine studies for AL amyloidosis are negative. (From 
[106])
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A resurgence of interest and an improved 
understanding of the performance characteristics 
of CA imaging with SPECT using 99mTc-labeled 
bone-seeking tracers, such as PYP (pyrophos-
phate) DPD (3,3-diphosphono-1,2- 
propanodicarboxylic acid), and HEDP 
(hydroxymethylene diphosphonate), have been 
transformative for the field of CA and nuclear 
cardiology as well. The mechanism of uptake of 
bone agents is attributed to the binding to the 
microcalcifications in the amyloid fibrils, espe-
cially in the ATTR-CA but, not in the AL-CA. A 
meta-analysis of 5 studies found a sensitivity of 
92.2% and specificity of 95.4% for detecting 
ATTR-CA, whereas its diagnostic performance 
for AL amyloidosis is poor (sensitivity and speci-
ficity <50%) [91]. ATTR-CA shows higher 
uptake of bone tracer (Fig.  16.20) because the 
density of microcalcifications is greater in ATTR 
amyloidosis than in AL amyloidosis [109]. 
Binding mechanisms and the effect of fibril type 
on tracer affinity need to be clarified. Thus, 
whereas scintigraphy with the 99mTc bone- seeking 
tracers is a remarkably useful test for patients 
with suspected amyloidosis, vigilance is required 
to identify and further evaluate cases in which 
there is discordance between clinical and imag-
ing findings [106].

[11C]PiB, a derivative of thioflavin-T, has been 
used with success in β-amyloid imaging in neu-
rodegenerative diseases and has also been shown 
to accurately identify cardiac AL-amyloidosis 
[110]. Thus, it may prove to be useful to monitor 
response to therapeutic interventions or for prog-
nostication in the realm of cardiac amyloidosis. 
Pilot studies reported that 18F-labeled amyloid 
tracers, such as [18F]Florbetapir, have the poten-
tial to detect CA but, well clinical studies need to 
confirm the accuracy of the β-amyloid tracers for 
the diagnosis of CA [111].

Aprotinin (Trasylol), a small protein (6.511 
kDa) bovine pancreatic trypsin inhibitor (BPTI) 
is an antifibrinolytic molecule that inhibits tryp-
sin and related proteolytic enzymes. It was 
reported that 99mTc-aprotinin binds to amyloid 
deposits which contain proteases. Pilot studies 
documented the potential of this tracer to detect 

CA.  However,  more studies are  needed to con-
firm the pilot data [112, 113].

16.3.6  Cardiac Fibrosis

Fibrosis is the excessive accumulation of extra-
cellular matrix typically found in the remodeling 
left ventricle, resulting from activation of cardiac 
fibroblasts. The feasibility of imaging matrix 
metalloproteinases using radiopharmaceuti-
cals such as 111In-RP782 or 99mTc-RP805, which 
accumulate in remodeling vasculature and myo-
cardium has been reported. However,  matrix 
remodeling is a relatively late pathogenetic pro-
cess in ischemic heart failure progression, which 
may restrict the benefit for many patients [114]. 
Since fibroblasts comprise up to 50% of the cel-
lular content of the heart, and fibrosis is the con-
sequence of fibroblast activation, a promising 
target for molecular imaging is the fibroblast acti-
vation protein (FAP), which exhibits low expres-
sion by quiescent cardiac fibroblasts but, is 
rapidly upregulated in response to injury stimuli, 
and during fibroblast transdifferentiation [115, 
116]. Also targeting activated myofibroblasts can 
depict the active disease at a very early stage 
where treatments would likely have the most 
benefit.

The feasibility of PET imaging of activated 
fibroblasts with 68Ga-FAPI-04, a FAP inhibitor 
was first demonstrated in a preclinical model of 
myocardial infarction. 68Ga-FAPI-04 uptake in 
the injured myocardium peaked on day 6 after 
coronary ligation. The tracer accumulated 
intensely in the MI territory, as identified by 
decreased [18F]FDG uptake and confirmed by 
PET/MR and H&E staining [28]. Autoradiography 
and H&E staining of cross-sections revealed that 
68Ga-FAPI-04 accumulated mainly at the border 
zone of the infarcted myocardium (Fig.  16.21). 
Subsequently, several clinical studies docu-
mented the potential of 68Ga labeled FAPI radio-
tracers to image the activated fibroblasts in the 
myocardium [117–120]. Figure  16.22 shows 
68Ga-FAPI-04 PET/CMR in a patient after myo-
cardial infarction. Recently, another FAP- 
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Fig. 16.21 Axial sections of in  vivo PET/CT imaging 
with [18F]FDG (day 3 after MI) and 68Ga-FAPI-04 (day 6 
after MI) and corresponding ex  vivo PET/MRI with 
68Ga-FAPI-04 (day 7 after MI). [18F]FDG image was used 
to identify areas of infarcted myocardium (arrow), where 
increased uptake of 68Ga-FAPI-04 was apparent (arrow-

head). 68Ga-FAPI-04 exhibited elevated uptake in postsur-
gical scar (asterisk). The dashed line separates 
68Ga-FAPI-04 uptake in myocardium from surgical 
wound. High-resolution MR and PET/MR data confirmed 
infarcted area, where 68Ga-FAPI-04 uptake was increased. 
(From [28])
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Fig. 16.22 68Ga-FAPI-04 PET/CMR in a patient after 
myocardial infarction. 68Ga-FAPI-04 PET/CMR in a 
patient after acute STEMI in LAD territory and 
68Ga-FAPI-04 tracer kinetics. (a) Attenuation corrected 
axial PET. Fusion images of PET with 15 min late gado-
linium enhancement sequences in (b) short axis, (c) hori-
zontal long axis, and (d) vertical long axis and 

corresponding MR.  Arrowhead indicates small mature 
scar. (e) Example placement of ROI for dynamic analysis. 
(f) 68Ga-FAPI-04 tracer kinetics. Intense 68Ga-FAPI-04 
uptake was observed in anterior and anterior septum wall 
in LAD territory. No significant 68Ga-FAPI-04 uptake is 
shown in the remote area similar to blood pool [119]

targeting PET radiotracer, 68Ga-MHLL1, was 
evaluated for non-invasive tracking of dynamic 
fibrosis in an animal model. 68Ga-MHLL1 dis-
played selective binding to FAP in the infarct and 
infarct border zone, as well as remote non- 
infarcted myocardium, post-MI [121].

Dedicated prospective clinical studies are nec-
essary to determine the added value of FAP imag-
ing of myocardial fibrosis for predicting 
functional outcomes in cardiac patients.
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16.3.7  Inflammation 
and Atherosclerosis

Atherosclerosis is a well-known disease leading 
to cardiovascular events, including myocardial 
infarction and ischemic stroke. The biology of 
atherosclerosis (Fig. 16.23) provides a basis for 
the development of radiolabeled molecular imag-
ing probes. Fundamentally, the process of inflam-
mation regulates atherosclerosis. Specifically, the 
macrophage has emerged as the key cellular 
mediator of inflammation in atheroma, and par-
ticipates in all phases of atherogenesis, including 
lesion initiation, progression, and complication 
[14, 19, 122].

The main structural change in the vascular 
wall in atherosclerosis is thickening, associated 
with the accumulation of lipid metabolism prod-
ucts in the intima, the development of fibrous 
transformation, necrosis and calcification, and 
the formation of atheroma. The growth of ath-
erosclerotic plaque over time leads to increasing 
stenosis of the lumen of the vessel and impaired 
hemodynamics, which, within certain limits, can 
be partially or completely compensated both by 
the expansion of the vessel and by the elasticity 
of intact sections of the walls. Rupture of the 
plaque capsule, with subsequent thrombosis, can 
lead to both acute occlusion of the vessel itself 

and embolism in its distal branches, which are 
direct causes of vascular events. Factors leading 
to a decrease in blood flow in the vessel can 
include either an increase in the size of the 
plaque itself, while maintaining its integrity, or a 
tear or complete rupture of the capsule with sub-
sequent thrombosis on its surface or in the result-
ing crater. In addition, with the fragmentation of 
blood clots or the plaque itself, emboli may be 
formed that spread with the flow of arterial 
blood, occluding the lumen of blood vessels dis-
tal to the plaque. Atheroma that are prone to rup-
ture are usually referred to as vulnerable. The 
concept of “vulnerable plaque” was first pro-
posed by J. Muller et al. in 1989 to designate ath-
erosclerotic plaques that do not affect 
hemodynamics but, at the same time, are danger-
ous from the point of view of thrombosis [16, 18, 
123]. Fatal myocardial infarctions or sudden car-
diac death have been presented as the first mani-
festation of coronary artery disease without 
preceding ischemic symptoms. Thus, vulnerable 
atherosclerotic plaque, also called ‘active- 
forming’ or ‘rupture- prone’ plaque, needs to be 
discriminated from stable plaques.

Thus, the biology of the atherosclerotic lesion 
itself provides the basis for the development of 
atherosclerosis-targeted molecular imaging 
probes (Table  16.1). A number of noninvasive 

Arterial
lumen

Adhesion 
molecule

Monocyte

Intima

Tissue

Macrophage

Proteolysis

Foam cell

Lipid core

Calcification 

Hypoxia

Neoangiogenesis

Apoptotic 
cells

Fibrous cap Smooth muscle cell

Endothelium

68Ga-fucoidan
99mTc-antiVCAM-1

18F-FDG
18F-FDM

18F-choline
11C-PK11195

68Ga-DOTATATE
64Cu-nanoparticle

99mTc- RP805

99mTc-annexin V
18F-FMISO

68Ga-RGD
68F-gRGD
99mTc-NC100692
89Zr-bevacizumab

18F-fluoride

Fig. 16.23 Pathogenesis mechanism and molecular imaging targets in vulnerable plaque. (From Lee and Paeng [128])
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and invasive diagnostic imaging techniques are 
being evaluated to accurately identify high-risk 
individuals, based on the presence of high-risk 
anatomical or structural features of atheroscle-
rotic plaques in the coronary arteries. However, 
imaging coronary lesions is a challenge since 
they are contained within the wall of the vessel, 
and typically these lesions occupy a fraction of 
the vessel circumference and often extend from 1 
to 2 cm. In addition, the residual activity of the 
radiotracer in blood, and the myocardial tissue 
uptake of the radiotracer make these lesions more 
difficult to detect. Molecular imaging technique 
based on specific β+ emitting radiotracers, how-
ever, may provide the potential to detect coronary 
atherosclerotic lesions (Fig. 16.23).

16.3.7.1  Radiotracers for Vulnerable 
Plaque

In the 1970s it was first demonstrated that 
125I-labeled LDL localizes in the carotid athero-
sclerotic lesions in human subjects [124]. Since 
that time a number of radiolabeled LDL prepara-
tions, antibodies, and peptides have been exten-
sively evaluated in animal models as potential 

radiotracers for imaging atherosclerotic lesions 
[19]. Molecular imaging based on PET and 
SPECT radiotracers is a rapidly evolving disci-
pline that aims to develop imaging agents and 
technologies to visualize the specific molecular 
processes associated with vulnerable plaque. 
Several reviews discussed extensively the devel-
opment and evaluation of PET and SPECT radio-
tracers for molecules imaging of atherosclerosis 
and vulnerable plaque [125–131]. 

In the 1990s, investigators at the Mount Sinai 
Medical Center in New  York were the first to 
demonstrate that FDG-PET identifies 
macrophage- rich atherosclerotic lesions in 
hypercholesterolemic rabbits (Fig.  16.24). The 
histopathological data also suggested that the 
amount of FDG uptake in the lesion correlates 
with the macrophage density in the lesion [132, 
133]. FDG accumulation in ruptured plaques has 
been first confirmed in the carotids of patients 
who presented transient ischemic attack where 
symptomatic carotid artery lesions exhibited 
higher FDG uptake than asymptomatic lesions 
[134]. Ex vivo incubation of excised carotid 
plaques with tritiated deoxyglucose confirmed 
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Fig. 16.24 [18F]FDG-PET to image atherosclerosis in 
hypercholesterolemic rabbits (HCR). The bottom in vivo 
image shows FDG uptake in the ascending aorta (AA) of 
HCR while the top ex vivo image shows comparison of 

HCR and normal aortas. The FDG uptake in the athero-
sclerotic lesions appears to depend on the macrophage 
density
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Fig. 16.25 Transaxial PET/CT images of atherosclerotic 
plaque in aortic arch: CT image (a), [18F]FDG PET image 
(b), 18F-fluoride PET image (c), and coregistered and 
fused [18F]FDG/18F-fluoride PET/CT image (d). 

Accumulation of 18F-fluoride is colocalized with large cal-
cification but, not with [18F]FDG uptake. Short arrow five 
calcifications; long arrow five tracer uptake. (From [140])

that metabolic activities in plaques have a het-
erogeneous distribution and concentrate pre-
dominantly within macrophage-rich areas on 
autoradiographs [135]. Using carotid specimens 
from patients who had an endarterectomy after 
intravenous administration of [18F]FDG, 
microPET-MRI analysis confirmed that FDG 
accumulates mostly in regions of the plaque with 
high density of macrophages and foam cells but, 
also in regions with loose matrix containing acti-
vated smooth muscle cells, fibroblasts, and 
neovessels [136]. Subsequently, localization of 
FDG in human atheroma has been documented 
for the carotid arteries, aorta, and other major 
vessels [137, 138].

During the last two decades, FDG-PET imag-
ing has emerged as a powerful tool to explore 
noninvasively inflammatory activities in athero-
sclerotic plaques providing new insights on the 
evolution of metabolic activities in the vascular 
wall over time. Vascular inflammation evaluated 
with FDG-PET appears to be an interesting 
marker of cardiovascular risk. Unlike circulating 
biomarkers, FDG-PET imaging provides a direct 
assessment of the intensity of inflammation in the 
vascular wall [127].

The most promising radiopharmaceutical that 
emerged in the past 10 years for plaque imaging 
is [18F]sodium fluoride [18F]NaF, a PET radio-
pharmaceutical for imaging metastatic bone 
lesions. [18F]NaF PET/CT (Fig.  16.25)  showed 
the potential for the imaging of arterial calcifica-
tion in major arteries [139, 140]. Fluoride-PET 

has the potential to detect microcalcifications 
located in culprit lesions or high-risk plaques. In 
a prospective study of 40 patients with myocar-
dial infarction and 40 with stable angina, [18F]
NaF successfully identified vulnerable coronary 
lesions in 93% of the lesions implicated in caus-
ing the infarction [141]. Increased uptake was 
also observed in 45% of the patients with stable 
coronary artery disease being referred for inva-
sive coronary angiography. In these patients and 
in 40 patients with stable angina, regions of 18F 
uptake correlated with intravascular ultrasound 
findings of microcalcification, a necrotic core, 
and positive remodeling. A major research study 
CAMONA (Cardiovascular Molecular 
Calcification Assessed by NaF PET/CT) was 
conducted to compare the performance of FDG- 
and NaF-PET for assessing atherosclerosis. 
Based on the data from this study, a recent review 
concludes that NaF as a PET tracer will play a 
critical role in detecting atherosclerosis in both 
normal aging as well as in patients with low or 
high risk for this potentially fatal disease [142]. 
Since [18F]Fluoride uptake is due to the presence 
of micro or macro calcifications, prospective 
clinical trials are needed to assess the prognostic 
value of [18F]Fluoride-PET as a novel biomarker 
for plaque vulnerability.

Several other potential atherosclerotic plaque 
imaging agents, many of which are still in pre-
liminary preclinical and clinical studies, have 
been described. Some of these approaches 
include somatostatin receptor (SSTR) binding 
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ligands (68Ga-Dotatoc, 64Cu-Dotatate), the integ-
rin αvβ3 binding RGD tripeptides analogs 
(18F-Galacto-RGD, 18F-Flotegatide, 
18F-Fluciclatide), and translocator protein 
(TSPO) specific inflammation markers ([11C]
PK11195; [18F]PBR-714), chemokine receptor 
(CXCR4) specific ligands (68Ga-Pentixafor). In 
addition, several potential molecular imaging tar-
gets and approaches which remain relatively 
unexplored in atherosclerosis. As imaging instru-
ments (PET/CT and PET/MRI) become more 
advanced and artificial intelligence becomes 
more clinically useful, investigations will con-
tinue into the selection of appropriate molecular 
imaging probes for atherosclerosis and vulnera-
ble plaque.
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17Radiopharmaceuticals for Therapy

Hippocrates (ca. 460 BC–ca. 370 BC), a Greek 
physician (referred to as the Father of Medicine) 
described several kinds of cancer, referring to them 
by the term karkinos (carcinos), the Greek word 
for crab or crayfish, as well as carcinoma.

In the second century AD, the Greek physician 
Galen used oncos (Greek for swelling) to describe 
all tumours, reserving Hippocrates term carcinos 
for malignant tumours. Galen also used the  
suffix -oma to indicate cancerous lesions. It is from 
Galen’s usage that we derive the modern word 
oncology. (WIKIPEDIA)

17.1  Introduction

Radiation therapy or radiotherapy is the medical 
use of ionizing radiation (high-energy electro-
magnetic waves or particles, such as X-rays, 
gamma rays, electron beams, or protons), gener-
ally as part of cancer treatments to control malig-
nant cells. External beam radiation therapy 
(EBRT or XRT) or teletherapy, can be conducted 
using a γ beam from a radioactive cobalt-60 
source, high-energy X-rays or electrons from lin-
ear accelerators (LINAC), and high-energy pro-
tons and neutrons from accelerators. In 
brachytherapy, a radioactive sealed source is put 
inside the body into or near the tumor. With some 
types of brachytherapy, Iridium-192 implants 
(wire or needles), or iodine-125 and palladium-
 103 seeds are used for treatment.

In systemic radiation therapy, also known as 
endoradiotherapy or radionuclide therapy (RNT), 

radioactive drugs (radiopharmaceuticals) given 
by mouth or injected directly into blood circula-
tion (through a vein or an artery) are used to treat 
certain types of cancer. These radioactive drugs 
then travel throughout the body and deliver the 
radioactivity to both cancer cells and normal 
cells. Both teletherapy and brachytherapy play a 
key role in the treatment of cancer in a specific 
region in the body but, they are not useful for the 
treatment of widespread metastases.

Henri Becquerel received a skin burn from a 
vial of radium that he carried in his pocket. Pierre 
Curie performed experiments on his own skin to 
confirm this effect and suggested in 1903 that 
radium’s ability to induce deep flesh burns might 
have potential in cancer therapy. Early attempts 
at radiation therapy utilized sources of radium 
salts to treat a variety of ailments including uter-
ine cervical cancer, arthritis, skin lesions, lupus, 
and throat cancers [1]. In 1913, Frederick 
Proescher published the first study on the intrave-
nous injection of radium for therapy of various 
diseases. Those early potential clinical uses have 
ended for health and safety concerns. However, 
the discovery of radium brought radioactivity to 
the attention of the general public and inspired 
many new uses of radioactivity.

In the 1920s, George de Hevesy, coined the 
term radioindicator or radiotracer and intro-
duced the tracer principle in biomedical sci-
ences. Also in 1920s, the first tracer study in 
rabbits was performed to investigate the absorp-
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tion, circulation and excretion of labeled bismuth 
preparations containing Radium E (identified 
later as 210Bi, a beta emitter with a half-life of 5 
days) [2]. The study showed that bismuth hydrox-
ide suspended in oil was most suitable for thera-
peutic application of syphilis [3]. Also, Chieivitz 
and Hevesy administered P-32 phosphate to rats 
and demonstrated the renewal of the mineral con-
stituents of bone.

In 1936, John H.  Lawrence, the brother 
of Ernest Lawrence, made the first clinical thera-
peutic application of an artificial radionuclide 
when he used phosphorus-32 to treat leukemia. 
In 1941, Saul Hertz gave a patient the first thera-
peutic dose of iodine-130 (a β− emitter with a 
half-life of 12.36 h). However, the discovery of 
131I by Glenn Seaborg and John Livingood at the 
University of California, Berkeley, has been the 
success story in nuclear medicine. In 1946, the 
first patient received [131I]iodide, the “atomic 
cocktail” for the treatment of thyroid cancer [4]. 
I-131 has the advantage of emitting both γ rays 
and β− rays, the former enabling imaging for 
diagnosis and dosimetry and the latter being 
valuable for molecular radiotherapy of hyperthy-
roidism and thyroid cancer. [131I]sodium iodide 
was the first radiopharmaceutical to receive regu-
latory approval for routine clinical use in patients 
with thyroid disease.

17.2  Radiopharmaceuticals

A radiotracer can be defined as a specific radiola-
beled molecule that resembles or traces the 
in vivo behavior of a natural molecule and can be 
used to provide information about a specific bio-
logical process. A radioligand can be defined as 
any radiolabeled molecule that can bind with 
another molecule or substance (binder) in a pre-
dictable way under controlled conditions. All 
radiolabeled compounds or substances used for 
the purpose of diagnosis or therapy have been 
defined as radioactive drugs or radiopharmaceu-
ticals by the U.S. Food and Drug Administration 
(FDA).

The term unconjugated radiopharmaceutical 
has been generally defined as referring to those 

radionuclides that target specific disease sites by 
virtue of chemical, biologic, or physical affinity 
of radioisotope itself, rather than by virtue of car-
rier agents to which they are tagged. Because of 
the untagged nature of their use, unconjugated 
radiopharmaceuticals are also referred as naked 
radiopharmaceuticals. During the last couple of 
decades, there has been significant increase in the 
application of conjugated radiopharmaceuticals 
for targeted radionuclide therapy (TRT), mainly 
due to the development of a range of new carrier 
molecules (targeting vehicle), which can trans-
port the radionuclide to a molecular target on the 
cancer cell (Fig. 17.1). The key factors that influ-
ence tumor localization of conjugated radiophar-
maceuticals include the chemical and biochemical 
nature of the carrier molecule transporting the 
radionuclide of choice to the targeted area [5].

A century ago, Paul Ehrlich postulated the 
notion that a magic bullet could be developed to 
selectively target the disease and speculated that 
antibodies could function as magic bullets. The 
first demonstration of TRT was the use of 
131I-labeled polyclonal antibodies for the treat-
ment of patients with melanoma. Several uncon-
jugated or conjugated radiopharmaceuticals are 
now available commercially for the treatment of 
different benign diseases and malignancies 
(Table 17.1). In addition, some of the important 
new therapy radiopharmaceuticals under clinical 
investigation are summarized in Table  17.2. 
Several review articles and book chapters have 
extensively discussed the development of tar-
geted radiopharmaceuticals for therapy [5–7].

17.2.1  Therapy Radiopharmaceuticals

Radiopharmaceutical therapy (RPT) or Targeted 
Radionuclide therapy (TRT) is defined by the 
delivery of radioactive atoms to tumor tissue or 
tumor-associated targets. Therapeutic radiophar-
maceuticals may be structurally simple ions (131I, 
89Sr2+, and 223Ra2+), small molecules (131I-MIBG 
and 153Sm-EDTMP), complex molecules (131I, 
90Y, or 177Lu-labeled intact antibodies or antibody 
fragments), colloids (32P chromic phosphate), or 
even particles (90Y-labeled microspheres). The 
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Target cell

BT: Biological Target
SP: Spacer LN: Linker

RP-TRT

Nucleus

TV: Targeting Vehicle

RM

RM: Radiometal 177LU, 90Y, 225Ac, 227Th

131I

BT TV LNSP

Chelator

Fig. 17.1 Schematic of 
a conjugated 
radiopharmaceutical for 
targeted radionuclide 
therapy (TRT)

Table 17.1 FDA-approved radiopharmaceuticals for therapy

Radiopharmaceutical Trade name Decay Target Indication
[32P]Sodium 
orthophosphate

β− Against primary cancers 
as well as distant 
metastases

Polycythemia vera

[131I]Sodium iodide β− Active transport via NaI 
symporter

Hyperthyroidism
Thyroid cancer

[89Sr]Strontium 
chloride

Metastron® β− Bone hydroxyapatite Palliative therapy of pain due to 
bone metastasis

[153Sm]Lexidronam 
(EDTMP)

Quadramet® β− Bone hydroxyapatite Palliative therapy of pain due to 
bone metastasis

[223Ra]Radium 
dichloride

Xofigo® α Bone hydroxyapatite Metastatic prostate cancer

90Y-labeled glass 
microspheres

Theraspheres® β− Embolization of hepatic 
arterioles

Hepatic malignancy

90Y-labeled resin 
microspheres

Sir Spheres® β− Embolization of hepatic 
arterioles

Hepatic malignancy

131I-Tositumomab Bexxar® β− CD-20 on B cells Non-Hodgkin’s follicular 
lymphoma

90Y-Ibritumomab 
tiuxetan

Zevalin® β− CD-20 on B cells Non-Hodgkin’s follicular 
lymphoma

[131I]Iobenguane, 
MIBG

AZEDRA® β− Norepinephrine 
transporter

Pheochromocytoma
Paraganglioma. NETs

177Lu-DOTATATE LUTATHERA® β− Somatostatin type II 
receptor (SSTR-II)

Neuroendocrine tumors

177Lu-PSMA-617 Pluvicto β− Prostate-specific 
membrane antigen 
(PSMA)

Metastatic castration-resistant 
prostate cancer (mCRPC)

tumor localization properties of a specific thera-
peutic radiopharmaceutical and the clinical appli-
cation will depend on the route of administration, 
such as oral, intravenous, intra-arterial, intracavi-
tary, and intra-articular approaches. The ideal 
physical and biological properties of a radiophar-

maceutical intended for therapy should be such 
that a large, absorbed radiation dose is deposited 
in the tumor, or diseased tissue, with minimal 
radiation dose to the normal tissues. This requires 
the use of an appropriate radionuclide, adminis-
tered in a suitable chemical form with optimal 

17.2  Radiopharmaceuticals



464

Table 17.2 Therapy radiopharmaceutical under clinical investigation

Radiopharmaceutical Decay Target Indication Clinical trial
131I-Apamistamab 
(IOMAB-B)

Actinium 
Pharmaceuticals

β− BC8 mAb targeting 
CD-45

Bone marrow 
ablation in AML

Phase III 
SIERRA trial

225Ac-Lintuzumab 
(Actimab-A)

Actinium 
Pharmaceuticals

α M195 mAb Bone marrow 
ablation in AML

Phase I and II
Targeting CD-33

177Lu-huJ591 mAb Weill Cornell 
Medicine

β− PSMA CRMPC Phase II

225Ac-huJ591 mAb Weill Cornell 
Medicine

α PSMA CRMPC Phase I, II

177Lu- DOTA-JR11 IPSEN β− SSTR mediated NETs Phase I, II
177Lu-PSMA-R2 Novartis/AAA β− PSMA Prostate cancer Phase II
177Lu-DOTA-N3- 
CTT1403

NCI β− PSMA Prostate cancer Phase I/II

227Th-MSLN-TTCa Bayer α Mesothelin Phase I
227Th-PSMA-TTCa Bayer α PSMA Prostate cancer Phase I
227Th-CD22-TTC Bayer α CD22 B-cell Lymphoma Phase I
225Ac- FPX-01a J&J Fusion 

Pharma
α Insulin growth 

factor 1
NSC lung 
cancer

Phase I

225Ac-PSMA-617 Endocyte/Novartis Α

specific activity (mCi or MBq/mmol), and by an 
appropriate route of administration, which will 
allow selective uptake in the target tissue in suf-
ficient concentration to elicit a therapeutic 
response. Different mechanisms, however, are 
involved in the delivery and accumulation of the 
therapeutic agent within the tumor cells. 
However, the remarkable potential of RPT 
directed against primary cancers as well as dis-
tant metastases, is now recognized as an effective 
and safe and treatment modality.

17.3  Radionuclides for Therapy

Although numerous radionuclides have potential 
applications in radionuclide therapy, only a very 
few radionuclides possess favorable nuclear, 
physical, chemical, and biological characteristics 
which would identify them as practical for clini-
cal use. Some of the important radionuclides 
used in the development of therapeutic radio-
pharmaceuticals are listed in Table  17.3. The 
ideal radionuclides for therapy are those with an 
abundance of non-penetrating radiations, such as 
charged particles (α2+, β−, and Auger electrons) 
and lack of penetrating radiations (γ or X-rays). 

While penetrating radiation is not essential for 
TRT, a small amount or abundance with an 
appropriate energy (100–400 KeV) may be use-
ful for imaging studies to demonstrate tumor 
localization or altered biodistribution.

17.3.1  Radionuclides-Emitting Beta 
Particles

The physical characteristics of β− emitting radio-
nuclides are  summarized in Table  17.4. In beta 
decay, fast energetic electron (β−) or positron (β+) 
is emitted from an atomic nucleus, transforming 
the original nuclide to an isobar of that nuclide. 
In neutron-rich nuclides, a neutron transforms 
it into a proton by the emission of an electron and 
an antineutrino. The fast energetic electrons are 
called beta (β−) particles. In neutron-deficient 
nuclides, a proton is converted into a neutron by 
the emission of a positron (β+) and a neutrino. 
Most of the radionuclides in routine clinical use 
are β− emitters (131I, 90Y, 177Lu, 89Sr, and 153Sm) 
with a wide range of half-lives ranging from 1.95 
to 59.5 days Table 17.4. The kinetic energy spec-
trum of β− particles consist of a continuum of 
energies ranging from almost zero to their maxi-
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Table 17.3 Production methods of radionuclides used for therapy

Radionuclide T½ (days) Decay Production method (nuclear reaction)
32P 14.268 β− 31P(n, γ)32P

32S(n, p)32P
89Sr 50.53 β− 88Sr(n, γ)89Sr, 89Y(n, p)89Sr
169Er 9.4 β− 168Er(n, γ)169Er
131I 8.02 β−, γ 235U(n, fission)131I

130Te(n, γ)131Te → β
−131I

161Tb 6.90 β−, γ 160Gd(n, γ) 161Gd → 161Tb
177Lu 6.73 β−, γ 176Lu(n, γ)177Lu

176Yb(n, γ)177Yb → β
−177Lu

186Re 3.777 β− 185Re(n, γ)186Re
198Au 2.697 β− 197Au(n, γ)198Au
90Y 2.67 β− 235U(n, fission)90Sr → β

−90Y
90Sr → 90Y0 Generator

67Cu 2.58 β− 67Zn(n, p)67Cu
153Sm 1.9375 β− 152Sm(n, γ)153Sm
77As 1.60 β− natGe(n, γ)77Ge → β

−77As
166Ho 1.120 β− 165Ho(n, γ)166Ho
188Re 0.708 β− 187W(n, γ)188W → β

−188Re
188W → 188Re Generator

117mSn 0.566 IT, CE 116Sn(n, γ)117mSn

117Sn (n, n′, γ) 117mSn
212Pb → 212Bia 0.442 β− 228Th → 224Ra → 212Pb → 212Bi generator

α (from 212Bi)
213Bia 45.6 m Α 225Ac → 213Bi generator
211At 7.2 h Α 209Bi(α, 2n)211 (accelerator produced)
149Tr 4.12 h α, and β+ natNd(12C,xn)149Dy → 149Tb (cyclotron produced)
225Aca 10.0 Α 229Th → 225Ac generator

232Th(p, x)225Ac (accelerator produced)
223Raa 11.43 Α 227Ac → 227Th → 223Ra generator
227Tha 18.7 α, and β+ 227Ac → 227Th generator

a The alpha emitters are regarded as in vivo generators because following administration into a patient, they generate 
alpha-emitting daughters

mum energy (Emax), and the average energy (Eavg) 
of a β− particle is about one-third of the maxi-
mum energy (Fig. 17.2a). The average range of 
electrons in tissue can be between 0.1 and 5.0 mm 
depending on the kinetic energy. As a result, beta 
particles can pass through several cells (10–
1000), a useful property that has been termed 
“crossfire effect,” which ensures sufficient dose 
delivery to each cell in a large tissue mass. The 
beta particle-emitting radionuclides can be 
arranged into three groups according to the mean 
range in tissue: short range (<1  mm), medium 
range (1–2 mm), and long range (>2 mm). It is 
important to match the range of the radionuclide 

with the anticipated size of the tumor target. 
Small tumors were more effectively treated by a 
short-range b emitter, while a higher cure rate 
could be obtained in larger tumors with a long-
range b emitter [8].

17.3.1.1  Phosphorous-32
32P (T½  =  14.268 days) decays into 32S by the 
emission of β− (Emax = 1.709 MeV) particles. 32P 
has been available for the treatment of myelopro-
liferative neoplasms for over 80 years. 32P can be 
produced in a reactor by neutron activation using 
31P(n, γ)32P reaction. However, the specific activ-
ity of 32P is very low since the product can’t be 
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Table 17.4 Physical characteristics of beta-emitting radionuclides for targeted therapy

Radionuclide
T½ (days) β− particle energy (MeV)

β− particle range in soft 
tissue (mm) Energy of γ photons

Days Max Average Max Mean KeV %
199Au 3.14 0.452 0.082 0.41 158 36.9

494 97
169Er 9.4 0.351 0.101 0.51 110 0.0014
177Lu 6.73 0.497 0.133 1.8 0.67 113 6.6

208 11
67Cu 2.58 0.60 0.141 0.71 93.3 16

184.6 47
161Tb 6.9 0.593 0.154 0.77 74 9.8

49 14.8
47Sc 3.4 0.600 0.162 0.81 159 68
131I 8.02 0.606 0.182 0.91 364 81
77As 1.60 0.700 0.228 1.20 239 1.60
153Sm 1.9375 0.808 0.229 1.20 70 5.25

103 28.3
198Au 2.697 0.960 0.315 3.6 1.60 411 95.6
186Re 3.777 1.077 0.362 3.6 1.80 137 8.6
89Sr 50.53 1.496 0.58 8.0 2.5 910 1
166Ho 1.120 1.850 0.666 8.1 3.2 80.6 6.6
32P 14.27 1.710 0.695 7.9 2.9 – –
188Re 0.708 2.12 0.764 3.5 188 15
90Y 2.67 2.28 0.935 12 3.9 – –
198Au 2.697 0.96 99 3.6 411 95.6
90Y 2.67 2.28 100 12.0 3.6
117mSn 13.60 0.13 64.9 0.22 159 86.4

0.15 26.2 0.29

separated from the target by traditional methods. 
However, the 32S(n, p)32P nuclear reaction is ideal 
since the target and the product are two different 
elements. 32P can be easily separated and purified 
from the target and is usually carried out follow-
ing wet chemical extraction and dry distillation 
methods and supplied in high specific activity 
but, the contribution of the longer-lived 33P (T½ 
25.3 days) is of concern as a radionuclidic impu-
rity. 32P is supplied as orthophosphoric acid in 
water with a specific activity of 8–9  Ci (314–
337 TBq)/mmol.

17.3.1.2  Iodine-131
131I (T½ 8.02 days) decays by the emission of β− 
(Emax  =  606  KeV) particles and γ (364  KeV) 
emissions to stable 131Xe inert gas. 131I sodium 
iodide solution has been used for the manage-
ment of thyroid disorder for almost 80 years. As 
a halogen, it can be easily incorporated into 

organic molecules, peptides, and antibodies. [131I]
MIBG (m-iodobenzylguanidine) is widely used 
for the treatment of neuroendocrine tumors. 
131I-Tositumomab (anti CD20 antibody, Bexaar®) 
is used for the treatment of non-Hodgkin’s 
lymphoma.

131I is a major fission product of 235U and 239Pu. 
comprising nearly 2.8336% of the total products 
of fission (by weight). Radionuclidic purity of 
fission produced 131I is ≥99.9% of the total radio-
activity. The specific activity is approximately 
130  Ci/mg or 4.81  TBq/mg. A more practical 
method of 131I production is based on (n, γ) reac-
tion in a research reactor using 130Te target, which 
is approximately 30% of natural tellurium ele-
ment. Certain (n, γ) reactions produce a short- 
lived radioisotope of the target element, which 
decays by beta emission to another unstable 
radioactive nuclide with longer half-life com-
pared to that of the intermediate. As shown below, 
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both the ground state 131Te and metastable 131mTe 
decay to 131I.
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Following neutron irradiation, 131I is extracted 
from the natural tellurium target generally by the 
dry distillation method. The process involves 
heating the irradiated sample to release the 131I 
and 131I in a sodium hydroxide solution (pH 
8–10). Use of natural tellurium target also results 
in the production of stable 127I and long-lived 129I 
as chemical and radionuclidic impurities. As a 
result, the specific activity is generally less than 
that of fission-produced 131I (4–5 TBq/mg).

17.3.1.3  Yttrium-90
90Y (T½ 64.1 h) is a pure β− emitter and decays to 
stable zinc-90 with very high energy 
(Emax =2.28 MeV) and no γ emissions. As a triva-
lent metal, yttrium exhibits relatively simple ion 
chemistry forming complexes with a variety of 
chelating agents. Selective internal radiation 
therapy (SIRT) with 90Y-labeled microspheres 
has become a widely employed brachytherapy 
for the treatment of primary and metastatic 
hepatic malignancies. 90Y-ibritumomab tiuxetan 
(Zevalin®) is used for the treatment of NHL.

90Y can be produced in a reactor by neutron irra-
diation of stable yttrium-89 via 89Y(n, γ)90Y reac-
tion [9]. Exposing a 1  cm cube (approximately 
5  g), natural yttrium target to 1014  n/cm2/s flux 
would create Y-90 at a rate of 1.1 Ci/h. To make 
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high specific activity 90Y, e-LINAC is used to gen-
erate a neutron beam (12.1 MeV) and directing the 
neutron beam onto the zirconium target (90Zr) to 
isotopically convert some of the atoms to 90Y via 
90Zr(n, p)90Y. However, the most common method 
of producing high specific activity 90Y is by the 
decay of the parent isotope 90Sr (T½ = 29 years), 
which is a fission product of uranium. 90Sr → 90Y 
generator has been in clinical use for the last 4 
decades [10]. The theoretical specific activity is 
20 GBq (540 mCi)/μg of Yttrium-90.

17.3.1.4  Lutetium-177
177Lu (T½ 6.734 days) is a low-energy β− emitter 
(Emax = 0.498 MeV) with suitable γ photons (113 
and 208 KeV) suitable for SPECT imaging studies. 
177Lu-DOTATATE (Lutathera®) is the first 177Lu 
peptide radiopharmaceutical approved by the FDA 
for TRT of patients with neuroendocrine tumors 
(NETs). Like other trivalent metals, 177Lu forms 
strong complexes with bifunctional chelating 
agents. Several 177Lu-labeled peptides and antibod-
ies are in Phase II–III clinical trials for TRT.

177Lu can be produced in a reactor by direct 
neutron activation via 176Lu(n, γ)177Lu reaction 
using enriched 176Lu target. The direct production 
route also results in formation of a small amount 
of long-lived metastable 177mLu (T½ 160 days) in 
activity (<0.02%). The specific activity depends 
on the 176Lu enrichment and one can obtain 
20–40 Ci/mg with >80% enriched 176Lu targets. 
The amount of 177Lu produced, however, depends 
on the neutron energy, neutron flux, and the irra-
diation time [11]. Using natural lutetium targets 
and high neutron flux reactors, it is possible to 
increase the yields and specific activity.

In the indirect route of neutron activation 
method, isotopically enriched 176Yb target under-
goes (n, γ) transmutation to produce 177Yb which 
subsequently decays by β− emission (T½ 1.9 h) to 
yield 177Lu. The major advantage of the indirect 
method is the production of no carrier added (NCA) 
177Lu which is then separated by suitable radio-
chemical processes. In addition, the indirect method 
does not produce any 177mLu radionuclide impurity. 
With enriched 176Yb targets, it is possible to achieve 
very high specific activity approaching the theoreti-
cal specific activity of 110 Ci (4.07 TBq)/mg [11].

17.3.1.5  Copper-67
67Cu (T½ 2.58 days) a transition metal, decays by 
the emission of low-energy β− particles 
(Emax = 0.562 MeV) and provides several γ pho-
tons (91, 93, 184 KeV) suitable for SPECT. The 
production of 67Cu has been tested both in reac-
tors and cyclotrons on a variety of nuclear reac-
tions, such as 67Zn(n,p)67Cu, 68Zn(p, 2p)67Cu, and 
70Zn(p, α)67Cu. The 68Zn(p,2p)67Cu route of pro-
duction (using 70 MeV proton) appears to be the 
most attractive method. However, large quantities 
of 64Cu (T½ = 12.7 h) and 67Ga (T½ = 78.3 h) are 
the major radionuclidic impurities. The specific 
activity of 67Cu is <20 mCi/μg [12].

A breakthrough in the production of high spe-
cific activity 67Cu is based on the photonuclear 
activation, using highly enriched (98.9%) 68Zn 
targets. For the 68Zn(γ,p)67Cu reaction, high- 
energy γ rays can be produced by bremsstrahlung 
conversion of electrons from e-LINAC [12, 13]. 
The specific activity of 67Cu so produced has 
reached over 5.55 GBq/μg (150 mCi/μg). Due to 
this technical  breakthrough in 67Cu production, 
no-carrier-added 67Cu has been made available in 
large scales at the US-DOE National Isotope 
Development Center.

17.3.1.6  Scandium-47
47Sc (T½ 3.35 days) with low-energy β− particles 
(Emax = 441 keV) is ideal for therapy. In addition, 
the emission of 159 KeV γ photons is appropriate 
for SPECT imaging studies. Also, the positron 
emitters 43Sc (T½  =  3.89  h, Eβ+avg  =  476  keV, 
I = 88.1%) and 44Sc (T1/2 3.97 h, Eβ+avg = 632 keV, 
I = 94.3%) have been proposed for PET imaging 
studies. Like lutetium and yttrium, scandium also 
is a trivalent metal and has favorable chemistry 
for chelation and attachment to various molecu-
lar targeting agents.

47Sc can be produced by two different neutron- 
induced reactions: 46Ca(n, γ)47Ca → 47Sc or 47Ti(n, 
p)47Sc. The (n, γ) reaction is induced by thermal 
neutrons, while the (n, p) reaction requires fast 
neutrons (>1 MeV). Enriched 46Ca as CaCO3 is 
generally used for thermal neutron activation 
reaction. The chemical separation of Sc from 
Ca is performed using DGA resin and SCX cat-
ion exchange cartridges.
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47Sc can be produced with higher specific 
activities via the 48Ti(γ, p)47Sc photo nuclear reac-
tion by irradiation of a natural titanium target 
[14–16]. Target foils dissolved in 2.0 M H2SO4. 
47Sc ions can be separated from natural titanium 
using AG MP-50 cation exchange resin. The 
recovered 47Sc is purified using Chelex 100 ion 
exchange resin.

17.3.1.7  Terbium-161
161Tb (T1/2 6.9 days) emits low-energy β− particles 
[Emax  =  593  keV) and also γ photons (74 and 
49  KeV), and is useful for imaging studies. In 
addition, 161Tb also emits a significant amount of 
conversion and Auger electrons. Greater thera-
peutic effect can therefore be expected in com-
parison to 177Lu [17]. It also emits low-energy 
photons that are useful for gamma camera imag-
ing. The trivalent cation chemistry of terbium is 
similar to lutetium and is, therefore, compatible 
with existing radiolabeling techniques to develop 
161Tb-labeled radiopharmaceuticals for TRT.

161Tb can be reactor-produced by double- 
neutron capture on natural terbium by the 
159Tb(2n, 2γ)161Tb reaction. However, the specific 
activity is low and not optimal for TRT. The alter-
native reactor production route is via the 160Gd(n, 
γ)161Gd (T½ 3.66 m), which quickly decays by β− 
emission to 161Tb. To prevent the formation of 
several radionuclidic impurities it is important to 
use highly enriched 160Gd targets. The specific 
activities of ~100 mCi/mg can be obtained using 
this method [18].

17.3.1.8  Strontium-90
89Sr (T½ = 50.53 days) is an alkaline earth metal 
and undergoes β− decay (Emax  =  1.495  MeV) 
into 89Y with no gamma emissions. 89Sr chlo-
ride (MetastronTM) is used for bone pain pallia-
tion. 89Sr is anthropogenic radionuclide that is a 
fission product with yields of 4.69  ±  0.06% 
[19].

89Sr can also be produced by neutron activa-
tion using 88Sr(n, γ)89Sr using SrCO3 as the target 
with thermal neutrons. A highly enriched target 
88Sr (>99%) is used to eliminate strontium-85 
impurity. This is a convenient production method 
and takes place in a normal research reactor. 89Sr 

can also be produced via 89Y(n, p)89Sr nuclear 
reaction using fast neutrons and yttrium oxide 
pellets.

17.3.1.9  Samarium-153
153Sm(T½ = 1.93 days) is a transition metal and one 
of the elements in the lanthanide series. It decays 
by β− emission (Emax  =  0.810  MeV) to euro-
pium-153, with useful γ emissions (103  KeV). 
153Sm-EDTMP or Lexidronam (Quadramet®) is 
clinically used for bone pain palliation. 53Sm is 
produced by neutron activation of both natural 
Sm2O3 and 98% enriched 152Sm2O3 targets via 
152Sm(n, γ)153Sm nuclear reaction (IAEA-
TECDOC-1340). Specific activity achieved at 
EOB is 14.8–16.8 GBq (400–450 mCi)/mg oxide. 
The specific activity of enriched 152Sm targets can 
be up to 1200 mCi/mg.

17.3.1.10  Tin-117m
117mSn (T½ 13.6  days) is a post-transition metal 
and decays by isomeric transition (IT) and emits 
low, and mono-energetic conversion electrons 
(0.127, 0.129, and 0.152  MeV). It also emits γ 
photons (159  KeV) suitable for SPECT.  Bone 
marrow toxicity of this radionuclide is low 
because of its short-range (~3 mm) electrons. It is 
a novel radionuclide with low-energy electrons 
for radionuclide therapy applications, including 
rheumatoid arthritis and bone pain palliation, 
117mSn can be produced in massive quantities as a 
low specific activity (up to 21 mCi/mg) product 
in reactors via the 116Sn(n, γ)117mSn or 
117Sn(n,n′γ)117mSn reactions. A carrier-free, high 
specific activity (up to 20 Ci/mg) isotope can be 
manufactured with >50 MeV cyclotrons employ-
ing either stable antimony target natSb(p, x)117mSn 
or 116Cd(α, 3n) nuclear reactions [20].

17.3.1.11  Re-186 and Re-188
186Re (T½ = 3.718 days) is a transition metal and 
decays by β− emission (Emax = 1.07 MeV) with 
useful γ photons (137  KeV) for SPECT. 188Re 
(T½  =  16.9  h) also decays by β− emission 
(Emax  =  2.12  MeV) with useful γ photons 
(155 KeV) for SPECT. Since rhenium and tech-
netium exhibit similar chemical properties, the 
preparation and targeting of 186/188Re radiophar-
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maceuticals for therapy is similar to the prepara-
tion of 99mTc agents.

The primary production of 186Re in a reactor is 
via 185Re(n, γ)186Re nuclear reaction using enriched 
185Re target (>94%). The typical specific activity is 
1.84 Ci/mg [21]. High specific activity 186Re can 
be produced using cyclotron irradiation of enriched 
tungsten-186 target via the 186W(d, 2n)186Re 
nuclear reaction. However,  the target thickness 
and beam currents are critical to achieving high 
specific activity. Specific activity of 80 Ci/mg was 
obtained using a graphite-encased 186W target and 
18.7  MeV deuteron bombardment for 2  h, at a 
beam current of 27 μA [22].

188Re as a no-carrier-added nuclide can be pro-
duced in high specific activity from the 
188W  →  188Re generator system. 188W (T½ 69.78 
days) decay by β− emission to 188Re. The parent 
188W is produced in a reactor by double neutron 
capture of enriched 186W (>90%) targets via the 
nuclear reactions, 186W(n, γ)187W(n,γ)188W. High 
neutron flux (>8–10  ×  1014/cm2/s) reactor is 
essential to produce high specific activities.

17.3.1.12  Holmium-166
166Ho (T½ 26.763  h) decays by β− emission 
(Emax = 1.854 MeV)) to erbium-166, with useful γ 
emissions (81  KeV) for SPECT.  Holmium is a 
transition metal and one of the elements in the lan-
thanide series and the chemistry is similar to that 
of lutetium. Several clinical applications for ther-
apy are under investigation [23]. 166Ho-DOTMP 
for multiple myeloma, and 166Ho-EDTMP for 
bone pain palliation have been investigated.

166Ho is most frequently produced via the 
165Ho(n, γ)166Ho nuclear reaction (IAEA- 
TECDOC- 1340). However, 166mHo (T½  =  1200 
years), a beta emitter may be produced as a radio-
nuclidic impurity. The specific activity is NLT 75 
mCi/mg. 166Ho can also be produced by an indi-
rect method via the 164,165Dy(2n, γ)166Dy → 166Ho 
nuclear reaction. The cross-section of 164Dy is 
extremely high (2650 b). The second neutron 
irradiation of the unstable 165Dy is necessary to 
result in 166Dy, which decays by beta emission to 
carrier-free 166Ho. A 166Dy → 166Ho generator can 
provide on-site supply of high specific activity 
166Ho for targeted therapy.

17.3.1.13  Lead-212
212Pb (T½ = 10.6 h) is a β¯ emitter but its interest in 
TAT as an in vivo generator comes from the fact that 
its first daughter, 212Bi, is an α emitter with a short 
half-life of 60.6 min. Lead is classified as a post-
transition metal with a weak metallic character and 
the preferred oxidation state is +2. 212Pb is produced 
following the 228Th decay sequence and can be 
obtained using 228Th or 224Ra-based generators.

17.3.2  Radionuclides-Emitting Alpha 
Particles

Alpha (α) particles are naked 4He nuclei with 2 
positive charges, consisting of 2 protons and 2 
neutrons that are  7300 times heavier than elec-
trons. Alpha particles are mostly emitted by 
heavy radioactive elements, such as radium, 
actinium, thorium, and uranium, and their daugh-
ters (Table 17.5). Alpha particles are ejected from 
the nucleus with much higher kinetic energy 
(5–9 MeV) compared to that of beta particles. In 
addition, alpha particles are monoenergetic as 
shown in Fig. 17.2b The range (<100 μm) of α 
particles in tissue is equivalent to only a few cell 
diameters. The short range of a particles is ideally 
suited for the treatment of small-volume cancer 
tissue. However, the energy distribution between 
the α particle and the recoiling daughter atom is 
typically 98 to 2%. The energy imparted to the 
daughter recoil atom can reach 100  keV [24], 
which is far higher than the binding energy of the 
strongest chemical bonds. As a result, the daugh-
ter nuclide may be released from the targeting 
vehicle chelator and diffuse into surrounding nor-
mal tissue and induce toxic effects.

Compared to beta emitters, α-particle emitters 
for TRT offers several important advantages. 
Alpha particles have higher kinetic energy 
(5–9 MeV) and higher LET in biological tissue. 
For example, 211At has a mean LET of 97 KeV/
μm, compared to the LET (0.22 keV/μm) of high- 
energy (2.2 MeV) beta particle of 90Y. As a result, 
the probability of creating cytotoxic double- 
stranded breaks (DSBs) of DNA is much higher, 
and the relative biological effectiveness (RBE) is 
also significantly higher compared to that of beta 
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Table 17.5 The physical characteristics of alpha-emitting radionuclides for targeted therapy

Radionuclide T½ Daughter(s) α particle β− particle γ-ray X-ray
Days Nuclide T½ MeV % MeV % MeV % KeV %

227Th 18.7 223Ra 11.4 days 6.0 100 0.236 13 19 37
223Ra 11.435 219Rn 5.7 100 0.690 14 83 25

219Rn 3.96 s 6.8 79.4 0.271 10 16 1
215Po 1.78 ms 7.4 99.9
211Pb 36.1 m 0.471 91 0.404 3.8
211Bi 2.14 m 6.6 83.5 0.172 0.3 0.351 13
211Po 0.516 s 7.5 98.9
207Tl 4.77 m 0.492 99.7
207Pb Stable

224Ra 3.63 220Rn 5.7 95.0 0.241 4.1
220Rn 55.6 s 6.3 99.9
216Po 0.15 s 6.8 99.9
212Pb 10.6 h – – 0.0935 83 0.238 43.7 77 17.5
212Bi 60.6 m 6.1 25 0.834 55 0.727 6.7 15 7.0
212Po 0.3 μs 8.8 100
208Tl 3.1 m 0.65 49 2.614 99.0
208Pb Stable

225Ac 10 221Fr 5.8 50.7 0.1 1.0
221Fr 4.8 m 6.3 83.3 0.218 11.4 17.5 2.0
217At 32.3 ms 7.1 99.9
213Bi 45.6 m 5.9 1.9 0.492 66 0.440 26 79 1.8
213Po 3.72 μs 8.4 100
209Tl 2.161 m 0.178 0.4 1.567 99.7 75 9.7
209Pb 3.253 h 0.198 100
209Bi Stable

211At 7.21 h 207Bi 5.9 42 79
207Bi 31.6 years ? 0.570
211Po 0.52 s 7.5 98.9
207Pb Stable

149Tb 4.12 h 145Eu 4.0 16.7 β+, 0.64 83.3 0.352 29.4 43 26
145Eu 5.9 days β+, 0.74 1.7 0.894 66.0 40 40
145Sm 343.3 days 0.061 12.0 39 40
145Pr 17.7 years 0.072 2.0 37 71
145Nd Stable
149Gd 9.28 days 0.158 48.0 42 55
149Eu 93.1 days 40 40
149Sm Stable

Bold value indicates the alpha particle energy is very high

emitters. In addition, cytotoxicity of alpha parti-
cles is nearly independent of dose rate and oxy-
genation status of the cells. The oxygen 
enhancement ratio (OER), the ratio of dose 
required to kill a given fraction of cells in hypoxic 
vs. oxic conditions, decreases with increasing 
LET [25]. The OER reaches 1 with LET of 
165 keV μm. Therefore, hypoxic and radioresis-
tant tumors are more effectively killed by α radia-
tion of LET >100 KeV/μm.

17.3.2.1  Astatine-211
211At (T½ 7.2 h) is an artificially produced α emitter 
which decays via a branched pathway to stable 
207Pb as shown in Fig. 17.3. 211At decays directly 
(41.7%) to 207Bi with the emission of an α particle 
(5.87 MeV), and 207Bi decays by beta emission to 
207Pb. In the second branch 211At first decays by EC 
(58.3%) to 211Po which immediately decays by 
emission of an alpha particle (7.45 MeV) to 207Pb. 
The EC decay of 211At also leads to the generation 
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Fig. 17.3 At-211 decay results in the emission of 2 alpha 
particles with kinetic energies of 5.87 and 7.45 MeV
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Fig. 17.4 Ac-225 decay results in the emission of 4 alpha 
particles (5.8–8.4 MeV) and 3 beta particles

of 77–92 KeV X-rays of polonium, which are suit-
able for SPECT imaging studies.

211At is produced by cyclotron and α-particle 
bombardment via 209Bi(α, 2n)211At nuclear reac-
tion using natural Bi-209 target. The thick target 
yield of 211At is reported to be between 30 and 
40 mCi/μA h at 28–29.5 MeV [21]. As the last 
member of the halogen family, astatine is the 
least electronegative in the halogen series and 
exhibits metallic properties. 211At-labeled aro-
matic compounds are usually prepared by 
exchange halogenation or by electrophilic substi-
tution on aromatic rings. 211At has been exten-
sively evaluated for alpha RT therapy in the last 3 
decades [26].

17.3.2.2  Actinium-225
225Ac is a pure α emitter with a half-life of 10 
days, 225Ac exhibits a complex decay scheme 
involving several radioactive isotopes (Fig. 17.4) 
before it reaches stable 209Bi. 225Ac and its 
 daughters emit a total of four alpha particles. The 
two short-lived daughters, 221Fr and 213Bi emit 
useful γ photons (218 and 440 KeV). Quantitative 

measurement of 225Ac activity in a dose calibrator 
is possible, when these two daughters are in secu-
lar equilibrium with the parent. From a radiobiol-
ogy point of view, there is concern that the release 
of these two relatively long-lived daughters may 
result in excessive toxicity to normal organs. It is 
especially important to design the chelator sys-
tem to form stable complexes with actinium and 
the daughters so that the α particle recoil energy 
does not break chemical bonds and let the daugh-
ters diffuse into surrounding normal tissues.

225Ac is mainly produced by isolation and 
purification from 229Th (T½ = 7340 years), which 
is a decay product of uranium-233 (T½ = 165,000 
years). ORNL is a major producer of 225Ac based 
on Th-229 generator (Thorium cow). The poten-
tial of using low-energy cyclotrons (<20  MeV) 
based on 226Ra(p, 2n)225Ac nuclear reaction was 
first reported in 2005 [27]. A major challenge, 
however, with this cyclotron method is related to 
the preparation and handling of targets contain-
ing milligram amounts of 226Ra (T1/2  =  1600 
years), and management of its gaseous decay 
product 222Rn (T1/2 = 3.8 days).

Large-scale production of 225Ac has been 
investigated based on the spallation of 232Th tar-
gets with highly energetic protons (>70  MeV). 
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The nuclear reaction 232Th(p, x)225Ac was studied 
at different proton energies and beam currents. In 
recent years, the routine production of 225Ac has 
been successfully established within the United 
States, Department of Energy Tri-Lab (ORNL, 
BNL, LANL) effort. The main limitation of the 
process, however, is the coproduction of long- 
lived 227Ac (T1/2  =  21.8 years) at levels of 0.1–
0.2% activity (at EOB) [28].

17.3.2.3  Bismuth-213
213Bi (T½ 45.6  m) is a hybrid α/β− emitter, and 
finally becomes stable 209Bi. It decays by β− 
(97.9%) to 213Po which immediately decays by α 
emission to 209Pb. In the second branch, it decays 
by α emission (2.1%) to 209Tl. In addition, the 
decay of 213Bi is also accompanied by a 440 keV 
γ photon emission. 213Bi is generally produced as 
a decay product of 225Ac (Fig.  17.4). The 
225Ac → 213Bi generator requires purified 225Ac and 
uses an organic anion-exchange system (AG-MP 
50 resin) capable of isolating 213Bi from a HCl 
solution of 225Ac. The most established strategy is 
based on the direct generator method, in which 
the parent 225Ac in acidic solution (e.g., 0.05 M 
HNO3) is strongly retained by the sorbent. Elution 
is performed generally with a mixture of 0.1 M 
HCl/0.1  M NaI to obtain 213Bi in the form of 
213BiI4

− and 213BiI5
2− that can be directly used for 

radiochemistry purposes [29] A commercial 
225Ac → 213Bi generator is currently supplied by 
iTM, Germany.

17.3.2.4  Thorium-227
227Th (T½ 18.7 days) decays to stable 207Pb with 6 
intermediate radionuclide progenies and a total 
of 6 α particles (Fig. 17.5). Massive quantities of 
227Th can be obtained by the beta decay of 227Ac 
(T½ 21.8 years), the long-lived isotope of actin-
ium, identified in the 235U decay products. The 
routine production of 227Th is based on 
227Ac → 227Th generator. 227Th emits an α particle 
with 5.9  MeV energy and 236  KeV γ photons, 
suitable for imaging studies. 227Th and all its 
daughters would deposit up to 34 MeV of energy 
at the target site.

17.3.2.5  Radium-223
223Ra (T½  =  11.4 days) decays to stable 207Pb 
with 5 intermediate radionuclide progenies and 
a total of 5 α particles (Fig. 17.5). 223Ra is the 
first α emitter approved by the FDA in 2013 for 
the treatment of bone cancer in patients with 
prostate cancer. 223Ra is a decay product of 227Ac 
with a half-life of 21 years. Currently, the clini-
cal and commercial production of 223RaCl2 
(Bayer Health Care Pharmaceuticals) involves 
227Ac and 227Th isolation from a 231Pa source 
(3.28 × 104 years) [26].

17.3.2.6  Radium-224
224Ra (T1/2  =  3.63 days) decays to 208Pb with 6 
intermediate radionuclide progenies (Fig. 17.6). 
In Europe, short-lived 224Ra was used for more 
than 40 years in the early 1900s in treating tuber-
culosis and ankylosing spondylitis [30]. A major 
problem of the use of 224Ra clinically, however, is 
due to the presence of 2 daughters 212Pb (T1/2 
10.64  h) and 212Bi (T1/2 60.6  min) which will 
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Fig. 17.5 Th-227 decay results in the emission of five 
alpha particles (5.7–7.5 MeV) and several beta particles. 
223Ra is the daughter nuclide obtained from 227Th → 223Ra 
generator
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migrate from the target site and diffuses into the 
surrounding normal tissue and deliver toxic radi-
ation dose. 212Pb decays by β− emission to 212Bi. 
Therefore, both these radionuclides, show poten-
tial for TAT, with 212Pb being preferable to 212Bi 
for clinical studies due to the longer half-life of 
212Pb, and because  it can also  generate 212Bi 
in vivo, permitting more dose from 212Bi progeny 
to be delivered to the target site.

17.3.2.7  Bismuth-212
212Bi (T½ 60.6 min) is a hybrid α/β− emitter and 
has two decay modes (Fig. 17.6). It decays by α 
emission (36%) to 208Tl, which in turn decays by 
β− emission to stable 208Pb. In the second branch, 
it decays by beta emission (64%) to 212Po, which 
immediately decays by alpha emission (100%) to 
stable 208Pb. Both 212Bi and 208Tl also have 
extremely high-energy γ emissions not useful for 
imaging studies. 212Bi is generally produced 
using either 224Ra  →  212Bi generator or 
212Pb  →  212Bi generator. The parent 224Ra first 
decays to 220Rn gas, which is of great concern 

from a radiation safety perspective. The decay 
product 208Tl emits 2.6  MeV photons, which 
increases radiation exposure to personnel. 
Because of these practical concerns, 213Bi 
may not be ideal for clinical studies.

17.3.2.8  Terbium-149
149Tb (T½ 4.1 h) decays by α emission as well as 
EC and positron emission. It ultimately decays 
to stable 145Nd or 149Sm. In the first branch, it 
decays to 145Eu with the emission of α particles 
(4  MeV, 17.6%). In the second branch, 149Tb 
decays to 149Gd with the emission of positrons 
(Emax = 0.638 MeV, 83.3%). The decay scheme 
for 149Tb is ideal to develop radiopharmaceuti-
cals since it releases short-range α particles 
from only one radionuclide, with complemen-
tary positron emissions for PET imaging stud-
ies. Since there is only one α particle and no 
daughters with recoil energies, 149Tb provides 
minimal toxicity [31]. 149Tb can be produced in 
a cyclotron via 154Gd(p, x)149Tb spallation reac-
tion using 70 MeV protons [32].

17.3.3  Radionuclides Emitting 
Low-Energy Electrons

Radionuclides that decay by electron capture (EC) 
or internal conversion (IC) emit electrons from the 
inner or outer shell electron orbits (Table  17.6). 
These electrons are called Auger electrons if they 
arise from higher shells and are called Coster-
Kronig electrons if they originate from higher sub-
shells. In contrast to β− particles, the average kinetic 
energy of these electrons is very low. As a result, 
low-energy Auger electrons traverse short dis-
tances (<μm) in biological tissue and deposit the 
energy in the immediate site of the decaying radio-
nuclide. Therefore, to realize the full therapeutic 
potential of Auger electron emitters in TRT, it is 
necessary for the radionuclides to target the nuclear 
DNA within the cell [33]. When low-energy elec-
tron emitters are localized in cellular DNA, their 
RBE is similar to that observed with α-particle 
emitters [34].
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Fig. 17.6 Ra-224 decay scheme shows two radionu-
clides of interest. 212Pb and 212Bi. Both these two radionu-
clides are obtained using 224Ra generator. While 212Pb is 
not an alpha emitter, it is used as an in vivo generator for 
212Bi, which emits two alpha particles
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Table 17.6 Radionuclides emitting low-energy Auger and internal conversion electrons

Radionuclide

T½ Auger electrons Internal conversion (IC) electrons

Days
AEs/ Eavg/AE Eavg/decay IC-Es / Eavg/IC-E Eavg/decay
Decay KeV KeV Decay KeV KeV

67Ga 3.25 5 1.3 6.6 0.3 14.1 29.1
111In 2.79 7.4 0.9 6.9 0.2 176.1 27.9
201Tl 3.04 20.9 0.7 14.8 0.9 32.9 29.9
123I 0.542 13.7 0.5 7.2 0.2 222.6 21
125I 60.0 23 0.5 12.0 0.9 7.7 21
195mPt 4.0 36.6 0.6 23.1 2.8 58.1 161.5

Table modified from [33]

17.3.4  In Vivo Radionuclide 
Generators

Most of the radionuclides used in the develop-
ment of diagnostic or therapeutic radiopharma-
ceuticals decay to a stable isotope of the same 
element or an isotope of another element. For 
example, the diagnostic nuclide F-18 decays by 
positron emission to stable oxygen-18. The ther-
apy nuclide, I-131 decays by beta emission to 
stable Xe-131 inert gas. A radionuclide (parent) 
which decays to another radionuclide (daughter) 
or a series of radionuclides (decay chain) can be 
classified as in  vivo radionuclide generators. 
223Ra dichloride (xofigo®) is a classic example of 
an in vivo generator since it generates four short- 
lived α-emitting daughters (219Rn, 215Po, 211Bi, 
and 211Po) at the target site following intravenous 
administration.

The term in vivo generator was first used to 
describe the use of targeted mAbs labeled with 
long-lived parent radionuclides that decay into 
short-lived daughter radionuclides. The concept 
is to combine the long half-life of the parent with 
the high decay energy of the daughter to achieve 
high-dose targeted radiotherapy [35–37]. Overall, 
the advantage of in vivo generators is to combine 
nuclear and chemical properties of the parent and 
daughter nuclides to better diagnose or treat 
physiological conditions. Some of the therapeu-
tic radionuclide in  vivo generator systems are 
listed in Table 17.7.

The most important consideration when 
employing an in vivo generator is the instability 
of the radiopharmaceutical that can result from 
the chemical transformation of one element to 

another. There are two opportunities for the 
daughter to separate from the parent, either 
because of the elemental differences between 
the parent and daughter or because of the physi-
cal and chemical disruption caused by the 
nuclear decay itself [35]. The recoil of the 
daughter nucleus could provide sufficient 
energy to dislodge the daughter from strong 
polydentate chelates. If the half-life of the 
daughter(s) is longer, they could diffuse into the 
surrounding normal tissue and deliver toxic 
radiation doses. For example, 227Th, 223Ra, and 
225Ac generate several daughters with half-lives 
long enough to diffuse into blood circulation 
and the normal tissues [38].

17.3.5  Mechanism and Biological 
Effects

The mechanism of action for radionuclide ther-
apy is radiation-induced killing of cells. The ion-
izing radiation (especially the highly energetic 
particles such as electrons, protons, neutrons, and 
α particles) forms ions, the electrically charged 
particles, and deposits energy in the cells of the 
tissues it passes through. The energy dissipated 
per ionizing event is about 33 eV, which is more 
than enough to break a strong chemical bond, 
such as a C–C bond (4.9  eV). This deposited 
energy can kill cancer cells or cause genetic 
changes resulting in cancer cell death. Although 
radiation damages both normal cells as well as 
cancer cells, normal cells usually can repair 
themselves at a faster rate and retain its normal 
function status than the cancer cells. In addition, 
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Table 17.7 Radionuclide in vivo generator systems useful for targeted therapy

Parent Daughter(s)
Nuclide T½ Decay E (MeV) Nuclide T½ Decay E (MeV) Recoil E (KeV)
166Dy 3.4 days β− Emax 0.481 166Ho 1.12 days β− Emax 1.85
212Pb 10.64 h β− Emax 0.574 212Bi 1.01 h α 6.1

β− Emax 2.254
212Po 0.3 μs α 8.8
208Tl 3.1 min β− Emax 1.803

211At 7.21 h α 5.9 211Po 0.52 s α 7.5
227Th 18.67 days α 223Ra 11.435 days α 5.7 108.4
223Ra 11.435 days α 5.7 219Rn 3.96 s α 6.8 104.5

215Po 1.78 ms α 7.4 126.9
211Pb 36.1 min β− Emax 1.361
211Bi 2.14 min α 6.6 140.1
211Po 0.516 s α 7.5
207Tl 4.77 min β− Emax 1.423

225Ac 10.0 days α 5.8 221Fr 4.8 min α 6.3 105.5
217At 32.3 ms α 7.1 116.9
213Bi 45.6 min α 5.90 132.8

β− Emax 1.427
213Po 3.72 μs α 8.4 160.4
209Tl 2.161 min β− Emax 3.97
209Pb 3.253 h β− Emax 0.644

Table 17.8 Linear energy transfer (LET) and relative 
biological effectiveness (RBE) of radionuclide emissions

Radiation type
LET (KeV/
μm) RBE

Energy 
WR

60Co, γ-rays 0.2 0.8–0.9 1.0

LINAC X-rays 
(6–15 MeV)

0.3 ~0.8 1.0

β particles (1 MeV) 0.3 0.9 1.0

X-rays, 250 kVp 
(standard)

2.0 1.0 1.0

Protons (150 MeV) 0.5 1.1 2.0
Neutrons 0.5–200 1–2 2.5–

5.0

α-particles 50–200 5–10 20.0

Table modified from [40, 41]

cancer cells in general are not as efficient as nor-
mal cells in repairing the damage caused by radi-
ation treatment resulting in differential cancer 
cell killing [39].

17.3.5.1  Linear Energy Transfer (LET)
Radiation-induced ionization in the cells is the 
major cause of the biological effects of radiation. 
Specific ionization (SI) means the total number 
of ion pairs produced per unit length of the path 
of the incident radiation. For heavily charged par-
ticles, the SI increases with decreasing energy of 
the charged particles because of the increased 
probability of interaction at low energies. The 
quantity of linear energy transfer (LET) is the 
amount of energy deposited by the radiation per 
unit length of the path (KeV/μm). Low LET 
 radiation (X-rays, γ-rays, electrons) deposits rel-
atively a small quantity of energy while high LET 
radiation (protons, neutrons, and α particles) 
deposits higher energy in the targeted areas 
(Table 17.8).

The Bragg curve (Fig. 17.7) is a plot of the 
energy loss (or LET) of a charged particle 

during its travel through the matter. For pro-
tons and, α- rays, the peak (called Bragg peak) 
occurs immediately before the particles come 
to rest. In biological tissue, the complete 
energy of an α particle is dissipated in 
<100 μm (i.e., only a few cell diameters). The 
alpha particle LET, however, is inversely 
related to the energy and most of the alpha 
particle energy loss occurs at the end of the 
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Fig. 17.7 The Bragg 
curves for the four 
alpha particles emitted 
from the decay of 225Ac 
and the daughter 
radionuclides. The 
higher the kinetic 
energy of the alpha 
particle, the lower the 
LET but, the longer the 
range of the particle in 
the tissue. (Figure 
modified from [42])
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17.3.5.3  Relative Biological 
Effectiveness (RBE)

The absorbed dose (Gy) and equivalent dose 
(Sv) can be poor indicators of the biological 
effect of radiation, such as cell killing, since the 
biological effect can depend on the type of radia-
tion, energy, and type of tissue. In radiobiology, 
RBE is an empirical value that varies depending 
on the type of ionizing radiation, the energies 
involved, the biological effects, and the oxygen 
effect. The RBE can help give a better measure 
of the biological effect of radiation. RBE is the 
ratio of biological effectiveness of one type of 
ionizing radiation relative to another, given the 
same amount of energy. The RBE for radiation 
of type R on a given tissue is defined as the ratio

 RBE D D=
X R
/  (17.4)

where DX is a reference absorbed dose of radiation 
of a standard type X, and DR is the absorbed dose of 
radiation of type R that causes the same amount of 
biological damage. Distinct types of radiation have 
different biological effectiveness mainly because 
they transfer their energy to the tissue in different 
ways. As LET increases, relative biological effec-
tiveness (RBE) increases and maximizes around 
100 KeV/μm, and then RBE decreases with LET. 
Radiation weighing factors (WR) used to convert 
absorbed dose to equivalent dose are not dependent 
on the type of tissue and, therefore, should not be 
used to estimate the RBE. As shown in Table 17.3 
above, WR may be higher for particles.

path, and at that moment the LET of the alpha 
particle increases to 200–250  keV/μm. The 
higher energy alpha particles lose less energy, 
or they have lower LET and vice versa.

17.3.5.2  Absorbed Dose vs. 
Equivalent Dose

The energy deposited by radiation in a target is 
called the “absorbed dose (DT)”, which is expressed 
as the total energy deposited in a unit volume of 

mass (m). The SI unit for DT is the “Gray”, which 
is equal to 1 J of energy absorbed in 1 kg of mass 
(any type of matter, living or non- living). When the 
mass of matter is biological tissue, the absorbed 
dose is given by another name, the “equivalent 
dose (HT)”, which is defined as the product of DT 
(Grays) and a radiation weighing factor, (WR) for a 
specific radiation type. (WR, formerly known as 
quality factor, Q). The SI unit for equivalent dose is 
the “Sievert”, which has the same units as the Gray.
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17.3.6  Biological Effectiveness 
of Radionuclide Therapy

Radiation damage to the cell can be caused by the 
direct or indirect action of biological mole-
cules [43]. In the direct action, the radiation hits 
the DNA molecule directly, causing single-
stranded breaks (SSB) or double stranded breaks 
(DSB), disrupting the molecular structure 
(Fig.  17.8). Such structural change leads to cell 
damage or even cell death. This process becomes 
predominant with high-LET radiations, such as 
α-particles and neutrons, and high radiation doses. 
In the indirect action, the radiation hits the water 
molecules generating reactive oxygen species 
(ROS), such as hydrogen peroxide (H2O2) and free 
radicals (characterized by an unpaired electron), 
such as hydroxyl (HO•) group. In addition, indirect 
effects of radiation may also involve reactive nitro-
gen species (RNS). All the reactive molecules are 
toxic and can have many effects, including the oxi-
dation of biological macromolecules and activa-
tion of intracellular signaling pathways. It has 
been found that the majority of radiation-induced 
damage results from the indirect action mecha-
nism because water constitutes nearly 70% of the 
composition of the cell [44]. A widely accepted 
dogma in the field of radiation biology is that 
effects of ionizing radiation, such as cell death, 
chromosomal aberrations, DNA damage (both 
SSB and DSB), mutagenesis, and carcinogenesis, 
result from direct or indirect ionization of cell 
structures, particularly DNA.  Overall, radiation-
induced DNA damage is believed to activate a 
variety of signaling pathways leading to cell death, 
as well as accelerated senescence.

 Recent investigations have challenged the clas-
sical DNA-centric view of radiation injury by dem-
onstrating that proteins are also critical radiation 
targets that influence cell death mechanisms. In 
some cases, radiation-induced death by protein 
damage is proposed to be a consequence of reduced 
DNA repair fidelity, indirectly decreasing cell via-
bility. In addition, recent studies also suggest that 
the detrimental effects of ionizing radiation are not 
restricted only to the irradiated cells but, also, to 
non-irradiated bystander or even distant cells mani-
festing various biological effects [45]

The molecular mechanisms of radiation- 
induced cellular injury, or biological effective-
ness (cell killing) of radiation, however, depends 
on the LET of radiation, total dose, dose rate, and 
radio-sensitivity of the targeted cells or tissues. 
Low LET radiation (X-rays, γ-rays, electrons) 
deposits a relatively  small quantity of energy 
while high LET radiation (protons, neutrons, and 
α particles) deposits higher energy in the targeted 
areas (Table  17.8). Radiation is generally more 
damaging in rapidly dividing cells and in undif-
ferentiated cells. For example, untransformed 
epithelial cells of the gastrointestinal tract and 
progenitor cells of the hematopoietic system, 
which have rapid turnover rates, are generally 
more radiosensitive than the non-dividing neu-
rons of the central nervous system. This differen-
tial proliferative capacity corresponds to the 
induction of Hematopoietic Syndrome at lower 
radiation exposures (0.7–10  Gy) compared to 
doses required for inducing Central Nervous 
System Syndrome (>50 Gy) [46].

17.3.6.1  Mechanisms of Cell Death
Radiation exposure to cells has been demon-
strated to result in a variety of mechanisms of cell 
death, including necrosis, apoptosis, or autoph-
agy. The basis for cellular selection for each 
mode, however, depends on a range of factors, 
including the specific cell type involved, the dose 
of radiation absorbed by the cell, and whether it 
is proliferating and/or transformed [46]. Many 
cancer cells, including lung, prostate, immortal-
ized keratinocytes, and colon cancer cells, com-
mit to apoptotic cell death when exposed to 
radiation ranging from 1 to 20 Gy. Low doses of 
radiation (0.1–2 Gy) have been demonstrated to 
induce apoptosis in human skin organotypic cul-
ture and murine epidermal cells.

The main goal of radiation therapy is to 
deprive cancer cells of their multiplication poten-
tial and eventually kill the cancer cells. Cancer 
cells whose DNA is damaged beyond repair stop 
dividing and die. Radiation therapy does not kill 
cancer cells right away. It takes hours, days, or 
weeks of treatment before cancer cells start to die 
after which cancer cells continue dying for weeks 
to months after radiation therapy ends. A deeper 
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Fig. 17.8 Illustration of the interaction of radiation (β−, α 
particles, and Auger electrons) with DNA. Alpha particles 
induce both single-strand and double-strand breaks in 

DNA but, beta particles pass through the double helix. 
Auger electrons will deposit all their energy very close to 
their origin

knowledge of the underpinning mechanisms and 
their interplay will reveal opportunities for 
enhancing the overall anti-tumor activity of RNT.

17.4  Design 
of Radiopharmaceuticals 
for TRT

17.4.1  Ideal Characteristics

TRT involves the use of a radiolabeled molecule 
to selectively deliver a cytotoxic level of radia-
tion to a disease site. Advances in radionuclide 
production of alpha and beta emitters, tumor 
biology, recombinant antibody technology, and 
radiochemistry have led to a flurry of activity in 
the development and clinical application of 
target- specific therapeutic radiopharmaceuticals. 
In summary, an ideal radiopharmaceutical for

TRT, under ideal conditions, must have the 
following characteristics:

• High specificity and affinity for tumor cells
• In vivo stability in blood and within the 

tumor tissue with minimal metabolite 
formation

• Rapid blood clearance (to minimize bone 
marrow dose)

• Rapid targeting and significant retention of the 
therapeutic radionuclide (3–4 half-lives of the 
radionuclide) within the tumor

• Homogeneous radiation dose deposition 
within the tumor

• Rapid excretion from the body with minimal 
uptake and retention by normal tissues and 
cells

• Minimal hematologic toxicity in order to 
increase the maximum tolerated dose (MTD)

• to preserve dose-rate effect
• Acceptable toxicity to liver, spleen, and 

kidney
• No radiation-induced biologic effects such as 

mutation or transformations leading to sec-
ondary cancers.
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To meet all the requirements described above, 
the design and development of a successful thera-
peutic radiopharmaceutical for TRT (Fig.  17.1) 
require the following steps:

 1. Based on preclinical work, identifying the 
most appropriate and specific biological target 
(receptor or an antigen on the cancer cell 
membrane) for the therapy of a specific 
cancer.

 2. Selection of a targeting vehicle (peptide, small 
organic molecule, monoclonal antibody, or a 
particle such as liposome or a nanoparticle) 
with high affinity and specificity for biologi-
cal target.

 3. Identifying an appropriate therapeutic radio-
nuclide for a specific cancer tissue and appro-
priate to radiolabel the ideal targeting 
vehicle.

 4. Careful design of the binding moiety (target-
ing vehicle-spacer-linker-chelate) with 
 optimal biodistribution and pharmacokinetic 
parameters.

 5. All the above steps require careful multistep 
matching of the (a) target and the ligand mol-
ecule, (b) the ligand and the radionuclide, (c) 
the tumor and radionuclide, and, finally, (d) 
the radionuclide and the chelator.

17.4.2  Selection of Therapeutic 
Radionuclide

Various radionuclides used for therapy are listed 
in Table 17.3. Although numerous radionuclides 
have potential applications in radionuclide ther-
apy, only a very few radionuclides possess favor-
able physical, chemical, and biological 
characteristics which would identify them as 
practical for clinical use. Physical characteristics 
include physical half-life, type of emissions, 
energy of the emissions, daughter products, 
method of production, and radionuclidic purity. 
Biochemical characteristics include tissue target-
ing, retention of radioactivity in the tumor, 
in vivo stability, and toxicity.

The ideal radionuclides for therapy are those 
with an abundance of non-penetrating radiations, 

such as charged particles (α2+, β−, and Auger 
electrons), and lack of penetrating radiations (γ 
or X-rays). While penetrating radiation is not 
essential for TRT, a small amount or abundance 
with an appropriate energy (100–400 KeV) may 
be useful for imaging studies to demonstrate 
tumor localization or altered biodistribution.

The energy of the charged particle determines 
the amount of energy deposited in each volume 
of the tissue. Therefore, the choice of a particular 
radionuclide is strongly dependent on the LET 
value and tissue range of emissions. Each type of 
particle emitted by the radionuclide has a differ-
ent range and effective distance. The higher the 
LET of a specific radionuclide, the greater the 
relative biological effectiveness (RBE). The β− 
particles, Auger electrons, and conversion elec-
trons have the same mass but, different kinetic 
energy and different ranges (0.1–3.0 mm) in tis-
sue. All electrons have low LET values (0.2 keV/
μm) and their RBE is unity. In contrast, α parti-
cles are 8000 times heavier and have very high 
LET values (40–100 KeV/μm), and therefore the 
RBE values can be 5–10 depending on the tissue. 
When a therapy radiopharmaceutical has a non-
uniform distribution within the tumor (>1 mm), 
radionuclides with high-energy β− particles 
deposit energy in cells that do not take up the 
radioisotope, by the crossfire effect. Therefore, 
for large-volume tumor tissue, radionuclides with 
β− emission are appropriate. In contrast, for the 
treatment of microscopic disease (<1.0  mm in 
diameter), α particles are ideal since they deposit 
their energy (5–9  Mev) over short distances. 
Radionuclides with Auger electrons or other low- 
energy electrons have a short range and, if the 
radionuclide is localized in the nucleus, most of 
the energy will be deposited locally and poten-
tially damage cellular DNA.

The physical half-life (T½p) of the therapeutic 
radionuclide is important since the time course of 
irradiation of a target is related to both the physi-
cal half-life and biological turnover or biological 
half-life (T½b) of the radiopharmaceutical. One 
must select an appropriate radionuclide depend-
ing on the carrier molecule used to develop the 
therapeutic agent. For example, with an intact 
antibody molecule, radioisotopes with medium 
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half-life (3–10 days) are preferable, while with 
small molecules and peptides, the half-life of the 
radionuclide may not be a major factor to 
consider.

17.4.3  Theranostic Pair 
of Radionuclides

The concept of “theranostics” describes a clini-
cal management system that allows the com-
bined diagnosis, treatment, and follow-up of a 
disease in order to identify a sub-population of 
patients most likely to benefit from a targeted 
therapy in accordance with their “molecular pro-
file”. In personalized medicine, diagnostic 
molecular imaging (using SPECT or PET) is 
often employed for selecting appropriate and 
optimal therapies based on the context of a 
patient's genetic content or other molecular or 
cellular analysis to look at a patient on an indi-
vidual basis that will allow for a more accurate 
diagnosis and specific treatment plan. In nuclear 
medicine, theranostics is a personalized approach 
to treating cancer, using the same or similar mol-
ecules for both imaging (diagnosis) and targeted 
therapy. After selecting a specific targeting vehi-
cle, a diagnostic agent is prepared by attaching a 
radionuclide for PET or SPECT imaging study. 
The same targeting vehicle is also labeled with 
an appropriate therapeutic radionuclide-emitting 
beta, alpha or Auger electrons. It is important 
that the biodistribution, pharmacokinetics, and 
tumor uptake of both diagnostic and therapeutic 
agents are similar. The concept of theranostics 
was first introduced in the 1990s, however, 123I or 
131I sodium iodide for diagnostic studies fol-
lowed by treatment of thyroid disease with 131I 
sodium iodide has been in clinical use for more 
than 70 years. Also, several laboratories devel-
oped 111In-labeled octreotide as a chemical and 
biological surrogate of a therapeutic agent 
90Y-labeled octreotide since both radionuclides 
are trivalent metals.

Since 111In imaging studies (planar and 
SPECT) did not provide quantitative data on 
radiation dosimetry in individual patients, 

researchers in Julich Germany came up with the 
idea of combining PET and radionuclide therapy 
by using a pair of radionuclides of the same ele-
ment, one emitting positrons, and the other β− 
particles (Table 17.9). 86Y, a positron emitter was 
developed to perform patient specific dosimetry 
in patients receiving 90Y-labeled therapeutic 
agent [47, 48].

17.4.4  Biological Target 
and Targeting Vehicle

Several biological targets expressing tumor- 
specific antigens or cell surface receptors are 
summarized in Tables 17.10 and 17.11. The tar-
geting vehicles are small organic molecules (such 
as amino acids, MIBG, and steroid hormones), 
bioactive peptides, proteins or antibodies, and 
antibody fragments as shown in Tables 17.1 and 
17.2. In the design of a target (binding site) spe-
cific radiopharmaceutical (Fig. 17.1), the choice 
of a biological target in the tumor tissue, how-
ever, depends on the following key factors:

• The accessibility of the target for the ligand is 
an important consideration. In this context, the 
microscopic environment of the target, includ-
ing tumor vascularity, permeability, and oxy-
genation would all contribute to the net uptake 
of the radiopharmaceutical by the tumor.

• The number of binding sites (Bmax) per tumor 
cell and the relative distribution and the 
expression of target molecules within the 
tumor tissue during each phase of the cell 
cycle. The concentrations of tumor-associated 
antigens and receptors among tumors from 
patients with a particular type of malignancy 
can vary from over 105 molecules per cell to 
undetectable levels. In addition, wide varia-
tions in antigen or receptor expression have 
been reported both, within the cells of a par-
ticular tumor, as well as between different 
tumors from the same patient.

• The expression of binding sites in the nontar-
get sites, such as blood and soft tissues (liver, 
kidney, spleen, and muscle).
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Table 17.10 Tumor-specific biological targets (antigens and proteins) to develop therapeutic radiopharmaceuticals

Target Patient population
CD20 Non-Hodgkin’s lymphoma
Prostate-specific membrane antigen (PSMA) Prostate cancer
Epidermal growth factor, EGFR (HER1) Colorectal cancer
Human epidermal growth factor-1 (HER2) Breast cancer
Human epidermal growth factor-3 (HER3) Solid tumors
Carcinoembryonic antigen (CEA) Colorectal cancer
CD-22 Non-Hodgkin lymphoma
CD-45 Acute myelogenous leukemia (AML)
CD-33 Acute myelogenous leukemia (AML)
Mesothelin (MSLN) Ovarian or prostate cancer
Prostate stem cell antigen (PSCA) Bladder, pancreatic, or prostate cancer
Placental growth factor (PLGF) Glioblastoma multiforme
PD-1 Non-small-cell lung cancer (NSCLC), melanoma
PD-L1 Bladder cancer, NSCLC, triple-negative breast cancer 

(TNBC)

Transforming growth factor β (TGFβ) Glioma

Vascular endothelial growth factor-A (VEGF-A) Breast cancer, glioma, MM, NET, NSCLC, RCC

CD cell-surface differentiation antigen

Table 17.11 Peptide receptors as biological targets to develop therapeutic radiopharmaceuticals

Peptide
Receptor/
subtype Tumor expression

Somatostatin SSTR I–V Neuroendocrine tumor, small cell lung, prostate cancer, breast cancer, 
colorectal carcinoma, gastric cancer, hepatocellular carcinoma

Bombesin GRP- 
bombesin

Prostate, breast, small cell lung cancer (SCLC), gastric, ovarian, colon, 
and pancreatic cancers

EGFR Lung, breast, bladder, and ovarian cancers
Substance P NK1 Glial tumors, astrocytomas, medullary thyroid cancer (MTC), and breast 

cancer
VIP VPAC1 GI and other epithelial tumors
Integrins αVβ3 integrin Insulinomas, activated endothelial cells, glioblastomas, ovarian cancer.

CCK/gastrin CCK2 MTC, insulinoma, SCLC, GISTs
Glucagon-like peptide 
1 (GLP-1)

GLP-1-R Insulinoma, gastrinoma

Neuropeptide-Y NPY-R Breast, ovarian, and adrenal tumors
Neurotensin NT-R1 Exocrine pancreatic cancer, meningioma, Ewing sarcoma, and prostate 

cancer breast, colon, pancreatic, lung cancer

17.4.5  Radiolabeling Methods

Among the radionuclides listed in Table 17.3, 131I, 
and 211At belong to the halogen family (Group 
17  in the periodic table). 211At, however, is also 
regarded as a metalloid since it shares certain 
chemical properties with metals. All other radioiso-
topes listed are metals. The radionuclide produc-

tion and the chemistry of halogens and radiometals 
are discussed in greater detail in Chaps. 8 and 18 of 
this book and in several review articles [49–52].

The labeling of peptides with radionuclides can 
be performed by direct labeling, with the addition 
of a prosthetic groups. Direct labeling is the method 
used to label peptides without using intermediates, 
such as BFCs. Direct labeling techniques are gen-
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Fig. 17.9 Chemical 
structure of DTPA-
Octreotide and 
DOTA-Tyr3-octreotide 
(Dotatoc)

erally used mostly for radioiodination and in some 
cases labeling with Tc-99m. Prosthetic groups are 
small molecules which are able to bind with radio-
nuclides in one site of the structure, and simultane-
ously with a peptide at a second site. Prosthetic 
groups are bifunctional agents that consist of a suit-
able site for radioiodination or fluorination and 
functional groups to allow covalent attachment of 
the peptide. Radiometals specifically require 
bifunctional chelating agents (BFC or BFCA) to 
obtain the best conjugation of radiometal with pep-
tides. The bifunctional nature of the chelators 
means that they can coordinate (form a complex) a 
metal ion and can also be attached to the peptide. 
The most common chelating agents used for the 
development of radiolabeled small molecules, pep-
tides, and proteins are analogs of DTPA and 
DOTA.  The chemical structures of somatostatin 
analogs (octreotide and Tyr3-octreotide) conju-

gated with acyclic and macrocyclic BFCs are 
shown in Fig. 17.9. The design and development of 
radiolabeled peptides is discussed in greater detail 
in Chap. 20.

17.5  Therapy 
Radiopharmaceuticals 
Approved for Clinical Use

The therapy radiopharmaceutical may be a sim-
ple inorganic ion, metal complex, or particles. 
For TRT to be truly effective and specific, the car-
rier molecule or the targeting vehicle (ligand or 
vector), ideally, seeks the tumor cells and delivers 
the radionuclide to the tumor cells by specific 
binding to a target site, either on the cell surface 
or within the tumor cell. The selection of the tar-
geting vehicle (such as antibodies and peptides) 
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and the preparation of target-specific therapeutic 
radiopharmaceutical (Fig. 17.1) involve complex 
design strategies.

17.5.1  Inorganic Ions

A classic example of TRT is the use of 131I as 
sodium iodide (I−) for the post-surgery treatment 
of thyroid cancer. The negatively charged 
radioiodide[131I]I− ion selectively accumulates in 
thyroid cancer cells by active transport via an ion 
pump known as sodium iodide symporter (SIS). 
In this mechanism, the radionuclide as iodide ion 
is the active ingredient of the radiopharmaceuti-
cal and no specific ligand or carrier is required.

Similarly, with the calcium analogs, 89Sr chloride 
and 223Ra chloride, the positively charged (cationic) 
89Sr2+ ion and 223Ra2+ ion follow the biochemical 
pathway of calcium within the bone and localize in 
the hydroxyapatite (Ca10(PO4)6(OH)2), the mineral 
content of bone. These ions are preferentially taken 
up into bone metastases with increased bone turn-
over and no specific carrier is required to bind to the 
osteoblastic bone formation at the metastatic sites.

17.5.1.1  Sodium Iodide I 131 Solution
Sodium Iodide I 131 (Na I-131) Solution 
Therapeutic [53] is supplied for oral administra-
tion as a stabilized aqueous solution. The solution 
is available in vials that contain from 185 to 
5550 MBq (5–150 mCi) iodine-131 at the time of 
calibration. Sodium Iodide I 131 Solution 
Therapeutic is packaged in shielded screwcap 
15 mL vials. The solution contains 0.1% sodium 
bisulfite and 0.2% edetate disodium as stabilizers, 
0.5% sodium phosphate anhydrous as a buffer, 
and sodium iodide I-131 at concentrations of 185 
or 925 MBq (5 or 25 mCi) per milliliter. The pH 
has been adjusted to between 7.5 and 9. The 
iodine-131 utilized in the preparation of the solu-
tion contains not less than 99% iodine-131 at the 
time of calibration.

Indications and Usage: Sodium Iodide I 131 
Solution is indicated for the treatment of hyperthy-
roidism and thyroid carcinomas that can accumu-
late radioiodide. Palliative effects may be observed 

in patients with advanced thyroid malignancy if 
the metastatic lesions take up iodide.

Mechanism of Action: Taken orally, sodium 
iodide I-131 is rapidly absorbed and distributed 
within the extracellular fluid of the body. The 
iodide is concentrated in the thyroid via the 
sodium/iodide symporter and, subsequently, oxi-
dized to iodine. The destruction of thyroidal tis-
sue is achieved by the beta emission of sodium 
iodide I-131.

Pharmacodynamics: The therapeutic effects 
of sodium iodide I-131 are a result of the ionizing 
radiation absorbed by the thyroidal tissue. Tissue 
damage is the result of a direct insult to mole-
cules by ionization and excitation and the conse-
quent dissociation of those molecules. About 
90% of local irradiation from sodium iodide 
I-131 is the result of beta radiation and 10% is the 
result of gamma radiation.

Pharmacokinetics: After oral administration, 
sodium iodide I-131 is absorbed rapidly from the 
upper gastrointestinal tract (90% in 60 min). The 
pharmacokinetics follow that of unlabeled 
iodide. After entering the bloodstream, the 
iodide is distributed into the extra-thyroidal 
compartment. From here it is predominantly 
taken up by the thyroid or excreted renally. In the 
thyroid, the trapped iodide is oxidized to iodine 
and organified. The sodium/iodide symporter 
(NIS) is responsible for the concentration of 
iodide in the thyroid. This active transport pro-
cess is capable of concentrating iodide 20–40 
times the plasma concentration under normal 
circumstances, and this may increase tenfold in 
the hyperthyroid state. NIS also mediates active 
iodide transport in other tissues, including sali-
vary glands, nasolacrimal duct, lacrimal sac, 
gastric mucosa, lactating mammary gland, and 
the choroid plexus. The non-thyroidal iodide 
transporting tissues do not have the ability to 
organify accumulated iodide.

Drug Interactions: Many pharmacologic agents 
interact with sodium iodide I-131. These agents 
(anti-thyroid drugs, thyroid hormones, iodine-con-
taining medications, X-ray contrast agents, topical 
iodide, and several drugs) may affect the iodide 
protein binding and alter the iodide pharmacoki-
netics and pharmacodynamics.
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17.5.1.2  MetastronTM (Strontium-89 
Chloride Injection)

Metastron is a sterile, non-pyrogenic, aqueous 
solution of Strontium-89 Chloride for intrave-
nous administration. The solution contains no 
preservatives. Each milliliter contains 10.9–
22.6 mg of strontium Chloride. The radioactive 
concentration is 37  MBq/mL (1  mCi/mL), and 
the specific activity is 2.96–6.17 MBq/mg (80–
167 μCi/mg) at calibration. The pH of the solu-
tion is 4–7.5 [54].

Indications and Usage: Metastron (Strontium-89 
Chloride Injection) is indicated for the relief of bone 
pain in patients with painful skeletal metastases.

Dosage and Administration: The recom-
mended dose of Metastron is 148 MBq (4 mCi), 
administered by slow intravenous injection 
(1–2 min). Alternatively, a dose of 1.5–2.2 MBq/
kg (40–60  μCi/kg) body weight may be used. 
Repeated administrations of Metastron should be 
based on an individual patient’s response to ther-
apy, current symptoms, and hematologic status, 
and are generally not recommended at intervals 
of less than 90 days.

Mechanism of action: Following intravenous 
injection, soluble strontium compounds behave 
like their calcium analogs, clearing rapidly from 
the blood and selectively localizing in bone min-
eral. Uptake of strontium by bone occurs prefer-
entially in sites of active osteogenesis; thus, 
primary bone tumors and areas of metastatic 
involvement (blastic lesions) can accumulate sig-
nificantly greater concentrations of strontium 
than surrounding normal bone.

Pharmacokinetics: Strontium-89 Chloride is 
retained in metastatic bone lesions much longer 
than in normal bone, where turnover is about 14 
days. In patients with extensive skeletal metasta-
ses, well over half of the injected dose is retained 
in the bones. Excretion pathways are two-thirds 
urinary and one-third fecal in patients with bone 
metastases. Urinary excretion is higher in people 
without bone lesions. Urinary excretion is great-
est in the first 2 days following injection.

17.5.1.3  223Ra Dichloride (Xofigo)
223Ra dichloride, an alpha particle-emitting 
pharmaceutical is supplied as a clear, colorless, 

isotonic, and sterile solution to be administered 
intravenously with pH between 6 and 8. The 
drug product contains 1000 kBq or 27 μCi/mL 
of 223Ra, corresponding to 0.53 ng Ra-223 at the 
reference date. Radium is present in the solution 
as a free divalent cation. Each vial contains 
6  mL of solution (6000  kBq (162  μCi) 
radium-223 dichloride at the reference date). 
The inactive ingredients are 6.3 mg/mL sodium 
chloride USP (tonicity agent), 7.2  mg/mL 
sodium citrate USP (for pH adjustment), 0.2 mg/
mL hydrochloric acid USP (for pH adjustment), 
and water for injection USP.  The molecular 
weight of radium-223 dichloride, 223RaCl2, is 
293.9 g/mol. The SA of radium-223 is 1.9 MBq 
or 51.4 μCi/ng.

223Ra has a half-life of 11.4 days. The six-stage 
decay of radium-223 to stable lead-207 occurs 
via short-lived daughters and is accompanied 
predominantly by alpha emissions. There are also 
beta and gamma emissions with different ener-
gies and emission probabilities. The fraction of 
energy emitted from radium-223 and its daugh-
ters as alpha-particles is 95.3% (5–7.5  MeV). 
The fraction emitted as beta-particles is 3.6% 
(average energies are 0.445 and 0.492 MeV), and 
the fraction emitted as gamma-radiation is 1.1% 
(energy range of 0.01–1.27 MeV).

Indications and Dosage: Xofigo is indicated 
for the treatment of patients with castration- 
resistant prostate cancer, symptomatic bone 
metastases, and no known visceral metastatic dis-
ease. The dose regimen of Xofigo is 50 kBq or 
1.35 μCi/kg body weight, given at 4-week inter-
vals for 6 injections.

Mechanism of action: 223Ra mimics calcium 
and forms complexes with the bone mineral 
hydroxyapatite at areas of increased bone turn-
over, such as bone metastases. The high LET of 
alpha particles (80 keV/μm) leads to a high fre-
quency of double-strand DNA breaks in adjacent 
cells, resulting in an anti-tumor effect on bone 
metastases. The alpha particle range <0.1  mm 
(less than 10 cell diameters) limits damage to the 
surrounding normal tissue.

Pharmacokinetics: After intravenous injec-
tion, 223Ra is rapidly cleared from the blood and is 
distributed primarily into bone or is excreted into 
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the  intestines. At 4 h, about 4% of the injected 
radioactivity remains in blood, decreasing to less 
than 1% at 24 h after the injection. At 4 h post- 
injection, the percentage of the radioactive dose 
present in bone and intestine is,  approximately, 
61% and 49%, respectively.

The efficacy and safety of Xofigo were evalu-
ated in a double-blind, randomized, 
 placebo- controlled phase 3 clinical trial of 
patients with CRPC with symptomatic bone 
metastases. Patients receiving the treatment with 
223Ra exhibited a 3.6-month prolonged survival 
time (PST) over the placebo group and a 5.8-
month improved timeframe before the occur-
rence of a systematic skeletal-related event with a 
reduction of occurrence of spinal compression 
[55, 56]

17.5.2  Inorganic Chelate Complex

With the success of 99mTc bone imaging agents 
(such as MDP, HDP, EHDP) for targeting bone 
mineral hydroxyapatite, several β− particle- emitting 
radiometals that can form chelate complexes were 

investigated for the development of radiopharma-
ceuticals for bone pain palliation. 153Sm 
(T½ = 46.7 h, Emean = 233 KeV), a trivalent lantha-
nide has a short half-life and low-energy beta parti-
cles and is  a suitable alternative to Sr-90 which 
has a long half-life and high-energy beta emission. 
In addition, 153Sm also has suitable γ photons 
(103 KeV) which make it suitable for imaging stud-
ies. 153Sm forms a stable coordination complex with 
bisphosphonate analog EDTMP and 153Sm-EDTMP 
was approved in 1997 for bone pain palliation. In 
the last two decades, several metal complexes were 
investigated as potential therapeutic agents for bone 
pain palliation such as 166Ho-EDTMP, 
177Lu-EDTMP, 90Y-EDTMP, 170Tm-EDTMP, 
117mSn-DTPA, and recently 177Lu-DOTAZOL.

17.5.2.1  153Sm-Lexidronam 
(Quadramet®)

153Sm-EDTMP (Quadramet®) (Fig.  17.10) was 
designed so that a tetraphosphonate chelator, 
EDTMP, a polydentate ligand, chelates 153Sm 1:1 
by forming four O-Sm bonds and two N-Sm 
bonds. EDTMP is structurally similar to bisphos-
phonates, which target bone due to their great 
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affinity for inorganic hydroxyapatite. The nega-
tively charged 153Sm-EDTMP readily chelates 
calcium cations and accumulates in the meta-
static sites with increased metabolism and has 
higher calcium levels. QUADRAMET® is formu-
lated as a sterile, non-pyrogenic, clear, colorless 
to light amber isotonic solution of samarium-153 
lexidronam for intravenous administration [57].

Each milliliter contains 35 mg EDTMP·H2O, 
5.3 mg Ca[as Ca(OH)2], 14.1 mg Na [as NaOH], 
equivalent to 44 mg Ca/Na EDTMP (anhydrous 
calc.), 5−46  μg samarium (specific activity of 
approximately 1.0−11.0  mCi/μg Sm), and 
1850 ± 185 MBq (50 ± 5 mCi) of samarium-153 
at calibration. The ionic formula is 153Sm+3[CH2N
(CH2PO3

2−)2]2 and the ionic formula weight is 
581.1 Da (pentasodium form, 696). The pH of the 
solution is 7.0–8.5. QUADRAMET® is supplied 
frozen in single-dose glass vials containing 3 mL 
with 5550 MBq (150 mCi) of samarium-153 at 
calibration.

Indications: QUADRAMET® is indicated for 
relief of pain in patients with confirmed osteo-
blastic metastatic bone lesions that enhance on 
radionuclide bone scan.

Dosage and Administration: The recommended 
dose of QUADRAMET® is 1.0 mCi/kg, adminis-
tered intravenously over a period of 1 min.

Clinical Pharmacology: QUADRAMET® has 
an affinity for bone and concentrates in areas of 
bone turnover in association with hydroxyapatite. 
It accumulates in osteoblastic lesions more than 
in normal bone with a lesion-to-normal bone 
ratio of approximately 5. The mechanism of 
action of QUADRAMET® in relieving the pain of 
bone metastases is not known. The greater the 
number of metastatic lesions, the more skeletal 
uptake of Sm-153 radioactivity. The total skeletal 
uptake of radioactivity is 65.5% ± 15.5% of the 
injected dose. Clearance of radioactivity from the 
blood demonstrated biexponential kinetics after 
intravenous injection in patients with a variety of 
primary cancers that were metastatic to bone. 
Over the first 30  min, the radioactivity in the 
blood decreased to 15 ± 8% of the injected dose. 
Less than 1% of the dose injected remained in the 
blood 5 h after injection. During the first 6  h, 
34.5% (±15.5%) was excreted.

Drug Interactions: QUADRAMET® contains 
calcium and may be incompatible with solutions 
that contain molecules that can complex with and 
form calcium precipitates.

17.5.3  Particulate Carriers

Radiolabeled particles are generally used when the 
tumor is confined to a specific organ or an isolated 
body cavity. The goal is to obtain a uniformly dis-
tributed radiation dose within the cavity, while 
minimizing leakage into the rest of the body. In 
addition to stability, the most important character-
istic of particulate carriers is their size because this 
dictates not only homogeneity of dose deposition 
but, also leakage from the treatment site. Two 
commercial preparations of 90Y-labeled micro-
spheres (20–60  μm), Theraspheres® and Sir-
spheres® are used for the treatment of hepatocellular 
carcinoma (HCC) and metastatic colorectal cancer 
[58]. Trans- arterial chemoembolization (TACE) 
involves administration of drugs intra-arterially 
for preferential localization in regions of tumor as 
majority of normal hepatic blood supply is via the 
portal vein and neo-angiogenic vessels are primar-
ily connected to the hepatic artery. Following the 
release of the 90Y-labeled microspheres in the 
hepatic artery via a microcatheter, the micro-
spheres are permanently embedded in the terminal 
arterioles of the tumor. After the radio-emboliza-
tion, the particles block the blood vessels and 
deliver the radiation dose locally. The 90Y-labeled 
particles do not directly bind to cancer cells.

17.5.3.1  Theraspheres® Yttrium-90 
Glass Microspheres

TheraSphere® consists of insoluble glass micro-
spheres where yttrium-90 is an integral constituent 
of the glass. The mean sphere diameter ranges from 
20 to 30  μm. Each milligram contains between 
22,000 and 73,000 microspheres. TheraSphere® is 
supplied in 0.6 mL of sterile, pyrogen-free water 
contained in a 1.0 mL vial secured within a clear 
acrylic vial shield. TheraSphere® is available in 6 
dose sizes: 3  GBq (81  mCi), 5  GBq (135  mCi), 
7  GBq (189  mCi), 10  GBq (270  mCi), 15  GBq 
(405 mCi) and 20 GBq (540 mCi).
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Indication: TheraSphere® is indicated for radia-
tion treatment or as a neoadjuvant to surgery or 
transplantation in patients with unresectable hepato-
cellular carcinoma (HCC) who can have placement 
of appropriately positioned hepatic arterial catheters. 
The device is also indicated for HCC patients with 
partial or branch portal vein thrombosis/occlusion 
when clinical evaluation warrants the treatment. 
Theraspheres® has been used in the clinic for the last 
8 years under a humanitarian device exemption 
(HDE) but, in March of 2021, Theraspheres® for-
mally received FDA approval as a device.

Mechanism: Following embolization of the 
yttrium-90 glass microspheres in tumorous liver 
tissue, the beta radiation emitted provides a ther-
apeutic effect [11, 27, 29, 59, 60]. The micro-
spheres are delivered into the liver tumor through 
a catheter placed into the hepatic artery that sup-
plies blood to the tumor. The microspheres, being 
unable to pass through the vasculature of the liver 
due to arteriolar capillary blockade, are trapped 
in the tumor and exert a local radiotherapeutic 
effect with some concurrent damage to surround-
ing normal liver tissue.

17.5.3.2  SirSpheres® Microspheres 
(Yttrium-90 Microspheres)

SIR-Spheres® microspheres consist of biocompat-
ible microspheres containing yttrium-90 with a 
size between 20 and 60 μm in diameter. The aver-
age number of particles implanted is 30–60 × 106. 
SIR-Spheres microspheres are provided in a vial 
with water for injection. Each vial contains 3 GBq 
of yttrium-90 ±10% (at the time of calibration) in a 
total of 5 cc water for injection. Each vial contains 
40–80 million microspheres. SIR-Spheres® micro-
spheres are a permanent implant.

Indications for Use: SIR-Spheres® microspheres 
are indicated for the treatment of unresectable met-
astatic liver tumors from primary colorectal cancer 
with adjuvant intra-hepatic artery chemotherapy 
(IHAC) of FUDR (Floxuridine).

17.5.4  Small Organic Molecules

MIBG was originally designed and developed in 
1980 for imaging adrenal medulla [61]. MIBG, 
an analog of norepinephrine (Fig.  17.10) was 

synthesized by linking the benzyl portion of bre-
tylium with the guanidine group of guanethidine. 
In 1994, [131I]MIBG also known as iobenguane 
sulfate I-131 intravenous (low specific activity 
(LSA) formulation), received FDA approval as an 
imaging agent for the localization of specific 
sites of pheochromocytomas and neuroblastomas 
(Pharmalucence 2008). In 2008, [123I]MIBG or 
iobenguane I-123 injection was also approved 
by the FDA as a tumor imaging agent (Adreview; 
GE Healthcare).

In 2018, the  FDA approved high specific 
activity iobenguane I-131(AzedraTM) for the 
treatment of paragangliomas and pheochromocy-
tomas. It is also used for the treatment of pediat-
ric patients with neuroblastoma [62]. The uptake 
of MIBG into the neuroendocrine cell is by two 
mechanisms—active and passive [63]. The active 
transport or the uptake-1 system is the dominant 
method of transport of MIBG into the cell. This is 
an active, sodium and energy-dependent amine 
uptake mechanism in the cell membrane of the 
sympathomedullary tissues. Within the cell, it is 
actively transported into the storage granules by 
an energy-dependent transport mechanism via 
vesicular monoamine transporters 1 and 2. This 
accumulation of MIBG in these neurosecretory 
granules forms the basis for imaging and therapy 
with 123I/131I-labeled MIBG [62]. Small amount 
of MIBG is also present in the cytoplasm. The 
other mechanism is a passive diffusion of MIBG 
into the cells. The active uptake is more efficient 
and specific than the passive uptake.

17.5.4.1  AZEDRA® (Iobenguane I 131) 
Injection

The drug substance iobenguane I 131, also 
described as mIBG (Fig. 17.9), has a molecular 
weight of 279.1  Da. AZEDRA 555  MBq/mL 
(15 mCi/mL) injection is a sterile, clear, colorless 
to pale yellow solution. Each single-dose vial 
contains iobenguane (0.006  mg/mL), sodium 
ascorbate (58  mg/mL) and sodium gentisate 
(23 mg/mL) in water for Injection, USP. The pH 
range of the solution is 4.5–5.5, with a  specific 
activity of ~2500  mCi/mg (92,500  MBq/mg) 
[64].

Indications and Usage: AZEDRA is indicated 
for the treatment of adult and pediatric patients 
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12 years and older with iobenguane scan positive, 
unresectable, locally advanced, or metastatic 
pheochromocytoma or paraganglioma who 
require systemic anticancer therapy.

Dosage and Administration: Recommended 
dosimetric dose: patients weighing more  than 
50 kg: 185–222 MBq (5–6 mCi); patients weigh-
ing  50  kg or less: 3.7  MBq/kg (0.1  mCi/kg); 
Recommended therapeutic dose: patients weigh-
ing >62.5 kg: 18.5 GBq (500 mCi) and patients 
weighing 62.5 kg or less: 0.296 GBq/kg (8 mCi/
kg). Administer 2 therapeutic doses 90 days 
apart. As needed, adjust the therapeutic doses 
based on radiation dose estimate results from 
dosimetry study.

Mechanism of Action: Iobenguane is similar 
in structure to the neurotransmitter norepineph-
rine (NE) and is subject to the same uptake and 
accumulation pathways as NE.  Iobenguane is 
taken up by the NE transporter in adrenergic 
nerve terminals and accumulates in adrenergi-
cally innervated tissues, such as the heart, lungs, 
adrenal medulla, salivary glands, liver, and 
spleen, as well as tumors of neural crest origin. 
Pheochromocytoma and paraganglioma (PPGL) 
are tumors of neural crest origin that express 
high levels of the NE transporter on their cell 
surfaces.

Pharmacodynamics: The effect of AZEDRA 
on the QTc interval was evaluated in 74 patients 
with unresectable pheochromocytoma or para-
ganglioma. At the recommended therapeutic dos-
age, no large mean increases from baseline in the 
QTc interval (i.e., >20 ms) were detected.

Pharmacokinetics: Iobenguane I 131 is primarily 
eliminated renally with cumulative excretion of 
50 ± 10% within 24 h and 80 ± 10% within 120 h fol-
lowing AZEDRA administration. Unchanged I 131 
accounted for an average of 94% and 93% radioactiv-
ity excreted in urine collected during 0–6 and 6–24-h 
post-dose, respectively. Minor metabolites detected in 
some patients included free I 131, quantifiable in 55% 
of 11 patients in Study IB11, as well as meta- 
iodohippuric acid (MIHA) and meta-iodobenzyl bis-
guanidine (MMIBG) quantifiable in one patient each.

Drug Interactions: Based on the mechanism of 
action of iobenguane, drugs that reduce catechol-
amine uptake or that deplete catecholamine stores 

may interfere with iobenguane uptake into cells 
and, therefore, interfere with dosimetry calcula-
tions or the efficacy of AZEDRA.  Discontinue 
drugs that reduce catecholamine uptake or 
deplete catecholamine stores for at least five half- 
lives before administration of either the dosime-
try or a therapeutic dose of AZEDRA.  Do not 
administer these drugs until at least 7 days after 
each AZEDRA dose.

17.5.5  Regulatory Peptides Hormone 
Analogs

Peptides are formed when two or more amino 
acids are condensed together with the formation 
of a secondary amide bond, the so-called peptide 
bond or peptide unit. Most of the drawbacks of 
mAbs can be eliminated by using biomolecules 
like peptides [65]. Peptides are quickly cleared 
from the blood circulation by liver and kidney. In 
addition, the pharmacodynamic properties of 
peptides can be modulated by different synthetic 
modification and stabilization approaches. 
Peptides are generally considered safe since they 
feature low immunogenicity and produce non- 
toxic metabolites. Since peptides are small mol-
ecules, they can easily penetrate into the solid 
tumors unlike mAbs.

Various peptides, peptide receptors, and the 
corresponding eligible target-related tumors are 
summarized in Table 17.11. The overexpression 
of peptide receptors on tumor cells leads to the 
development of radiolabeled peptides for diagno-
sis and therapy [66, 67]. It has been demonstrated 
that only tumors expressing a high density of 
receptors can be selected for targeted therapy. A 
tumor-to-normal-cell expression ratio of 3:1 or 
higher is usually desired. Secondly, the amounts 
of overexpressed receptors must be sufficient to 
ensure drug delivery in appropriate amounts to 
obtain the desired therapeutic effect. Since pep-
tide agonists are quickly metabolized (or inacti-
vated) by amino peptidases, following binding to 
receptors, peptide radiopharmaceuticals are 
 generally developed using chemically modified 
peptide analogs that may have greater affinity for 
the receptor but, block the receptor function.
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17.5.5.1  Somatostatin Receptors
The most well-studied cell surface receptor is 
the somatostatin receptor (SSTR) family, 
which is comprised of five members (SSTR1-
5). Their natural ligand is the disulfide-cyclized 
oligopeptide somatostatin (SST), which occurs 
in two isoforms SST-14 and SST-28. Human 
SST receptors (SSTR1-SSTR5) have been 
identified in most of the neuroendocrine 
tumors, small cell lung cancers, and medullary 
thyroid carcinoma, expressing high densities 
of SSTRs. The expression of SSTR subtypes in 
human tumor tissues, however, seems to vary 
among different tumor types. Although various 
SS receptor subtypes are expressed in tumors, 
SSTR2 is the predominant receptor subtype 
expressed in NETs. Since SST is degraded rap-
idly in  vivo, octreotide (Sandostatin) was 
developed as a therapeutic agent. It is the pres-
ence of SSTR2 as well as its density which 
provides the molecular basis for several radio-
labeled SS analogs (Fig. 17.9) that were devel-
oped for diagnosis and peptide receptor therapy 
(PRT). 111In-DTPA-octreotide (Octreoscan) 
was the first peptide approved as an imaging 
agent in 1993.

The acronyms PRS (peptide receptor scin-
tigraphy) and PRRT (peptide receptor radionu-
clide therapy) were originally coined in the 
1980s by the investigators at the Erasmus 
University Medical Center, Rotterdam, in the 
Netherlands. Following the development of 
DOTA conjugated octreotide analogs 
(DOTATOC and DOTATATE) in the early 
1990s, the first clinical results with 
90Y-DOTATOC demonstrated the potential 
 therapeutic effectiveness of PRRT in patients 
with NETs [68]. Subsequently, the efficacy and 
safety of 177Lu-DOTATOC and 
177Lu-DOTATATE were investigated exten-
sively in several multicenter clinical trials. The 
FDA approval of 177Lu-DOTATATE (Lutathera®) 
in 2017, a peptide radiopharmaceutical specific 
for SSTR, is clinically indicated for the treat-
ment of neuroendocrine tumors started a new 
wave in the development of peptide-based 
radiopharmaceuticals for TRT.

17.5.5.2  Lutathera® (177Lu-Dotatate) 
Injection

Lutathera® is a radiolabeled somatostatin ana-
log  [69]. The drug substance 177Lu-dotatate is a 
cyclic peptide, Tyr3-octreotide linked with the cova-
lently bound chelator DOTA 
(1,4,7,10-tetraazacyclododecane-1,4,7,10- 
tetraacetic acid) and labeled with 177Lu radionuclide. 
The molecular weight is 1609.6 Da, and the struc-
tural formula is as shown in Fig. 17.10. Lutathera® 
370  MBq/mL (10  mCi/mL) Injection is a sterile, 
clear, colorless to slightly yellow solution for intra-
venous use. Each single-dose vial contains acetic 
acid (0.48 mg/mL), sodium acetate (0.66 mg/mL), 
gentisic acid (0.63  mg/mL), sodium hydroxide 
(0.65 mg/mL), ascorbic acid (2.8 mg/mL), diethyl-
ene triamine pentaacetic acid (0.05 mg/mL), sodium 
chloride (6.85 mg/mL), and water for injection (ad 
1 mL). The pH range of the solution is 4.5–6.

Indications and Usage: Lurathera® is indicated 
for the treatment of somatostatin receptor- 
positive gastroenteropancreatic neuroendocrine 
tumors (GEP-NETs), including foregut, midgut, 
and hindgut neuroendocrine tumors in adults.

Dosage and Administration: The recom-
mended Lutathera dose is 7.4  GBq (200  mCi) 
every 8 weeks for a total of 4 doses. Premedication 
and Concomitant Medications: (a) Before initiat-
ing Lutathera® therapy, discontinue long-acting 
somatostatin analogs for at least 4 weeks. 
Administer short-acting octreotide, as needed, 
and discontinue at least 24  h prior to therapy 
dose. (b) Administer long-acting octreotide 
30 mg intramuscularly between 4 and 24 h after 
each therapy dose. Do not administer long-acting 
octreotide within 4 weeks of each subsequent 
Lutathera® dose. (c) Initiate an intravenous amino 
acid solution (1.5–2.2  L) containing l-lysine 
(20–25 g) and l-arginine (20–25 g) 30 min before 
administering Lutathera and continued during, 
and for at least 3 h after Lutathera infusion.

Pharmacokinetics: Within 4  h after adminis-
tration, Lu-177 dotatate distributes in kidneys, 
tumor lesions, liver, spleen, and, in some patients, 
pituitary gland and thyroid. The co- administration 
of amino acids reduced the median radiation dose 
to the kidneys by 47%. The effective blood elimi-
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nation half-life is 3.5 ± 1.4 h and the mean termi-
nal blood half-life is 71 ± 28 h. Lu-177 dotatate is 
primarily eliminated renally with cumulative 
excretion of 44% within 5 h, 58% within 24 h, 
and 65% within 48  h following Lutathera® 
administration.

Mechanism of Action: Lutathera® binds to 
somatostatin receptors with highest affinity for 
subtype 2 receptors (SSRT2). Upon binding to 
somatostatin receptor-expressing cells, including 
malignant somatostatin receptor-positive tumors, 
the compound is internalized. The β− particles 
from Lu-177 induce cellular damage by forma-
tion of free radicals in somatostatin receptor- 
positive cells and in neighboring cells.

Drug Interactions: Somatostatin and its ana-
logs competitively bind to somatostatin receptors 
and may interfere with the efficacy of Lutathera®. 
Discontinue long-acting somatostatin analogs at 
least 4 weeks and short-acting octreotide at least 
24 h prior to each Lutathera® dose.

17.5.5.3  Other Peptide Receptors
Many other peptide receptors have been identi-
fied and are known to be overexpressed in several 
different cancers (Table  17.11). Radiolabeled 
peptides are being developed to target-specific 
receptors for Glucagon-like peptide 1 receptor 
(GLP-IR), Gastrin or cholecystokinin-2 receptor 
(CCK2R), Neurotensin receptor 1 (NTR1), 
Chemokine receptor-4 (CXCR), Vasoactive 
intestinal peptide (VIP), neurotensin (NT) recep-
tor, substance-P, and neuropeptide-Y. Preclinical 
studies and phase I/II clinical studies demon-
strated the potential of several radiolabeled pep-
tides for both imaging studies, and for targeted 
radionuclide therapy.

17.5.6  Monoclonal Antibodies

An antibody (Ab), also known as an immuno-
globulin (Ig) is a large protein used by the 
immune system to identify and neutralize foreign 
objects such as pathogenic bacteria and viruses. 
The antibody recognizes a unique molecule of 
the pathogen, called an antigen. The antibody 
molecule contains a paratope (antigen binding 
segment) that is specific for epitope (Ab binding 

segment) on an antigen. Antibody and antigen 
interact by spatial complementarity (like lock 
and key). The binding between antibody and anti-
gen is reversible and, as a result, it is possible for 
an antibody to cross-react with different antigens 
of different relative affinities. Polyclonal anti-
bodies (pAbs) are a heterogeneous mixture pro-
duced by different B cell clones in the body but, 
bind to many different epitopes of a single anti-
gen. In contrast, mAbs are generated by identical 
B cells which are clones from a single parent cell. 
This means that the mAb binds to a single epit-
ope and is  monovalent. Georges Köhler and 
César Milstein invented the technology of pro-
ducing mAbs [70] and started the modern era of 
antibody-based pharmaceuticals.

Antibodies are large glycoproteins and their 
basic structure is composed of two heavy and 
two light chains in the shape of a Y. At each tip 
of the Y lies the fragment antigen-binding (Fab) 
portion of the antibody which is responsible for 
recognition of the specific antigen. The frag-
ment crystallizable (Fc) region located at the 
base of the Y structure mediates interactions 
between the antibody and other members of the 
immune system. Antibody Fc regions are recog-
nized by Fc receptors (FcRs) found on a wide 
range of immune cells. IgG is the most 
often form used in antibody therapy due to the 
fact that IgGs interact with their associated type 
of Fc-receptor found on natural killer (NK) cells 
as well as neutrophils, monocytes, dendritic 
cells, and eosinophils to mediate specialized 
functions such as antibody- dependent cellular 
cytotoxicity (ADCC) and complement-depen-
dent cytotoxicity (CDC). Intact mAbs have a 
long residence time in humans, ranging from a 
few days to weeks, which results in optimal 
tumor-to-non-tumor ratios at 2–4 days post-
injection. In contrast, mAb fragments have a 
much faster blood clearance and, as a result, 
optimal tumor-to-nontumor ratios can be 
obtained at earlier time points. However, the 
absolute tumor uptake may be much lower com-
pared to intact mAbs. Around the world, more 
than 600 therapeutic mAbs have been studied in 
clinical trials, and close to 80 therapeutic mAbs 
have been approved by the FDA for different 
diseases including cancer [71].
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17.5.6.1  Radioimmunotherapy (RIT)
RIT exploits the ability of radiolabeled antibody 
conjugates (RACs) to target tumors in an antigen- 
specific manner for selective delivery of thera-
peutic radionuclide and localized release of 
cytotoxic ionizing but, non-penetrating radia-
tions, such as α particles and β− particles. The 
efficacy of RIT, however, depends on the type 
and size of cancer tissue and the choice of radio-
nuclide, half-life, type of particle emission, 
kinetic energy, and range in tissue. The first use 
of radiolabeled antibody to treat cancer was per-
formed in the 1950s by Dr. Beierwalters at the 
University of Michigan, USA, who used 
131I-tagged antibodies made in rabbits against 
patient’s own neoplastic tissue [59].

After several decades of intense investigation 
with radiolabeled antibodies, only six radiolabeled 
antibodies have gained FDA approval for use in 
clinical oncology, including four immunodiagnos-
tic agents and two targeted radioimmunotherapeu-
tic agents (Table  17.2). As of December 2021, 
more than 30 mAbs have been approved for the 
treatment of cancer. RIT with antibodies, however, 
was not clinically successful except in hematologi-
cal malignancies. Combining mAbs with therapeu-
tic radionuclides was first studied in hematologic 
malignancies based on the rationale that these can-
cers are the most radiosensitive tumors compared 
to solid tumors [72, 73]. The FDA’s approvals of 2 
radiolabeled anti-CD20 mAbs, 90Y-labeled 
Zevalin® (ibritumomab tiuxetan) in 2002 and 
131I-labeled Bexxar® in 2003 for the treatment of 
NHL were landmark events in the developmental 
history of TRT and RIT.  Both these 90Y- and 
131I-labeled anti-B1 mAbs produce overall response 
rates (ORR, 60–80%) and complete response rates 
(CRR, 15–40%) in relapsed NHL longer than the 
naked antibodies, such as rituximab [73].

17.5.6.2  ZEVALIN® (Ibritumomab 
Tiuxetan) Injection

Zevalin (ibritumomab tiuxetan) is the 
immunoconjugate resulting from a sta-
ble thiourea covalent bond between the 
mAb ibritumomab and the linker-che-
lator tiuxetan [N-[2-bis(carboxymethyl)
amino]-3-(p-isothiocyanatophenyl)-propyl]-[N-

[2-bis(carboxymethyl)amino]-2-(methyl)-ethyl]
glycine. This linker-chelator provides a high 
affinity, conformationally restricted chelation 
site for 111In or 90Y. The approximate molecular 
weight of ibritumomab tiuxetan is 148,000 Da. 
The antibody moiety of Zevalin is ibritumomab, 
a murine IgGI kappa mAb directed against the 
CD20 antigen. Ibritumomab tiuxetan is a clear, 
colorless, sterile, pyrogen-free, preservative-
free solution that may contain translucent par-
ticles. Each single-use vial includes 3.2  mg of 
ibritumomab tiuxetan in 2 mL of 0.9% sodium 
chloride.

Indications and Usage: Zevalin is indicated 
for the treatment of relapsed or refractory, low- 
grade, or follicular B-cell non-Hodgkin’s lym-
phoma (NHL). Zevalin is also indicated for the 
treatment of previously untreated follicular NHL 
in patients who achieve a partial, or complete 
response to first-line chemotherapy.

Recommended Doses: Dose for biodistribution 
imaging study: 5 mCi of 111In-Zevalin; Therapeutic 
dose: 0.4 mCi/kg (14.8 MBq/kg) for patients with 
normal platelet count; 0.3 mCi/kg (11.1 MBq/kg) 
in relapsed or refractory patients with platelet 
count of 10,000–149,000  cells/mm. Prior to the 
administration of the  dosimetric or therapeutic 
dose, first administer rituximab 250 mg/m2 intra-
venously at an initial rate of 50  mg/h. In the 
absence of infusion reactions, escalate the infusion 
rate in 50 mg/h increments every 30 min to a maxi-
mum of 400 mg/h. The dose of 90Y-Zevalin should 
not exceed 32.0  mCi (1184  MBq). The specific 
activity of 90Y-Zevalin is around 20  mCi/mg of 
antibody. 90Y-Zevalin should not be injected into 
patients with altered biodistribution as determined 
by imaging with 111In-Zevalin

Mechanism of Action: Ibritumomab tiuxetan 
binds specifically to the CD20 antigen (human 
B-lymphocyte-restricted differentiation antigen, 
Bp35). The apparent affinity (KD) of ibritumomab 
tiuxetan for the CD20 antigen ranges between 
approximately 14 and 18 nM. The CD20 antigen 
is expressed on pre-B and mature B lymphocytes 
and on >90% of B-cell non-Hodgkin’s lympho-
mas (NHL). The CD20 antigen is not shed from 
the cell surface and does not internalize upon 
antibody binding.

17.5 Therapy Radiopharmaceuticals Approved for Clinical Use
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Pharmacodynamics: Administration of the 
Zevalin therapeutic regimen resulted in sustained 
depletion of circulating B cells. At 4 weeks, the 
median number of circulating B cells was zero. 
B-cell recovery began at approximately 12 weeks 
following treatment, and the median level of B 
cells was within the normal range by 9 months 
after treatment.

Pharmacokinetics: With 111In-Zevalin imaging 
studies, only 18% of known sites of disease were 
imaged when 111In-Zevalin was administered 
alone without unlabeled ibritumomab. 
However,  when preceded by unlabeled ibritu-
momab (2.5 mg/kg), 111In-Zevalin detected 92% 
of known disease sites. With 90Y-Zevalin thera-
peutic dose administration, the mean effective 
half-life for Y-90 activity in blood was 30 h and 
the mean area under the fraction of injected activ-
ity (FIA) vs. time curve in blood was 39 h. Over 
7 days, a median of 7.2% of the injected activity 
was excreted in urine.

17.5.6.3  BEXXAR® (Tositumomab 
and Iodine I 131 
Tositumomab) Injection

The BEXXAR® therapeutic regimen is composed 
of the mAb tositumomab, and the radiolabeled 
mAb, 131I-tositumomab. Tositumomab is a murine 
IgG2a lambda mAb directed against the CD20 
antigen, produced in mammalian cells. The 
approximate molecular weight of tositumomab is 
150  kDa. Tositumomab is supplied as a sterile, 
pyrogen-free, clear to opalescent, colorless to 
slightly yellow, preservative-free solution that 
must be diluted before intravenous administra-
tion. The formulation contains 100 mg/mL malt-
ose, 8.5  mg/mL sodium chloride, 1  mg/mL 
phosphate, 1 mg/mL potassium hydroxide, and 
water for injection. The pH is approximately 7.2.

Tositumomab is covalently linked to 131I and is 
supplied as a sterile, clear, preservative-free liq-
uid. The drug product formulation contains 0.9–
1.3  mg/mL ascorbic acid, 1–2  mg/mL maltose 
(dosimetric dose) or 9–15 552  mg/mL maltose 
(therapeutic dose), 4.4–6.6% (w/v) povidone, 
and 8.5–9.5 mg/mL sodium 553 chloride. The pH 
is approximately 7.0. I-131 tositumomab is sup-
plied as a sterile, clear, preservative-free liquid. 

The formulation for I-131 tositumomab contains 
0.9–1.3 mg/mL ascorbic acid, 1–2 mg/mL malt-
ose (dosimetric dose), or 9–15  mg/mL maltose 
(therapeutic dose), 4.4–6.6% (w/v) povidone, 
and 8.5–9.5 mg/mL sodium chloride. The pH is 
approximately 7.0.

For dosimetry studies, 131I-tositumomab is 
supplied 12–18 mCi/vial (NLT 0.61 mCi/mL and 
0.1  mg/mL). For therapy, 131I-tositumomab is 
supplied 112–168  mCi/vial (NLT 5.6  mCi/mL 
and 1.1 mg/mL).

Dosage and Administration: The therapeutic 
regimen consists of two separate components 
(tositumomab and 131I-tositumomab) adminis-
tered in two separate steps (dosimetric dose and 
therapeutic dose) separated by 7–14 days. For 
dosimetry study, 450  mg of Tositumomab fol-
lowed by 5 mCi of 131I-Tositumomab (450 mg) 
and for therapy, 450  mg of Tositumomab fol-
lowed by 131I-Tositumomab therapy dose (the 
amount of 131I activity to deliver 65–75  cGy 
depending on the platelet counts and total body 
residence time determined following dosimetric 
dose).

Mechanism of Action: Tositumomab binds 
specifically to an epitope within the extracellular 
domain of the CD20 molecule, expressed on nor-
mal B lymphocytes and on B-cell NHLs. non- 
Hodgkin's lymphomas. In addition to cell death 
mediated by the radioisotope, other possible 
mechanisms of action include ADCC, CDC, and 
CD20-mediated apoptosis.

Pharmacodynamics: The administration of the 
BEXXAR® therapeutic regimen resulted in sus-
tained depletion of circulating CD20-positive 
cells (normal and malignant). At 7 weeks follow-
ing treatment, the median number of circulating 
CD20-positive cells was zero with recovery 
beginning at approximately 12 weeks.

Pharmacokinetics: Prior  administration of 
475 mg of naked antibody decreased splenic tar-
geting and increased the terminal half-life of the 
131I-tositumomab. Patient-specific dosing, based 
on total body clearance, provided a consistent 
radiation dose despite variable pharmacokinetics, 
by allowing each patient’s administered activity 
to be adjusted for individual patient variables. 
The median total body effective half-life, in 
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patients with NHL was 67 h. Five days following 
the radiolabeled dose, the whole-body clearance 
was 67% of the injected dose. Due to in  vivo 
dehalogenation, 131I-tositumomab is not stable 
in vivo and the free I-131 activity is excreted in 
the urine.

17.6  Prostate Specific Membrane 
Antigen (PSMA) 

In 1987, prostate-specific membrane antigen 
(PSMA) was discovered as a novel antigenic 
marker in prostate cancer cells and in the serum 
of prostate cancer patients. In the brain, PSMA 
is also known as N-acetyl-l-aspartyl-l-
glutamate peptidase I (NAALADase I) or 
N-acetyl-aspartyl- glutamate (NAAG) peptidase 
[74]. PSMA is considered to be the most well-
established target antigen in prostate cancer, 
since it is highly and specifically expressed at 
all tumor stages on the surface of prostate tumor 
cells compared with normal or hyperplastic 
prostates [75, 76]. PSMA is a class II transmem-
brane glycoprotein with a unique 3-part struc-
ture: a short N-terminal cytoplasmic tail, a 
single membrane-spanning helix, and an extra-
cellular part. The bulk of PSMA protein is the 
extracellular part.

In 1997, Bander and his colleagues at Weill 
Cornell Medicine in New  York reported the 
development J591 mAb to the extracellular 
domain of PSMA on viable tumor cells [77, 78]. 
J591 mAb targets the extracellular portion of 
PSMA and therefore, binds to the viable tumor 
cells [77]. In the last 20 years, several clinical 
studies documented the therapeutic potential of 
90Y-, 177Lu-, and 225Ac-labeled DOTA-huJ591 for 
RIT of mCRPC [79–81].

17.6.1  PSMA Inhibitors

The enzyme activity of PSMA includes 
NAALADase 1. In the brain, PSMA hydrolyzes 
the N-acetyl-l-aspartyl-l-glutamate (NAAG) 
substrate to yield aspartate and glutamate. 
Studies of the NAALADase enzyme structure 

have revealed an active site containing two zinc 
cations (Zn++) participating in the NAAG bind-
ing, called the “NAAG binding pocket”, which is 
also the site for the binding of PSMA inhibitors 
[60]. The discovery of small molecule peptide 
PSMA inhibitors made it possible for the devel-
opment of both diagnostic and therapeutic pep-
tide radiopharmaceuticals. PSMA enzyme 
inhibitors mimic the structure of the substrate 
(NAAG), bind to PSMA, and reduce the ability 
of the enzyme to convert the substrate NAAG 
into aspartate and glutamate (Pastarino et  al. 
2020). The clinical success of radiolabeled 
PSMA inhibitors is based on a small motif bind-
ing to the catalytic NAAG hydrolyzing site in the 
PSMA molecule. This class of inhibitors con-
tains a urea bond (−NH-CO-NH-) formed by the 
conjugation of two amino acids (Glu and Asp). 
Several groups have reported on the develop-
ment of small- molecule inhibitors of PSMA 
comprising two amino acids joined through their 
NH2 groups by a urea linkage (glutamate urea 
heterodimers) [81]. In the last 2 years, two radio-
labeled PSMA inhibitors, 68Ga-PSMA-11 and 
[18F]DCFPyL have already been approved  by 
the  FDA for PET imaging studies of prostate 
cancer [83, 84].

17.6.1.1  177Lu-PSMA-617
To develop radiopharmaceuticals for TRT, two 
PSMA inhibitors, PSMA-617 and PSMA I&T were 
developed at the German Cancer Research Centre 
(GCRC) in Heidelberg, Germany based on Glu-
Urea-Lys pharmacophore and DOTA or DOTAGA 
chelators respectively [85]. 177Lu-PSMA-617 
(Fig.  17.10) was quickly used as a therapeutic 
ligand because it has higher tumor uptake at later 
time points, lower spleen uptake, and highly effi-
cient clearance from the kidneys [86]. Clinical stud-
ies have also evaluated the potential of 68Ga-PSMA 
I&T for the detection of primary prostate cancer 
before prostatectomy [82].

The first clinical experience with 
177Lu-PSMA-617 targeted therapy in patients 
with advanced mCRPC demonstrated that 
177Lu-PSMA-617 is a promising new option for 
therapy of mCRPC [87]. Subsequently, two 
major clinical studies evaluated the safety and 
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efficacy of 177Lu-PSMA-617 therapy in patients 
with mCRPC. A randomized, multi-center open- 
label phase 2 trial (TheraP trial) compared the 
efficacy of 177Lu-PSMA-617 with cabazitaxel in 
patients with mCRPC [88]. The study results 
showed that 177Lu-PSMA-617 treatment, com-
pared to cabazitaxel, led to a higher PSA response 
and fewer grade 3 or 4 adverse events.

The VISION trial (Funded by Endocyte, a 
Novartis company) evaluated the advantages of 
177Lu-PSMA-617 over best supportive care in 
improving the overall survival (OS) and image- 
based progression-free survival (PFS) in patients 
with progressive mCRPC [89]. Five hundred and 
fifty-one patients were allotted to the 
177Lu-PSMA-617 group (who received 7.4 GBq of 
177Lu-PSMA-617 every 6 weeks in 4–6 cycles), 
while 280 patients were  in the standard of care 
(SOC) group. The results of the study showed that 
the median PFS was significantly longer among 
patients in the 177Lu-PSMA-617 arm at 8.7 months 
compared with 3.4 months in patients in the SOC-
alone arm. There was a significant improvement in 
the OS in the patients who received 
177Lu-PSMA-617 compared to standard care alone 
(15.3 months vs. 11.3 months). Also, approxi-
mately  46% (vs. 7.1% in control group) of the 
patients had >50% reduction, and >33% (vs. 2% in 
control group) of the patients had >80% reduction 
in the PSA levels (SOC). The FDA granted prior-
ity review for the NDA for177Lu-PSMA-617 and 
approved in 2022 to treat patients with metastatic 
castration-resistant prostate cancer (mCRPC) who 
have previously received androgen-receptor path-
way and taxane- based chemotherapy.

The successful completion of phase III clini-
cal trial of 177Lu-PSMA-617 (VISION Trial) and 
fast approval by FDA in the treatment of mCRPC 
may also help advance the development of sev-
eral new peptide or protein based radiopharma-
ceuticals for TRT.
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18Chemistry of Therapeutic 
Radionuclides

I am mindful that scientific achievement is rooted 
in the past, is cultivated to full stature by many 
contemporaries and flourishes only in favorable 
environment. No individual is alone responsible 
for a single steppingstone along the path of prog-
ress, and where the path is smooth progress is most 
rapid. In my own work this has been particularly 
true. (Ernest Lawrence)

18.1  Targeted Radionuclide 
Therapy

Radiopharmaceutical therapy (RPT) or Targeted 
Radionuclide therapy (TRT) is defined by the 
delivery of radioactive atoms to tumor tissue or 
tumor-associated targets. During the last 
10 years, there has been significant increase in 
the application of conjugated radiopharmaceuti-
cals for targeted radionuclide therapy (TRT), 
mainly due to the development of a range of 
new carrier molecules (targeting vehicle), which 
can transport the radionuclide to a molecular 
target on the cancer cell. In the design of target-
specific radiopharmaceuticals, nonmetal radio-
nuclides (such as 18F, 11C, and 123I) or metallic 
radionuclides (such as 177Lu, 225Ac, and 227Th) 
are incorporated into the drug molecule. The 
radiolabeling with nonmetal radionuclides 
involves mainly the covalent bond formation 
between the radionuclide and the ligand mole-
cule, whereas metal-based radiopharmaceuti-

cals rely on the coordination chemistry of the 
radiometal. Most design strategies divide the 
radiopharmaceutical into four parts: targeting 
vehicle (or ligand), linker, chelate, and the 
radio- metal (Fig.  18.1). The ligand (bioconju-
gate) ensures the specific localization at the tar-
get site in the tumor tissue, while the radionuclide 
decay characteristics determine the diagnostic 
or therapeutic function of the radiopharmaceuti-
cal. Extensive knowledge, experience, and 
understanding of chemistry/radiochemistry of 
radionuclides at the tracer level, would enable 
us to develop therapy radiopharmaceuticals 
with appropriate in  vivo behavior and tumor 
localization properties. Several reviews dis-
cussed, extensively, the chemistry of therapeutic 
radiopharmaceuticals [1–3].

18.1.1  Radionuclides for Therapy

Several important radionuclides used in the prep-
aration of therapeutic radiopharmaceuticals are 
summarized in Table 18.1. The radionuclides that 
are used for therapy decay by emitting either β− 
particles or α particles. The cytotoxic effects of 
therapy radionuclides are primarily due to irre-
versible DNA damage and cell death. Alpha par-
ticles with high LET deposit their high kinetic 
energy (5–8 MeV) over short distances (<100 μm) 
compared to low LET β− particles (<15 mm). The 
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RP for TRT

RM

Chelator

BT TV SP

TV: Targeting Vehicle (Peptide)

SP: Spacer

LN: Linker

RM: Radiometal

177Lu, 225Ac, 68Ga, 64Cu

BT: Biological Target (Peptide Receptor)

LN

131I or 211 At

Fig. 18.1 Schematic of targeted radiopharmaceutical for molecular imaging and targeted therapy

decay mode and the kinetic energy of non- 
penetrating particle radiation will determine the 
particle range in the tissue,  and  the amount of 
energy absorbed (expressed in Grays) in the 
tissue.

Radionuclides useful for molecular imaging 
studies based on PET or SPECT decay either by 
positron (β+) emission or by EC or isomeric tran-
sition. It is also important to recognize that sev-
eral radionuclides are also available as 
theranostic-pair, ideal for both imaging and ther-
apy (Table 18.2). Since isotopes of the same ele-
ment (such as 123I, 124I, and 131I) have similar 
chemistry, the in vivo behavior of both diagnostic 
and therapeutic radiopharmaceuticals will be 
identical. This contrasts with nonchemically 
identical matched pairs (such as 111In/90Y and 
68Ga/177Lu), where diagnostic information is less 
representative of therapeutic dose distribution 
due to differences in radiotracer behavior. 111In or 
68Ga labeled diagnostic radiopharmaceuticals can 
only be regarded as chemical/biological surro-
gates for 90Y, 177Lu, and other metal-labeled ther-
apy radiopharmaceuticals.

Radionuclidic purity and specific activity 
(SA) of radionuclides are very important quality 
control indicators that provide quantitative 
information regarding the purity of the radionu-
clide and the mass of radionuclide for a given 
amount of activity (MBq or mCi per mg or 
μmole). Since the radionuclide purity and SA 
are very much dependent on the methods used 
to produce the radionuclides, the core concepts 
of radionuclide production are briefly summa-
rized below.

18.1.2  Production of Radionuclides

In a nuclear reaction, when the atoms of a stable 
element (target) are bombarded by subatomic 
particles (such as neutron, proton, deuteron, or an 
α particle) or high energy γ radiation, the nucleus 
of the stable atom absorbs the subatomic particle 
or energy, gets very excited and quickly decom-
poses by emitting some radiation (such as sub-
atomic particles or γ radiation) to form an 
unstable product radionuclide. The general equa-

18 Chemistry of Therapeutic Radionuclides
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Table 18.1 Radionuclides for developing radiopharmaceuticals for therapy

Radio-nuclide
T1/2 Decay Radionuclide production by
Days Reactor Cyclotron Generator

89Sr 50.53 β− 88Sr(n, γ)89Sr
89Y(n, p) 89Sr

117mSn 13.60 IT
CE

116Sn(n, γ)117mSn

117Sn(n, n′, γ)117mSn
32P 14.268 β− 31P(n, γ)32P

32S(n, p)32P
235U(n, fission)131I

131I 8.02 β−, γ 130Te(n, γ)131Te → 131I
161Tb 6.875 β− 160Gd(n, γ)161Gd → 161Tb
177Lu 6.73 β−, γ 176Lu(n, γ)177Lu

176Yb((n, γ)177Yb → 177Lu
186Re 3.777 β− 185Re (n, γ)186Re
47Sc 3.35 β− 46Ca(n, γ)47Ca → 47Sc 48Ti(γ, p)47Sc

47Ti(n, p)47Sc
90Y 2.67 β− 89Y(n, γ)90Y 90Zr(n, p)90Y 90Sr → 90Y
67Cu 2.58 β− 67Zn(n, p)67Cu 68Zn(p, 2p)67Cu

68Zn(γ, p)67Cu
153Sm 1.9375 β− 152Sm (n, γ)153Sm
166Ho 1.120 β− 165Ho(n, γ)166Ho
188Re 0.708 β− 187W(n, γ)188W → β- 188Re 188W → 188Re
211At 7.21 h α 209Bi(α, 2n)211At 211Rn→211At
225Ac 9.92 α 226Ra(p, n)225Ac 229Th→225Ac

232Th(p, x)225Ac
223Ra 11.4 α 227Ac→227Th→223Ra
212Bi 60.6 months α 224Ra→212Pb→212Bi
213Bi 45.6 months α 225Ac→213Bi
227Th 18.7 α 227Ac→227Th

tion for a nuclear reaction can be written as 
follows:

 T P R Y,( )  (18.1)

where T represents the target nuclide, P is the 
projectile, R represents the radiation emitted by 
the compound nucleus, and Y represents the 
unstable product radionuclide. Nuclear reac-
tions such as (p, n), (p, α), (d, α), (n, p), (n, γ) and 
(γ, p) are some of the common nuclear reactions 
used to produce artificial radioisotopes. Various 
production methods and nuclear reactions used to 
produce therapy radionuclides are summarized in 
Table 18.1. For a more detailed description of the 
methods used to produce radionuclides artifi-
cially, please refer to Chap. 8.

In the production of radionuclides using an 
accelerator (such as LINAC and cyclotron), the 
accelerated charged particle must have an energy 

greater than the electrostatic repulsion between 
the positive charge of projectile and the positive 
charge of the target nucleus. Protons are generally 
accelerated to 10–70 MeV to produce therapeutic 
radionuclides. LINACS can also be used to gener-
ate high energy charged particles and photons to 
induce nuclear reactions. When isotopes of the 
stable elements are bombarded with positively 
charged particles, the product radionuclides are 
neutron deficient. The target nuclide and radionu-
clide produced are isotopes of different elements. 
As a result, high specific activity radionuclides 
can be produced. However, because of secondary 
nuclear reactions, radionuclidic impurities may be 
present in the final radionuclide preparation used 
to manufacture the radiopharmaceuticals.

Reactor production of radionuclides is based around 
the spontaneous fission of fissile materials (235U or 
238Pu) that release neutrons capable of inducing fission 

18.1 Targeted Radionuclide Therapy
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or neutron activation of target material. In the case of 
neutron activation, there is no Coulomb repulsion from 
the positively charged nucleus. Therefore, thermal neu-
trons with low kinetic energy (0.025 eV) can easily 
penetrate the target nucleus. Since neutrons are 
absorbed by the target nuclei, the product radionuclide 
is neutron-rich and decays by β− particle emission. 
Radionuclides produced by (n, γ) nuclear reaction are 
isotopes of the target element and, therefore, are very 
low in specific activity. For production of radionuclides 
via fission, however, neutron energies must be on the 
order of MeV. The fission product radionuclides gener-
ally have very high specific activity.

Radionuclide generators are an extremely desir-
able means of production of therapeutic radionu-
clides. The parent and daughter radionuclides are 
two different elements and can be chemically sepa-
rated. The parent radionuclides are loaded onto a 
resin, or an inorganic adsorbent and the daughter 
radionuclide can be eluted or “milked,” ideally 
resulting in isolation of activity with high radionu-
clidic purity and specific activity.

18.1.2.1  Radionuclidic Purity (RP) 
and Specific Activity (SA)

RP of a specific radionuclide is defined as the 
ratio, expressed as a percentage of desired radio-
activity of the radionuclide from the total radio-
activity, including the activity of the radionuclide 
contaminants. In addition, RP statement also pro-
vides the percentage of undesirable radionuclidic 

impurities. Table  18.3 shows a comparison of 
specifications for 177Lu chloride supplied by dif-
ferent suppliers. For example, 177Lu may be 
99.92% pure at EOB, and may have 0.05% 176mLu 
(T1/2, 3.66 h) and 0.03 177mLu (T1/2, 160.4 days) as 
radionuclidic impurities. After 2 days, when all 
the 176mLu activity has decayed, the RP of 177Lu 
may be slightly higher (99.97%), and the long- 
lived contaminant 177mLu will still be ~0.03%. 
However, as 177Lu activity decays with time, the 
percentage of 177mLu contaminant will increase.

When 177Lu is produced via 176Lu(n, γ)177Lu 
reaction using enriched 176Lu target, the final prod-
uct 177Lu will also have 175Lu and 176Lu as non-
radioactive stable isotope contaminants. The total 
mass of all non-radioactive and radioactive iso-
topes of lutetium (175Lu + 176Lu + 177Lu + 176mLu + 
177Lu) represents the “total mass” of lutetium ele-
ment, expressed in mg, μg, mmol, or μmol.

The non-radioactive isotopes of an element 
are known as the “carrier.” When a radionuclide 
is considered “carrier-free” (CF or c.f.), it means 
that the radioactive isotope is not contaminated 
with the carrier. In the production of radionu-
clides in a cyclotron, the target element is con-
verted into a different element (with a higher 
atomic number). As a result, cyclotron produced 
radionuclides are supposed to be CF.  The term 
“carrier-added” (CA or c.a.) indicates a rela-
tively high concentration of stable nuclides of the 
corresponding element, while “no carrier- 

Table 18.3 Comparison of 177Lu chloride supplied by two different suppliers

Specifications
Radionuclide
177Lu chloride, n.c.a. (Endolucin beta)a 177Lu Lutetium chloride, c.a. (LuMark)b DOE

Specific activity ≥3000 GBq/mg at ART ≥500 GBq/mg at ART
Radionuclidic purity 175Yb≤0.01%

All impurities ≤0.01%
Radionuclidic impurities 177mLu: ≤0.024%

Other impurities: ≤0.01%
Radioactivity 
concentration

36–44 GBq/mL at ART 72–88 GBq/mL

Chemical purity Fe ≤ 0.25 μg/GBq, Cu ≤ 0.5 μg/
GBq, Zn ≤ 0.5 μg/GBq, Pb ≤ 0.5 μg/
GBq, 176Yb ≤ 0.1 μg/GBq
Sum of impurities ≤0.5 μg/GBq

Radiochemical purity ≥99% as 177LuCl3 ≥99% as 177Lu3+

ART activity reference time
aITG Isotope Technologies
bIDB Radiopharmacy

18.2 Chemical Groups Radionuclides
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added” (NCA or n.c.a) suggests that the activity 
is essentially free from such contamination. A 
more appropriate concept is NCA than CF 
because the carrier is not intentionally added. To 
facilitate chemical and biochemical reactions 
during radioisotope production, a carrier may be 
added intentionally, and such preparations should 
specifically be reported as CA.

The quantity of desirable decays (amount of 
radioactivity, A) per unit mass of material is com-
monly described as molar activity or specific activ-
ity (Bq/mol or A/mol). SA is also expressed as GBQ 
or MBq/mg. A radionuclide supplied as n.c.a. mate-
rial is more desirable to prepare radiopharmaceuti-
cals than c.a. radionuclides, as it results in higher 
molar activity or SA.  In general, accelerated pro-
duced radionuclides have higher SA than the neu-
tron activation produced radionuclides. Generator 
produced radionuclides have specific activities 
closer to the theoretical specific activity values.

18.1.2.2  Chemical Purity (CP)
When the therapeutic radionuclides are used to 
prepare target specific radiopharmaceuticals, 
the CP of the radiometals is also very impor-
tant. Since the mass of radionuclide is very low, 

the metal ion impurities even at ppb levels act 
as pseudo-carriers, requiring higher concentra-
tions of the targeting vectors to achieve high 
radiolabeling yields. Metal ion impurities (such 
as Al, Ca, Cu, Fe, Ni, Zn, and Pb) are likely to 
be present in the radionuclide solution and 
compete with the radionuclide to form thermo-
dynamically and kinetically stable coordination 
complexes with the targeting vectors. Therefore, 
it is of utmost importance to determine the 
metal ion contamination and minimize their 
impact on the labeling yields of 
radiopharmaceuticals.

18.2  Chemical Groups 
Radionuclides

The periodic table of chemical elements (Fig. 18.2) 
shows the position and chemical group identity of 
the therapy radionuclides. 131I is a reactive non-
metal and belongs to the halogen family (Group 
17), while 211At, a metalloid, also belongs to Group 
17. All other therapy radionuclides are metals and 
belong to different groups as follows:

Fig. 18.2 Periodic table of elements

18 Chemistry of Therapeutic Radionuclides
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• Group 2 (alkaline earth metals): 89Sr and 
223/224Ra Group 2).

• Group 3 (lanthanides): 153Sm, 161Tb, 166Ho, and 
177Lu.

• Group 3 (actinides): 225Ac and 227Th.
• Groups 3–12 (transition metals): 47Sc, 67Cu, 

90Y, and 186/188Re.
• Groups 14–15 (post-transition metals): 212Pb 

and 212/213Bi.

The radionuclide production method deter-
mines if they are supplied for the manufacture 
of targeted radiopharmaceuticals, either in the 

form of c.a. or n.c.a. radio-chemicals. In either 
case, the radionuclide may be contaminated 
with trace levels of nonradioactive stable iso-
topes of the same element. Table 18.4 lists vari-
ous radionuclides, decay properties, and the 
corresponding stable isotopes. When a radionu-
clide decays by beta, alpha, or positron emis-
sion, it becomes a different element as shown 
Table 18.4. It is important to recognize that the 
chemistry of the decay product nuclide will be 
totally different and that it is necessary to take 
this fact into consideration in the design of 
radiopharmaceutical.

Table 18.4 Radioisotopes of different elements useful for molecular imaging and targeted radionuclide therapy

Z

Element Stable isotopes Radioactive isotopes Decay 
product

Name Group Nuclide % Nuclide T1/2

Decay
Mode % Product Group

21 Scandium 3 (TM) 45Sc 100 44Sc 4.04 h β+ 94 44Ca 2
47SC 3.35 days β− 100 47Ti 4

29 Copper 11 (TM) 63Cu 69.15 64Cu 12.7 h β+

EC
β−

17.9
40
39.0

64Ni
64Ni
64Zn

10
10
12

65Cu 30.85 67Cu 2.58 days β− 100 67Zn 12

31 Gallium 13 (P-TM) 69Ga 60.11 66Ga 9.49 h β+ 57 66Zn 12
71Ga 39.89 67Ga 3.258 days EC 100 67Zn 12

68Ga 1.13 h β+ 89 68Zn 12

38 Strontium 2 (AE) 84Sr 0.56 89Sr 50.563 days β− 100 89Y 3
86Sr 9.86 90Sr 28.9 years β− 100 90Y 3
87Sr 7.0
88Sr 82.58

39 Yttrium 3 (TM) 89Y 100 86Y 14.7 h β+ 32 86Sr 2 
Stable

90Y 2.666 days β− 100 90Zr 4 
Stable

49 Indium 13 (P-TM) 113In 4.28 111In 2.8 days EC 100 111Cd 12
115In 95.72

53 Iodine 17 (Nonmetal) 127I 100 123I 13.2 h EC 100 123Te 16
124I 4.176 days β+

EC
22
78

124Te 16

131I 8.02 days β− 100 131Xe 18

62 Samarium 3 (LN) 144Sm 3.08 153Sm 46.284 h β− 100 153Eu 3
149Sm 13.82
150Sm 7.37
152Sm 27.74
154Sm 22.74

(continued)
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Z

Element Stable isotopes Radioactive isotopes Decay 
product

Name Group Nuclide % Nuclide T1/2

Decay
Mode % Product Group

65 Terbium 3 (LN) 159Tb 100 149Tb 4.12 h α
EC

17.7
82.3

145Eu
149Gd

3

152Tb 17.5 h EC + β+ 100 152Gd
155Tb 5.32 days EC 100 155Gd
161Tb 6.89 days β− 100 161Dy

67 Holmium 3 (LN) 165Ho 100 166Ho 26.824 h β− 100 166Er 3

71 Lutetium 3 (LN) 175Lu 97.401 177Lu 6.647 days β− 100 177Hf 4
176Lu 2.599

75 Rhenium 7 (TM) 185Re 37.4 186Re 3.719 days β− 92.53 186Os 8
187Re 62.6 188Re 17.00 h β− 100.0 188O 8

82 Lead 14 (P-TM) 204Pb 1.4 212Pb 10.64 h β− 100 212Bia 15
206Pb 22.1
207Pb 24.1
208Pb 52.4

83 Bismuth 15(P-TM) 209Bi 100 212Bi 60.6 months β−

α
64.06
35.94

212Poa

208Tla

16
13

213Bi 45.61 β−

α
97.8
2.20

213Poa

209Tla

16
13

85 Astatine 17 
(metalloid)

No stable 
nuclide

211At 7.21 h α
EC

42
58

207Bia

211Poa

15
16

88 Radium 2 (AE) No stable 
nuclide

223Ra 11.43 days α 100 219Rna 18
224Ra 3.632 days α 100 220Rna 18
226Ra 1600 years α 100 222Rna 18

89 Actinium 3 (AC) No stable 
nuclide

225Ac 9.92 days α 100 221Fra 1
227Ac 21.772 years α

β−

1.38
98.62

223Fra

227Tha

1
3

90 Thorium 3 (AC) 230Th 0.02 227Th 18.68 days α 100 223Raa

232Th 99.98
aRadionuclide decay product isotopes are also radioactive

Table 18.4 (continued)

18.3  Chemistry of Halogens

The halogen group consists of five elements (F, 
Cl, Br, I, and At) in the periodic table, organized 
under Group-17 (Fig.  18.2). The physical and 
chemical properties of halogens are compared to 
hydrogen in Table 18.5. These five elements are 
reactive nonmetals, although astatine is a metal-
loid. All halogens are characterized by the pres-
ence of two s electrons and five p electrons in the 
outer most valence shell. Among the halogens, 
fluorine has the highest electronegativity value 
(greatest attraction for electrons) and astatine the 
least. Iodine and astatine may attain positive oxi-

dation states when interacting with more electro-
negative element oxygen. The higher ionization 
potentials of halogens suggest that it is difficult 
to remove an electron from halogen atoms. In 
general, halogens can react as electrophiles, 
electron- deficient positively charged species, or 
nucleophiles, electron-rich negatively charged 
species. Electrophiles seek electron-rich reac-
tants, such as carbon atoms, with high local elec-
tron densities, while nucleophiles seek 
electron-deficient reactants. Astatine is the heavi-
est halogen with some of its chemical properties 
like those of iodine. However, in certain circum-
stances, astatine also has significant metallic 
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Table 18.5 Physical properties of halogens compared to hydrogen

Physical property
Element
H F I At

Atomic number 1 9 53 85
Atomic radius (pm) 78 71 133 148
Ionic radius (pm) 154 133 216 62
Electron structure 1s1 [He]

2s2,
2p5

[Kr]
4d10

5s2,
5p5

[Xe]
4f14

5d10

6s2

6p5

Electronegativity 2.20 3.98 2.66 2.20
Oxidation state −1 −1, +1, +5, +7 −1, +1, +3, +5, +7
First ionization potential (ev) 13.598 17.42 10.44 9.315

characteristics. An important consideration is 
that the carbon–halogen bond strength for asta-
tine is lower than that for iodine.

18.3.1  Iodine and Radioiodination

Iodine (I2) sublimes at atmospheric pressure and 
temperature resulting in a blue–violet gas with an 
irritating odor. Iodine occurs in nature mostly in the 
form of salts or iodides of sodium and potassium. 
Iodine exists as a diatomic molecule, I2, in its ele-
mental state, and unlike fluorine, can also exist in 
several oxidation states (Table 18.5). Several iodine 
oxides (such as I2O4, I4O9, I2O7, I2O5) do exist in 
nature but, readily decompose to iodine and oxygen 
at high temperatures. Iodine dissolves readily in 
nonpolar solvents, such as chloroform and carbon 
tetrachloride but, is only slightly soluble in water. 
Elemental iodine (I2), where two iodine atoms share 
a pair of electrons to achieve a stable octet for them-
selves. The iodide anion (I−) is the strongest reduc-
ing agent among the stable halogens, being the most 
easily oxidized back to diatomic I2.

The free molecular iodine (I2) has the struc-
ture of I+–I− in aqueous solution. However, the 
electrophilic species (I+) does not exist as a free 
species but, forms complexes with nucleophilic 
entities, such as water or pyridine. The reactions 
with water can be written as follows:

 I H O H I
2 2 2
+ ++

?
?OI  (18.2)

 I I
2
+ +OH HOI? ?

?  (18.3)

 3 6 5 3
2 3 2
I I H O+ + +OH OI? ? ?

?  (18.4)

The hydrated iodonium ion, H2OI+, and the 
hypoiodous acid, HOI, are believed to be highly 
reactive electrophilic species. In an iodination 
reaction (Fig. 18.3), radioiodination occurs by (a) 
electrophilic substitution of a hydrogen ion in a 
molecule of interest by a radio-iodonium ion or 
(b) nucleophilic substitution (isotope exchange) 
where a stable iodine atom that is already present 
in the molecule is exchanged with a radioactive 
iodine atom.

The advantages and disadvantages of different 
radioiodination techniques have been  reviewed 
extensively [4–7]. In the preparation of radioio-
dinated compounds, the radioiodine is preferen-
tially attached to a carbon atom in a vinylic or 
aromatic moiety, in which the C-I bond strength 
is relatively high compared to aliphatic C-I bond. 
Since radioiodine isotopes (123I, 124I, and 131I) are 
produced in iodide form, early methods have 
involved nucleophilic substitution reactions, such 
as the use of high temperature and solid-state 
halogen exchange reactions [8]. Alternatively, 
radioactive iodide can be oxidized to iodine or 
iodine monochloride and used in electrophilic 
substitution reactions, such as the iododestannyl-
ation of aryltin compounds [9].

18.3 Chemistry of Halogens
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Electrophilic Radioiodination

Nucleophilic Radioiodination

where X = H, HgCI, TI(OCOCF3)2, Sn(CH3)3, Si(CH3)3

where X = I, Br

Fig. 18.3 Electrophilic and nucleophilic radioiodination reactions

18.3.1.1  Electrophilic Substitution 
Reaction

The electrophilic species (HO*I, H2O*I) gener-
ated from radioiodide and the oxidant react 
directly with the aromatic moiety of the com-
pound to be labeled. The aromatic amino acids 
tyrosine and histidine are the sites of iodination 
in protein molecules [10, 11]. With tyrosine, sub-
stitution of a hydrogen ion with the reactive iodo-
nium ion occurs ortho- to the phenolic hydroxyl 
group. With histidine, substitution occurs at the 
second position of the imidazole ring. 
Electrophilic substitutions can often be per-
formed fast on a nonderivatized substrate under 
mild reaction conditions.

The most frequently used oxidizing agents 
(Fig.  18.4) are peracetic acid and the N-chloro 
compounds, such as chloramine-T, iodogen, and 
succinimides. The N-chloro compounds are the 
most popular oxidants; however, their relatively 
strong oxidizing properties often induce by- 
products. To limit these oxidative side reactions, 
chloramine-T is immobilized on spherical poly-
styrene particles (iodobeads) while iodogen, 

which contains four functional chlorine atoms, is 
coated as a thin layer on the walls of a reaction 
vessel. Of the two immobilized oxidants, which 
are mostly used for protein-labeling, iodogen is 
the best to prevent loss of immunoreactivity [12]. 
For the labeling of small organic molecules, per-
acetic acid is also often preferred due to its mild 
oxidizing properties.

The enzyme lactoperoxidase from bovine 
milk is also an effective oxidant for iodide oxida-
tion and the radioiodination of proteins. In the 
presence of minute quantities of hydrogen perox-
ide (H2O2), lactoperoxidase oxidizes and binds 
radioiodide to proteins in the reaction mixture. 
The pH range  for  iodide oxidation by lactoper-
oxidase is 4–8.5 with an optimum at pH 5. The 
reaction is extremely rapid under very mild con-
ditions and the denaturation of proteins is low. 
The separation of lactoperoxidase from the 
labeled protein may be avoided by using the 
immobilized enzyme [13]. This technique applies 
immobilized lactoperoxidase together with glu-
cose oxidase, which produces H2O2 in the pres-
ence of glucose.
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Fig. 18.4 Oxidizing agents commonly used in radioiodination reactions

Proteins lacking tyrosine amino acid resi-
dues or proteins sensitive against the denatur-
ing influence of oxidizing agents are indirectly 
radioiodinated via amide bond formation at 
lysine residues using Bolton and Hunter 
reagent [11]. A prosthetic group for radioiodin-
ation contains an aromatic moiety, like tyro-
sine, which can be iodinated and covalently 
attached to the lysine moiety in the protein 
under milder conditions than those found in 
direct radioiodinations.

The addition of one radioiodine atom to large 
molecules, such as antibodies, does not usually 
affect their immunoreactivity. The labeling pro-
cess using oxidation agents as well as the addi-
tion of reducing agents to stop the labeling 
reaction may have destructive effects on sensitive 
sites of the biomolecules. Depending on the 
labeling conditions, denaturation can occur due 
to oligomerization, conformational changes due 
to the changes of functional groups, or the cleav-
age of disulfide bonds. Consequently, labeling 
reactions must be adapted and optimized to the 
individual proteins or peptides, including proof 
of functional integrity.

18.3.1.2  Nucleophilic Substitution 
Reaction

Direct replacement of stable iodine isotopes in 
organic molecules by a radioiodine, also called 
isotopic exchange, is a well-known radioiodin-
ation method. The reaction is usually performed 
with the radioiodide ion at very high tempera-
ture, and most often in the presence of sulfate 
salts and oxidants, such as oxygen from the air. 
The method of choice in nucleophilic radioio-
dination is the well-established Cu(I)-catalyzed 
halogen–halogen exchange reaction in an acidic, 
aqueous medium (Fig. 18.3). The exchange reac-
tion can be either isotopic (*I/I) or non-isotopic 
(*I/Br), which specifically enables the synthesis 
of a high SA radiopharmaceuticals [14]. A 
nucleophilic exchange can be successfully 
applied on activated (presence of electron-defi-
cient substituents, e.g., carbonyl group) or non-
activated (e.g., alkyl group) aromatic compounds. 
However, in organic media, electron-donating 
substituents are also well- tolerated. The purity, 
labeling yield and SA can be controlled by care-
fully optimizing the concentration of copper and 
the precursor.

18.3 Chemistry of Halogens
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18.3.1.3  131I-Labeled Therapeutic 
Radiopharmaceuticals

In the last four decades, several 131I-labeled small 
molecules, peptides, and mAbs were developed 
as radiopharmaceuticals for TRT. However, 
131I-tositumomab (BEXXAR®) injection and 
Iobenguane I-131 injection (AZEDRA®) are the 
only two radiopharmaceuticals that have received 
FDA approval for targeted therapy.

131I-Tositumomab (BEXXAR®)
The radioiodination of the mouse IgG2a anti-B1 
(anti-CD20) mAb was performed according to 
the iodogen method [15, 16]. Following purifica-
tion through an ion exchange resin column, >90% 
of 131I was protein bound with a maximum spe-
cific activity of 8.8 mCi/mg. The BEXXAR ther-
apeutic regimen is supplied commercially as a 
sterile, clear, preservative-free liquid for intrave-
nous administration. The dosimetric dosage form 
is supplied at nominal protein and activity con-
centrations of 0.1 mg/mL and 0.61 mCi/mL (at 
the time of calibration), respectively. The thera-
peutic dosage form is supplied at 1.1 mg/mL and 
5.6 mCi/mL, respectively. Even though the SA of 
the therapeutic preparation is 5.1  mCi/mg, the 
SA is not a major issue for the therapeutic dose 
since 450  mg of cold antibody is administered 
1 h prior to the radiolabeled preparation.

Iobenguane I-131 Injection (AZEDRA®)
The drug substance iobenguane I-131 is a substi-
tuted benzylguanidine with I-131  in the meta 
position of the benzene ring. Iobenguane I-131 is 
also described as [131I]meta-iodobenzylguanidine 
(MIBG). The molecular weight is 279.1  Da. 
AZEDRA injection is supplied at a concentration 
of 555 MBq/mL (15 mCi/mL), and is a sterile, 
clear, colorless-to-pale-yellow solution. Each 
single-dose vial contains iobenguane (0.006 mg/
mL), sodium ascorbate (58 mg/mL), and sodium 
gentisate (23 mg/mL) in water for injection. The 
pH range of the solution is 4.5–5.5, with specific 
activity of ~2500 mCi/mg (92,500 MBq/mg).

The synthesis of [131I]MIBG (Fig 18.5a) was 
first developed based on the radioiodide exchange 
reaction (Weiland et  al. 1986). The SA of 
131I-MIBG based on this method is typically 

<400 MBq/μmol). Subsequently, several radioio-
dination methods were developed to increase the 
specific activity [17]. High SA [131I]MIBG for 
therapy was produced using the Ultratrace 
 solid- phase electrophilic substitution reaction 
method [18]. The Ultratrace process uses a solid 
polystyrene resin containing the covalently 
bound stannylbenzylguanidine precursor, which 
undergoes a 1:1 displacement reaction with 
radioiodine (Fig 18.5b). Briefly, the solid-phase 
precursor is suspended in a dilute mixture of 
radioactive 131I-sodium iodide, H2O2/HOAc at 
25 °C for 60 min. The oxidized 131I-iodine reacts 
to disrupt the covalent bond between the tin and 
benzylguanidine (BG) precursor with radioio-
dine insertion at the meta position of the phenyl 
ring to form [131I]MIBG, which simultaneously 
cleaves from the resin and dissolves into the liq-
uid phase. The labeled [131I]MIBG is then puri-
fied by using cation exchange cartridge. The 
formulated final product solution is membrane 
filtered and aseptically filled into 30-mL glass 
vials, which are then aseptically capped, sealed, 
and frozen. The RCP of the drug product is >97% 
and the minimum SA is about 1650 mCi/mg or 
460 mCi/μmol.

18.3.2  Chemistry of Astatine

Astatine is the rarest naturally occurring element 
present as the decay product of various heavier 
elements. Astatine was first discovered in the 
United States in 1940, where it was produced at 
the University of California, Berkeley through α 
particle bombardment of natural bismuth via 
209Bi(α, 3n)210At and 209Bi(α, 2n)211At nuclear 
reactions [19].  All astatine isotopes are short 
lived and 210At is the most stable isotope of asta-
tine with a half-life of only 8.1 h. It decays by β+ 
emission (99.8%) to 210Po, an α emitter with a 
half-life of 138 days. Whereas 211At (T½ 7.21 h) 
decays by α emission (42%) to 207Bi (T1/2 
31.6 years), and by EC (58%) to 211Po, which in 
turn quickly decays by α emission to stable 207Pb. 
Since there are no stable or long-lived isotopes, 
many chemical and physical properties of asta-
tine are still not known, but derived from its 
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Fig. 18.5 Synthesis of [131I]MIBG: Nucleophilic radioio-
dination or radioiodide exchange reaction using catalysts, 
such as ammonium sulfate or copper ions, results in low 
specific activity MIBG (a). Electrophilic radioiodination 

(in the presence of an oxidizing agent) to synthesize high 
specific activity MIBG (b) based on a tri-methylsilicontin 
BG precursor (1), tri-butylsilicontin BG precursor (2), or 
di-butylsilicontin BG precursor (3) attached to a polymer

neighboring halogens [20]. A sample of the pure 
element has never been assembled because any 
macroscopic specimen would be immediately 
vaporized by the heat of its own radioactivity.

Some chemical properties of astatine, such as 
anion formation, align with other halogens. It 
also has some metallic characteristics as well, 
such as forming complexes with EDTA, and is 
capable of acting as a metal in antibody radiola-
beling reactions. Most of the organic chemistry 
of astatine is, however, analogous to that of iodine 
[21]. Astatine has an electronegativity of 2.2, 
lower than that of iodine (2.66), and the same as 
hydrogen. It has been suggested that the cationic 
At(I) species is protonated hypoastatous acid 
(H2OAt+), showing analogy to iodine. In general, 
halogen properties can be used in astatine- 

labeling chemistry but, there are also some obvi-
ous differences between astatine and iodine [20]. 
For example, unlike iodine, astatine cannot be 
stably coupled to tyrosine residues of proteins. 
Instead of binding to tyrosine, 211At has been 
found to form weak bonds with the sulfhydryl 
groups of cysteine [21].

The development of radiopharmaceuticals 
with astatine has been directed to the formation 
of covalent bonds, such as the aryl–astatine bond. 
An overview of the different aromatic labeling 
strategies is shown in Fig.  18.6. The chemical 
reactions include halogen exchange, diazonium 
salt reactions, aryliodonium salt reactions, and 
electrophilic substitution of metal-functionalized 
aromatic compounds [20–22]. The most common 
reaction, however, appears to be electrophilic 
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Fig. 18.7 Labeling of antibodies with 211At. In a two-step 
procedure (a), the synthesis of stable astatoaryl prosthetic 
group ([211At]SAB) is performed first followed by conju-

gation to the amino groups of lysine residues in the pro-
tein. In a highly efficient one-step procedure (b) a mAb 
preconjugated to an arylboronic acid moiety is used

substitution of At+ on an organometallic precur-
sor (demetallation reaction) since it exhibits 
many advantages over direct electrophilic aro-
matic substitution because of the high reactivity 
of the carbon–metal bond leading to high yields 
and higher specific activities in mild conditions 
[23, 24]. The strategies developed after these ini-
tial attempts consisted in two-step procedures, 

i.e., the synthesis of stable astatoaryl prosthetic 
groups followed by their conjugation to the pro-
tein (Fig.  18.7a). The main approach uses 
N-succinimidyl-[211At]astatobenzoate ([211At]
SAB) obtained by electrophilic astatodemetala-
tion of the organotin precursor which is then con-
jugated to the amino groups of lysine residues 
(Fig 18.7a) [25]. An efficient and fast procedure 
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was developed using one-step radiohalogenation 
of a mAb preconjugated to an  arylboronic acid 
moiety, which outperforms the previously 
reported ones in terms of RCY, specific activity, 
and protocol duration (Fig. 18.7b). It is, further-
more, applicable to radioiodination, allowing the 
development of radiotheranostic pharmaceuticals 
based on 123I or 124I for imaging the lesions, and 
on 131I or 211At for therapy. In addition, because the 
preconjugated mAb can be stored for a longer 
period (>1  year) it  opens the possibility to 
develop radiolabeling kits for easy development 
in a clinical setting [25]. This highly efficient 
copper-assisted halogenation (with ~90% label-
ing yields) can be performed in aqueous solution 
even at low precursor concentration, provided 
that a ligand such as 1,10 phenanthroline is added 
to keep the catalyst active.

Since higher bond energies between B-At have 
been reported compared with the C-At bond, sev-
eral boron cage reagents, nido- and closo- 
carboranes were developed for radiohalogenation 
of biomolecules [26]. Proteins labeled with boron 
cage reagents were found to be more stable in vivo 
compared with the corresponding astatinated pro-
teins labeled by aromatic reagents. 211At radio-
pharmaceuticals that have been investigated for 
TRT include astatide, biotin conjugates, methy-
lene blue, poly (ADP-ribose) polymerase (PARP) 
inhibitor, meta- astatobenzylguanidine (MABG), 
RGD peptide, monoclonal antibodies, and anti-
body fragments.

18.4  Chemistry of Radiometals

As discussed earlier in Sect. 17.3, except for 131I 
and 211At, all other radionuclides used in therapy 
are radiometals that decay either by emitting β− 
particles or by emitting α particles. The physical 
and chemical characteristics of several radiomet-
als are listed in Table  18.6. The s-block and 
p-block together are usually considered main- 
group elements, the d-block corresponds to the 
transition metals, and the f-block includes nearly 
all of the lanthanides and actinides. The alkaline 
earth metals Sr and Ra have two electrons in their 
valence shell and readily lose  to form cations 

with charge +2, and an oxidation state of +2. All 
other metals can have +3 or +4 oxidation states 
and form complexes with bifunctional chelating 
(BFC) agents. The radionuclides of Gallium and 
Indium are not used for therapy, but 66Ga, 68Ga 
and 111In are used for imaging studies, and, there-
fore, are included here for comparison with the 
therapy radionuclides.

18.4.1  Chelators for Metal 
Complexation

Coordination chemistry is the study of com-
pounds that have a central metal atom (coordina-
tion center) surrounded by molecules or anions, 
known as ligands. The ligands are attached to the 
central metal atom by coordinate bonds (also 
known as dipolar or dative bonds), in which both 
electrons in the bond are supplied by the same 
atom on the ligand. The atom within a ligand that 
is bonded to the central metal atom or ion is 
called the donor atom. The number of donor 
atoms attached to the central atom or ion is called 
the coordination number. In coordination com-
pounds, the metal ions have two types of valences; 
primary valence (also known as oxidation state) 
refers to the ability of metal ion to form ionic 
bonds with oppositely charged ions, while sec-
ondary valence (also known as coordination 
number) refers to the ability of a metal ion to bind 
to Lewis bases (ligands) to form complex ions. 
Therefore, the coordination number is the num-
ber of bonds formed by the metal ion with the 
atoms (that can donate a pair of electrons) in a 
chelating agent. This number varies from 2 to 8 
(Table 18.6), depending on the size, charge, and 
electron configuration of the metal ion. The 
ligand geometric arrangements of coordination 
compounds can be linear, square planar, tetrahe-
dral, or octahedral, depending on the coordina-
tion number.

Monodentate ligands (such as F−, Cl− ions) 
donate one pair of electrons to the central metal 
atoms. Polydentate ligands, also called chelates 
or chelating agents, donate more than one pair of 
electrons to the metal atom forming a stronger 
bond and a more stable complex. The metal com-
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plex can be neutral or charged. When the metal 
complex is charged, it is stabilized by neighbor-
ing counter-ions. These metal complexes are 
called chelate complex and the formation of such 
complexes is called chelation, complexation, and 
coordination. Alfred Werner, a Swiss chemist, 
won the Nobel Prize in chemistry in 1913 for his 
work on transition metal complexes.

As shown in Fig. 18.1, the radiometals used 
for imaging and targeted therapy form strong 
coordinate covalent bonds with chelating agents. 
The main goal in the synthesis of metal-based 
radiopharmaceuticals is to form a robust coordi-
nation complex that is stable and does not release 
the free metal in  vivo. Bifunctional chelators 
(BFCs) serve the dual purpose of radiometal 
complexation and bioconjugation to the targeting 
vehicle (or the vector). Two classes of chelators 
known as acyclic and macrocyclic have been 
developed in the last four decades for the devel-
opment of metal-based radiopharmaceuticals.

18.4.1.1  Chelating Agents
Some of the important acyclic and macrocyclic 
chelators used in the synthesis of metal-based 
therapeutic radiopharmaceuticals are shown in 

the Figs.  18.8 and 18.9 and summarized in 
Table 18.7. Each of these chelating agents dif-
fer in size and offer different donor groups, 
such as carboxylic acids, alcohols, amines, thi-
ols, and phosphonic acids. Since the chelating 
agent must form complexes with the metal ion 
with high thermodynamic stability and kinetic 
inertness at pH  5–7.5, chelating agents must 
meet specific requirements. The fundamental 
metal ion characteristics (Table 18.6), such as 
atomic number, charge, and radius, vary from 
metal ion to metal ion and result in distinct 
preferences for geometry, coordination number, 
and ionic/covalent bond contribution. For opti-
mal stability, the coordinating functional groups 
of the chelator should adopt the favored geom-
etry of the metal ion while simultaneously sat-
isfying metal coordination requirements to 
prevent competition from extraneous ligands, 
especially in biological systems [1]. The metal–
ligand compatibility is dependent on the hard–
soft acid-base (HSAB) character of the involved 
atoms.

Most of the therapeutic radiometals are hard 
acids with 2+ and 3+ as their major oxidation 
states in aqueous solution. Hard metal ions have 
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high charge density and nonpolarizable electron 
shells, and tend to form predominantly ionic 
bonds, in which electrostatic attraction is the pri-
mary driving force of bond formation. A useful 
metric for hard−soft character is the Drago−
Wayland parameter, IA, (IA = EA/CA) which con-
veys the electrostatic (EA) and covalent (CA) 
contributions to the formation constants of Lewis 
acid−base complexes (includes metal com-
plexes) in aqueous solution [1]. A higher value of 
IA indicates greater hardness of the metal 
(Table  18.8). Therefore, hard metal ions prefer 
hard donating groups (e.g., carboxylic acids), 
which possess dense anionic character (e.g., car-
boxylic acids). Conversely, soft metals have low 
charge density and polarizable electron shells, 
and form covalent bonds with softer, more elec-
tron-disperse donor groups.

Acyclic Chelating Agents
Diethylenetriaminepentaacetic acid (DTPA) was 
one of the first acyclic chelators used in the 1980s 
to label peptides and antibodies with 111In and 

90Y. DTPA has been successfully used to develop 
FDA approved peptide, 111In-DTPA-Octreotide 
(Octreoscan®), a SPECT imaging agent for the 
detection of neuroendocrine tumors. Subsequently 
several DTPA analogs such as 1B4M-DTPA 
(Tiuxetan), and CHX-A”-DTPA were developed to 
improve the in vivo stability of radiolabeled com-
plexes. To increase the stability, preorganizing 
groups have been attached to the carbon backbone 
which can stabilize the conformation of the free 
chelator to form a more kinetically stable complex. 
Tiuxetan was used to develop the FDA-approved 
90Y labeled anti-B1 mAb (Zevalin®) for the tar-
geted therapy of patients with non-Hodgkin lym-
phoma (NHL), while CHX-A”-DTPA chelator 
with cyclohexane backbone was used to develop 
212/213Bi labeled mAb conjugates.

EDTA analogs such as HBED-CC, H4-Octopa 
were also developed to improve stability of metal 
labeled complexes in vivo. Acyclic chelators are of 
special interest when antibodies or short-lived 
radiometals are used because radiolabeling can be 
performed within minutes at room temperature.

18 Chemistry of Therapeutic Radionuclides
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Table 18.8 Metal-chelate complexes and stability parametersa

Metal
Hardness IA DOTA DTPA

CN Log KML pM CN Log KML pM
Sc3+ Hard 10.49 N4O4 27.0–30.8 23.9–26.5 N3O5 26.3–27.4
Cu2+ Borderline soft N4O2 22.7 17.6
Ga3+ Hard 7.07 N4O2 21.3–26.1 15.2 N3O4 24.3 20.2
Y3+ Hard 10.64 N4O4 24.3–24.9 19.3–19.8 N3O5 21.9–22.5 17.6–18.3
In3+ Borderline hard 6.3 N4O4 23.9 18.8 N3O5 29.0–29.5 24.4–25.7
Tb3+ Hard 10.7 N4O4 23.6–27.0 – N4O5 22.8
Lu3+ Hard 10.07 N4O4 21.6–29.2 17.1 N4O5 22.4–22.6 19.1
Bi3+ Borderline hard 6.39 N4O4 30.3 27.0 N4O5 33.9–35.2
La3+ Hard 10.3 N4O4 20.7–22.9 N4O5 19.5
AC3+ Borderline hard 10.14

aThe table is revised from [1]

Macrocyclic Chelating Agents
Macrocyclic ligands are not only multi-dentate 
but, because they are covalently constrained to 
their cyclic form, they allow less conforma-
tional freedom. The ligand is said to be pre-
organized for binding, and there is little entropy 
penalty for wrapping it around the metal ion. To 
increase the kinetic stability of metal com-
plexes, the structure of acyclic polyamino-
polycarboxylate ligands was modified to cyclic 
chelates such as DOTA, NOTA, TETA. PEPA, 
and HEHA (Fig. 18.9).

The first synthesis of DOTA was reported in 
1976 [27]. DOTA (also known as H4DOTA) is 
derived from the macrocycle, cyclen. 
Subsequently, macrocyclic BFCs based on 
DOTA were developed by strategically incorpo-
rating functionalized side chain to facilitate bind-
ing to antibodies [28]. In the last three decades, 
DOTA chelator and its derivatives have become 
the most important chelating agents in the devel-
opment of both diagnostic and therapeutic 
radiopharmaceuticals.

DOTA-based chelators tend to exhibit high 
in vivo stability for most trivalent radiometals but, 
require somewhat elevated temperatures and/or 
longer complexation reaction times. For antibod-
ies, higher temperature is not appropriate but, if 
peptides are used as vector molecules, the slow 
kinetic of formation can be overcome by heating 
(close to 100  °C) or with  the use of microwave 
technology, which usually does not destroy the 
biomolecule. Once the metal is inside the macro-
cyclic tetraaza core, the metal will remain there 

under physiological conditions [29]. One way to 
overcome this problem of slower reaction kinetics 
of DOTA chelator is to increase the ring size of 
the macrocycle. Two larger chelators have been 
developed, one based on a pentaaza macrocycle 
(PEPA) and the other on a hexaaza macrocycle 
(HEHA). Both these chelators showed much 
faster labeling kinetics with some radiometals but, 
still have slower labeling kinetics than the acyclic 
chelator DTPA [30]. Also, pyridine- containing 
chelators, such as PCTA and DEPA, have also 
showed more facile radiolabeling while maintain-
ing high kinetic inertness [1].

18.4.1.2  Stability of Metal–Chelate 
Complex

The electronegativity and oxidation state play a 
major role in the formation of metal–ligand com-
plexes. Evaluation of a chelator’s metal affinity 
requires knowledge of its acid−base properties 
(protonation constants) and the thermodynamic 
stability of its metal complexes. The metal ions 
dissolved in water are complexed to form aqua 
ions. However, in the presence of a chelating 
agent or the ligand (L) with greater affinity for 
the metal than the affinity of OH− ion for the 
metal, the formation of metal–chelate complex is 
preferred, as shown below:

 M L ML+ ?  (18.5)

 
K

s

ML

M L
=

[ ]
[ ][ ] (18.6)
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In the above equation, [ML] represents the con-
centration of the metal–ligand complex, while 
[M] and [L] represent the concentrations of the 
free metal and the free ligand, respectively. The 
stability of the metal–ligand complex is defined 
by the stability constant (KS or KML) when the 
system reaches an equilibrium between interact-
ing chemical species [31]. The higher the value 
of KML, the greater the thermodynamic stability 
of the metal–ligand complex (Table  18.6). The 
values of KML (such as 104 or 1030) are normally 
represented as log KML values (such as 4 and 30). 
A more useful thermodynamic parameter is the 
pM value (−log[M]Free) since the pM values are 
linearly correlated with KML values and express 
the extent to which a metal ion complex is 
formed in solution under physiologically rele-
vant conditions [1]. The KML values are usually 
determined for metal-chelate reactions under 
ideal conditions of buffer, pH, and temperature, 
and do not necessarily reflect the stability of 
metal–ligand complex in  vivo. For a specific 
metal, a chelating agent with a higher pM value 
is desirable but, does not predict kinetic 
stability.

It is important to appreciate that the stability 
constant can only reveal the direction of the reac-
tion (formation or dissociation) but, not the rate 
of the reaction. For example, when a purified 
metal–ligand complex is injected into the circula-
tion, the rate of dissociation of the complex may 
be significantly increased due to extreme dilution 
of the complex. Therefore, the kinetic stability of 
the metal–ligand complex is very important 
under in vivo conditions, where competing ions 
(such as Fe3+, Ca2+, Cu2+, Zn2+) and ligands 
(serum proteins, enzymes) may augment the tran-
schelation of the radiometal [31]. A quantity 
known as conditional stability constant can be 
measured or estimated as a function of pH and in 
the presence of different amounts of other com-
peting ligands. The in vivo stability or the kinetic 
inertness of a radiotracer is evaluated more 
appropriately based on biodistribution studies in 
animal models using a radiometal--labeled che-
late conjugated target vehicle (vector) with high 
radiochemical purity (RCP) and optimal specific 
activity (SA).

18.4.2  Bifunctional Chelating Agents

When a chelating agent has two different func-
tional groups (such as alcohol, carboxylic acid, 
amide), it is called a bifunctional chelating agent 
(BFC or BFCA). The BFC consists of a chelating 
moiety to complex the radiometal and a func-
tional group for the covalent attachment of the 
biomolecule (such as peptide and mAb). The 
BFCs contain a side chain (not participating in the 
chelation of metal) for conjugation to a peptide or 
protein. The side chain can be attached to the car-
bon backbone of the chelate (C-functionalized 
chelate), or by substitution to one of the nitrogen 
atoms in the molecule. C-functionalized chelating 
agents are preferable and provide greater stability 
to the metal–chelate complex, since all the donor 
atoms (nitrogen and oxygen) will be available for 
coordination with the metal ion. Once an appro-
priate chelating agent is selected for a specific 
metal, BFC is synthesized by adding the func-
tional group to the chelating agent. Some of the 
most common commercially available BFCs used 
in the synthesis of radiometal complexes for ther-
apeutic applications are shown in Fig. 18.10.

Based on acyclic chelators, BFCs were first 
developed in the 1970s [32]. Subsequently, BFCs 
of DTPA analogs were developed via mixed 
anhydride and cyclic anhydride [33, 34]. The first 
successful macrocyclic BFC was 2-p-nitrobenzyl- 
DOTA, which showed kinetic stability in serum 
under physiological conditions [35]. In the last 
three decades, an array of reactive functional 
groups for conjugation of BFCs to proteins have 
been reported in the literature [1, 36–38].

As shown in Fig. 18.1, in the design of target 
specific metal labeled radiopharmaceuticals, a 
pharmacokinetic modifying (PKM) linker is 
attached between the targeting vehicle and the 
BFC-radiometal complex. The PKM linkers and 
spacers are often employed to separate the BFC 
and the bioconjugate for two reasons. First, to 
avoid detrimental interactions of the biomolecule 
with the coordination complex formation of the 
chelator with the radiometal. The second more 
important reason is to modify the excretion kinet-
ics and optimize the biodistribution and pharma-
cokinetics of the radiolabeled complex to enhance 

18.4 Chemistry of Radiometals
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Fig. 18.10 Bifunctional chelating agents (BFCA) commonly used to conjugate a biomolecule and complex a 
radiometal

the target/background (T/B) ratios. These linkers 
can be neutral or charged (cationic or anionic) or 
metabolically cleavable and biodegradable. A 
simple hydrocarbon chain will increase lipophi-
licity, while a peptide sequence will increase 
hydrophilicity and renal clearance. Polyethylene 
glycol (PEG) linker can alter the excretion kinet-
ics and improve tumor targeting.

18.4.2.1  Coupling of BFC 
to Biomolecule

To combine a biomolecule with a BFC, two dif-
ferent strategies are generally used. In the pre- 
conjugation strategy, the BFC is first radiolabeled 
with the metal and the purified radiometal-BFC 
complex is then conjugated to the biomolecule. 

Since the conjugation step is not quantitative and 
requires additional purification steps, the  pre- 
conjugation strategy may not be practical for rou-
tine use. In the post-conjugation radiolabeling 
approach, the BFC is first conjugated to the bio-
molecule and the purified BFC-biomolecule 
complex (precursor) can be stored under appro-
priate conditions for several months or years 
before the labeling with the radiometal is per-
formed. To achieve high labeling yields and 
radiochemical purity (RCP), the precursor mass 
(molar ratio) can be significantly more than the 
radiometal mass. This strategy is more practical 
and suitable for routine manufacture of therapeu-
tic radiopharmaceuticals.
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Fig. 18.11 Conjugation reactions commonly used for the covalent attachment of BFCA (R) to a targeting biomolecule 
with the formation of an amide (a), thioether (b), thiourea (c), and triazole bond (d)

Coupling of the biomolecule or the targeting 
vector to the BFC often relies on nucleophilic 
attack from the bioconjugate. Electrophiles, such 
as anhydrides, bromo- or iodoacetamides, isothio-
cyanates, N-hydroxysuccinimide (NHS) esters, 
carboxylic acid active esters, and maleimides, are 
typical groups for conjugation that have been 
developed to modify biomolecules with the appro-
priate  BFCAs. Primary amines are reactive 
towards isothiocyanates and active esters, while 
maleimide is reactive towards thiols [37]. The use 
of copper mediated “click- chemistry” and Diels−
Alder coupling have also been utilized in the prep-
aration of radiometal complexes of biomolecules. 
Some of the most important and routinely used 
strategies for conjugating BFC to a biomolecule 
are summarized in Fig. 18.11.

The activation of a carboxylate group of the 
BFC via an active ester, which reacts with a pri-
mary amine of the biomolecule (sidechain of a 
lysine residue or N-terminal amine of a pep-
tide) leads to a peptide bond that is highly sta-
ble under physiological conditions. An example 
of the activation of the carboxylate is the for-
mation of N-hydroxysuccinimide (NHS) ester. 

Isothiocyanates are reactive to amines as well. 
They may be formed from nitro groups and 
react in aqueous solutions at pH 9–9.5 with pri-
mary amines to form thiourea bonds. This reac-
tion restricts this method to biomolecules that 
are not sensitive to alkaline conditions. 
Maleimides react selectively with the thiol 
groups (from cysteine) in the biomolecules and 
form a thioether bond with the BFC. The pH for 
this reaction is close to 7 so that this reaction is 
ideal for biomolecules. Anhydrides of the BFC 
react with primary amines of the biomolecules. 
The dianhydride of DTPA might react with the 
biomolecule to form a DTPA-monoamide as 
well as a DTPA-bisamide and cross-linkage of 
two biomolecules may occur. To avoid cross-
linkage, asymmetric  anhydrides of DTPA and 
DOTA have been developed and used.

18.4.3  Alkaline Earth Metals

The two important therapeutic radionuclides 89Sr 
and 223Ra belong to the family of alkaline earth 
metals (like calcium) and have similar properties. 
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They both have their outer s-orbital with its full 
complement of two electrons, which these two 
metals readily lose to form cations with charge +2, 
and an oxidation state of +2. These two metals 
readily react with halogens to form ionic halides, 
such as SrCl2 and RaCl2. They also react with 
oxygen to form oxides.

Metastron™ (Strontium-89 Chloride Injection) 
is indicated for the relief of bone pain in patients 
with painful skeletal metastases. It is a sterile, non-
pyrogenic, aqueous solution of 89Sr chloride 
(10.9–22.6  mg/mL) for intravenous administra-
tion. The radioactive concentration is 37 MBq/mL, 
and the SA is 2.96–6.17 MBq/mg at calibration. 
The pH of the solution is 4.0–7.5.

Xofigo® also known as Alpharadin is 223Ra 
dichloride supplied as a clear, colorless, isotonic, 
and sterile solution to be administered intrave-
nously with pH between 6 and 8. It is indicated for 
the treatment of patients with castration- resistant 
prostate cancer, symptomatic bone metastases, 
and no known visceral metastatic disease. Each 
mL of solution contains 1 MBq (27 microcurie), 
corresponding to 0.53  ng 223Ra, at the reference 
date. 223Ra is present in the solution as a free diva-
lent cation. Each vial contains 6 mL of solution 
(6 MBq (162 μCi) 223Ra dichloride at the reference 
date. SA is 1.9 MBq (51.4 μCi)/ng.

18.4.4  Transition Metals

The definition of a transition metal according to 
IUPAC is “an element whose atom has a par-
tially filled d sub-shell, or which can give rise to 
cations with an incomplete d sub-shell.” Based 
on this definition, Sc and Y are not transition 
metals. However, it is also generally accepted 
that “transition metal” is any element in the 
d-block of the periodic table, which includes 
groups 3–12 (Fig. 18.2), or any element that can 
participate in the formation of chemical bonds 
with the valence electrons in two shells instead 
of only one. For the current discussion, the ther-
apeutic radiometals, 47Sc, 90Y, 67Cu, and 186Re, 
will be regarded as transition metals. These four 
metals form compounds in many oxidation 
states and can be bound to a variety of ligands, 

and chelates, allowing for a wide variety of tran-
sition metal complexes.

Scandium is the smallest of the rare-earth met-
als, with an ionic radius of 75–87 pm. Scandium 
readily loses 3 electrons in the outer shells (d1s2) 
and is found almost exclusively as a trivalent cat-
ion (Sc3+) with the high coordination preference 
(CN  =  6–8) and ionic bonding tendency 
(IA = 10.49). It begins to hydrolyze at pH 2.5 and 
precipitation of Sc(OH)3 occurs at pH 7–11 [1]. 
Sc3+ has a high preference for hard donating 
groups and favors a coordination number of 
eight, even in its hydrated form. DOTA is widely 
used for scandium-based radiopharmaceuticals. 
The high stability (log KML = 27.0–30.8) and pM 
value (23.9–26.5) support the use of DOTA ana-
logs for the majority of Sc3+ based radiopharma-
ceuticals [39].

Yttrium, like Sc, also loses the outer 3 elec-
trons and is predominantly found as a trivalent 
cation (Y3+). The ionic radius of yttrium cation 
(90–108  pm) closely resembles that of lan-
thanides and prefers coordination number of 8 or 
9 [1]. Most of Y radiotracers were developed 
using either DOTA or CHX-A”-DTPA for chela-
tion. These chelates quantitatively radiolabel 
yttrium radionuclides at low concentrations and 
show kinetic stability under physiological condi-
tions [40]. With the acyclic DTPA analogs, the 
stereochemistry of CHX-DTPA was shown to be 
of major importance, with markedly higher 
kinetic stability observed with CHX-A”-DTPA, 
compared to CHX-B″-DTPA. H4octapa, an octa-
dentate analogue of H2dedpa based around a pic-
olinic acid scaffold, also demonstrated high 
radiolabeling yields and serum stability [41].

Copper exhibits a rich coordination chemistry 
with complexes known in oxidation states rang-
ing from 0 to +4, although the +2 (cupric) and the 
+1 (cuprous) oxidation states are by far the most 
common. Cu2+ and Cu+ oxidation states favor dis-
similar ligand donors and coordination geometry. 
The electron configuration and chemical hard-
ness of Cu2+ (d9) dictates a preference for border-
line hard Lewis base donors, such as aliphatic 
and aromatic amines, as well as carboxylate 
donors; however, Cu2+ can also accommodate 
softer donors such, as thiolate and carbazone [2]. 
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Cu2+ can accommodate a variety of coordination 
numbers and geometries, including square pla-
nar, square pyramidal, trigonal bipyramidal, and 
octahedral. In vivo under hypoxic conditions, 
Cu2+, however, can be reduced to Cu+ oxidation 
state causing instability of Cu2+ coordination 
complexes. In contrast, Cu+ (d10) exhibits a pref-
erence for soft donors (thiol, thio-ether, and imid-
azole) and a tetrahedral geometry.

The two well well-known 62Cu-based PET 
imaging agents are both small metal complexes of 
acyclic chelator, thiosemicarbazone; 62Cu-diacetyl-
bis(N4-thiosemi-carbazone or 62Cu-PTSM and 
Cu-diacetyl-bis(N4- methylthiosemicarbazone) or 
Cu-ATSM. In both cases, a Cu2+ center is coordi-
nated in a square planar geometry by the two nitro-
gen atoms and two sulfur atoms of the 
thiosemicarbazone. Under reducing, oxygen- 
deficient conditions, the reduced Cu+ species dis-
sociates from the chelator and binds to intracellular 
proteins [42]. This approach may provide a simple 
and direct method to develop copper-based small 
molecule radiopharmaceuticals.

For the development of kinetically inert cop-
per complexes, the chelators must provide a rigid 
coordination environment that disfavors flux-
ional changes of the coordination environment, 
and the Cu2+ radiolabeled complex must be resis-
tant to reduction under physiological conditions. 
For several decades, most of the chelator devel-
opment has focused on polyaza macrocyclic 
BFCs such as DOTA, NOTA, TETA, TE2A com-
plexes. While DOTA complex have shown clini-
cal utility, the Copper complexes of TETA and 
TE2A exhibit greater thermodynamic stability 
and kinetic inertness [2, 43]. Recently, in 2020, 
the  FDA approved 64Cu-DOTATATE for PET 
imaging studies in patients with SSTR positive 
NETs. To improve greater structural rigidity, the 
cross-bridged chelators, such as CB-TE2A, were 
developed. While these chelators have kinetic 
stability, they still require higher temperatures 
for quantitative labeling [44]. The sarcophagine 
family of chelators based on hexaazamacrobicy-
clic cage were also investigated to develop 
copper- labeled radiopharmaceuticals [45, 46]. 
The Sar, DiamSar, and SarAr chelators coordi-
nate copper extremely quickly over a pH range 

of 4.0–9.0, and have shown superior perfor-
mance, including quantitative radiolabeling at 
room temperature and excellent in  vitro and 
in vivo stability [47, 48]. NOTA and NOTA type 
derivatives also showed fast complexation at 
room temperature, and high kinetic inertness 
in vivo [49].

Rhenium is the third-row congener of transi-
tion metal elements in Group-7, after manganese 
and technetium. Like Tc, Re with an outer elec-
tron configuration of d5s2 has a rich chemistry, 
with oxidation states ranging from −1 to +7 and 
coordination numbers up to nine. Rhenium can 
complex with a variety of ligands and BFCs [2, 
50, 51]. The radiochemistry of 186/188Re isotopes 
starts with the chemically stable perrhenate anion 
(ReO4

−). Generally, the chemistry of Re is similar 
to that of Tc but, some important differences do 
exist between the two elements. Perrhenate has a 
considerably higher reduction potential than 
pertechnetate (−0.361  V versus −0.548  V, 
respectively). Generally, rhenium complexes are 
harder to reduce and easier to oxidize. Also, it is 
sometimes necessary to use different donor atoms 
to improve the redox stability of Re complexes in 
lower oxidation states.

The Re(V) mono-oxo-core [ReO]3+ has been 
evaluated as a means of direct attachment to amino 
acid side chains of antibodies and peptides con-
taining cysteine-thiol groups, often generated by 
reduction of disulfide bonds. Rhenium(V) com-
plexes are primarily square-pyramidal with an oxo 
group at the apex and a mixture of amine, and sul-
fur donor atoms forming the base of the pyramid 
with the S donors included to improve the stability 
of the 5+ oxidation state [2]. One of the first Re(V) 
complexes evaluated for tumor imaging was the 
pentavalent [186/188Re-O-(DMSA)2]−. The DMSA 
ligand exists in 2 isomers, racemic and meso 
forms, and the racemic isomer shows greater 
tumor uptake than the meso isomer [52]. 188Re-O-
DMSA-dianhydride, a BFC was also developed to 
enable coupling to antibodies and peptides. Since 
6- hydrazinonicotinamide (HYNIC) BFC was not 
ideal to develop 188Re labeled biomolecules, vari-
ants of HYNIC have been prepared by appending 
thioamide functional groups to HYNIC to form 
pyridylthiosemicarbazide ligand (SHYNIC) that 
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can form well-defined, very stable complexes with 
[ReO]3+core, while retaining the bioconjugation 
capability with  biomolecules [53]. The Re(V) 
dioxo core [ReO2]+ within a tetraamine ligand set, 
provided by two ethylene diamine ligands or one 
linear or cyclic tetramine, has the potential to pre-
pare bioconjugates with high stability. The 
1,4,7,10-tetraazaundecane Re dioxo- complex can 
be used to conjugate biomolecules that are stable 
in physiological conditions [50].

Re(I), the [Re(CO)3]+ core can be a versatile 
radiolabeling synthon for coupling to a range of 
chelators conjugated to targeting biomolecules, 
and also for direct labelling of proteins. The histi-
dine, cysteine, or methionine residues in the bio-
molecule will help improve the binding of 
tricarbonyl core. A more targeted approach is to 
use synthetic, usually tridentate, BFCs to the tri-
carbonyl fragment to biomolecules. The  most 
common is dipyridylamine (DPA) but, aliphatic 
amines and carboxylates can also be used [2]. 
188Re(CO)3-dipicolylamine-alendronate, a thera-
peutic agent for bone pain palliation, showed 
higher bone uptake than 188Re-HEDP and higher 
stability with respect to oxidation compared  to 
188Re perrhenate anion [54]. Based on DPA chela-
tor, and the Re tricarbonyl core, the single amino-
acid chelators” (SAACs) were developed, where 
the carboxylate moiety on the DPA ligand can 
serve as a linker to a wide range of biological vec-
tors. DPA-SAAC was used for indirect labeling of 
188Re to IgG via an amide bond between the car-
boxylate moiety of the chelator and a free amine of 
the protein [55].

18.4.5  Post-Transition Metals

Among the post-transition metals shown in 
Table 18.6, the chemistry of gallium and indium 
are discussed in Chap. 12 since the radioisotopes 
of Ga and In are used only to develop radiophar-
maceuticals for imaging. Radionuclides of lead 
(212Pb) and bismuth (212Bi and 213Bi) are used for 
therapy. All the metals in this category are p-block 
elements since the p-orbital electrons participate 
in the formation of chemical bonds.

For radioisotopes of lead, the valence electron 
configuration is 6s2,6p2. For group-14 elements, 
the common oxidation date is +4 but, lead shows 
two oxidation states +4 and + 2, and the divalent 
state is more important [56]. There is a relatively 
large difference in the electronegativity of lead(II) 
at 1.87 and lead(IV) at 2.33. The two macrocyclic 
chelators DOTA and TCMC have been success-
fully used to form conjugates for labeling with 
212Pb. The TCMC chelate was specifically devel-
oped for chelating Pb(II) radionuclide, although 
DOTA is also known to form strong complexes 
with both lead and bismuth [57]. However, fol-
lowing the β− decay of 212Pb, a significant amount 
of the daughter 212Bi is released from the macro-
cyclic cage resulting in distribution of free 212Bi 
species to bone and other tissues. The structure of 
the Pb(II)-TCMC complex revealed that Pb(II) is 
fully encapsulated by the TCMC with the eight- 
coordinate sphere saturated by the four-ring nitro-
gen and four amide oxygen atoms, supporting this 
complex as more appropriate to develop therapeu-
tic biomolecules with 212Pb [58]. Recently pyri-
dine-based DOTA derivative chelators also 
exhibited the ability to form stable complexes 
with 203/212Pb radionuclides [59].

Bismuth is a group 15 element with an outer-
most electron configuration of 6s26p3. Due to the 
inert pair effect (the S2 electrons remain 
unshared), Bi is most commonly found as a triva-
lent cation (Bi3+) and + 3 is the most stable oxida-
tion state. At low pH, Bi(III) readily undergoes 
hydrolysis to form Bi hydroxide, and weakly 
coordinating buffers, such as citrate or acetate, 
are used to prevent hydrolysis at typical labeling 
pH of 3–5 [1]. With an ionic radius of 96–117 pm, 
the most stable coordination complexes are octa-
dentate. As a borderline metal ion, Bi has signifi-
cant affinity for nitrogen and oxygen atoms, and 
complexation with amine donor groups is possi-
ble even at low pH [60].

Regarding the selection of BFCs for Bi3+, the 
acyclic chelators, DTPA (Log KML = 33.9–35.2) and 
CHX-A”-DTPA (Log KML = 34.9–35.6) show very 
high thermodynamic stability. The 212/213Bi-DTPA 
complexes revealed inadequate kinetic inertness 
resulting in the kidney accumulation of free Bi 
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radioactivity during in  vivo studies. In contrast, 
212/213Bi-CHX-A”-DTPA complex has shown sig-
nificantly improved kinetic inertness partially since 
the cyclohexyl moiety of CHX-A”-DTPA provides 
the chelator with additional rigidity and imposes a 
significant degree of preorganization on the metal 
ion binding site. Another potential acyclic chelator 
for Bi3+ cation is the inherently bifunctional pico-
linic acid-based scaffold, H4neunpa, which showed 
lower stability (log KML = 28.8) than that of DOTA, 
and DTPA but, the kinetic inertness is the same as 
DOTA (pM = 27) [61].

Among the macrocyclic chelators, both DOTA 
and Me-DO2PA showed high thermodynamic 
stability and kinetic inertness [60]. 213Bi-DOTA 
complex (Log KML  =  30.3; PM  =  27.0) and 
213Bi-Me-DO2PA complex (Log KML  =  34.2; 
PM = 28.6) have high kinetic stability. These com-
plexes, however, may require labeling at higher 
temperatures and are  not optimal for antibody 
labeling. NETA and DEPA chelators with macro-
cyclic backbone and a flexible acyclic tridentate 
iminodiacetic acid pendant arm are also good 
chelators for trivalent bismuth. 213Bi-3p-C-
NETA-trastuzumab and 213Bi-3p-C- DEPA-
trastuzumab complexes showed faster labeling 
kinetics and kinetic inertness compared to 
213Bi-DOTA complex [62, 63].

18.4.6  Lanthanides

The lanthanide series of chemical elements com-
prises 15 metals with atomic numbers lanthanum 
(Z = 57) to lutetium (Z = 71). All are f-block ele-
ments, except lutetium, which is regarded as a 
d-block element. Due to lanthanide contraction 
(due to poor shielding of 5 s and 5p electrons by 
the 4f electrons), the ionic radius decreases 
steadily from Ln3+ (103 pm) to Lu3+ (86.1 pm). 
All the lanthanide elements exhibit the oxidation 
state +3 due to the loss of two 6 s electrons and 
one 4f electron. The trivalent ions are hard accep-
tors and form more stable and stronger com-
plexes (coordination numbers of 8–9) with 
oxygen-donor ligands than with nitrogen-donor 
ligands of chelating agents, such as 
DOTA. Among the lanthanides, the radionuclides 

of samarium, terbium, holmium, and lutetium are 
important in the development of therapeutic 
radiopharmaceuticals. 153Sm and 166Ho form 
strong complexes with diphosphonates (such as 
EDTMP) and are used for bone pain palliation. 
The decay characteristics of these two metals are 
appropriate for developing therapeutic agents 
but, due to suboptimal specific activity, they have 
not been used for targeted therapy.

Terbium radioisotopes (149Tb, 161Tb 155Tb, and 
152Tb) are of interest due to the existence of several 
clinically relevant radioisotopes with applications 
for both molecular imaging and targeted therapy. 
149Tb is an ideal theranostic nuclide since it decays 
by both α and positron decay modes. Terbium is 
most commonly found as a trivalent cation (Tb3+), 
has an ionic radius of 0.92–1.10 Å, and favors a 
coordination number of 8 or 9. Tb3+ exhibits a pref-
erence for oxygen- based bonding, dominated by 
electrostatic interactions (IA = 10.07–10.30) [64]. 
The macrocyclic chelator DOTA forms thermody-
namically stable complexes with Tb3+ cations (log 
KML  =  23.6–27.0) and can achieve quantitative 
radiolabeling at low concentrations but, does 
require elevated temperatures. Among the acyclic 
chelators, CHX-A”-DTPA is most favored due to 
radiolabeling capability (log KML, 22.8) at ambient 
temperatures needed for heat-sensitive targeting 
vectors [1].

Lutetium was independently discovered in 1907 
by the French scientist Georges Urbain, an Austrian 
mineralogist, and an  American chemist Charles 
James. 177Lu (T½ = 6.7 days) is the ideal β− radionu-
clide for theranostics, since it also emits γ-photons 
of 208 keV (11%) and 113 keV (6.4%), which are 
used for diagnostic evaluation and dosimetry. 177Lu 
is generally seen as superior to both 131I and 90Y for 
targeted therapy [17, 65]. 177Lu-Dotatate (Lutathera) 
was the first radiolabeled peptide to receive FDA 
approval for treatment of somatostatin receptor-
positive neuroendocrine tumors.

Lutetium is most commonly found as a triva-
lent cation (Lu3+) and is the smallest of the lan-
thanide series with an ionic radius of 0.86–1.03 
(CN = 6–9). Lutetium(III) prefers a coordination 
number between 8 and 9, with a slight prefer-
ence for 8, as is common with the late lan-
thanides [64]. DOTA and DTPA are the most 
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Fig. 18.12 The chemical structures of 177Lu-dotatate and 68Ga-DOTA complex are based on macrocyclic chelator 
DOTA. For 68Ga, the acyclic chelator HBED-CC was used to synthesize 68Ga-PSMA-11

commonly used chelators for 177Lu radiotrac-
ers.  The molecular structure of [Lu(DOTA)
(H2O)]− demonstrates water-capped square anti-
prismatic geometry with high stability and inert-
ness of 177Lu-DOTA complex (Log 
KML  =  21.6–29.2) [1]. With DOTA- conjugated 
peptides and small molecules, labeling at higher 
temperature (~90 °C) is critical to get high label-
ing yields. With heat-sensitive bioconjugates 
(such as antibodies), longer incubation times at 
37  °C are required. Acyclic chelators such as 
DTPA analog (CHX-A”-DTPA) may provide 
rapid labeling at room temperature. Several che-
lators (such as NOTA, PCTA, H4octopa) were 
investigated as an alternative to DOTA but, 
DOTA-conjugated 177Lu complexes have been 
studies extensively in patients. 177Lu-Dotatate 
(Fig.  18.12) has been FDA approved, while 
177Lu-PSMA-617 finished phase III clinical trial 
and is under regulatory review.

18.4.7  Actinides

Actinium and thorium are the two important 
actinides for developing therapeutic radiopharma-
ceuticals. There is no stable actinium in nature. 
Actinium (227Ac, T½ = 21.7 years) from the Greek 

actinos meaning ray, was discovered by André-
Louis Debierne (1899) in leftovers of uranium 
ore. It was also discovered independently in 1902 
by a German Chemist Friedrich Oskar Giesel 
[66]. Among the isotopes of actinium, 225Ac has 
become one of the most important alpha emitters 
for the development of therapeutic radiopharma-
ceuticals because it preferentially exists in the oxi-
dation state +3 and forms relatively stable 
complexes with DOTA chelator, like the other tri-
valent metals such as 177Lu and 90Y and 68Ga. 
Several 225Ac-DOTA- labeled antibodies and pep-
tides (225Ac-HuM195 mAb, 225Ac-huJ591 mAb, 
and 225Ac-PSMA-617) are in clinical trials. Large 
18-membered macrocycles with 6 donor atoms (N 
or O) have been used to ease the steric constraints 
for large metal ions (such as 225Ac) and to increase 
the coordination number [67]. Among these che-
lates, Macropa, HEHA, and Crown (Fig.  18.9) 
showed good labeling and high stability. Also, the 
labeling with these ligands is usually performed at 
room temperature within a few minutes [68–70]. 
Acyclic chelates (such as Py4pa) with picolinic 
acid moieties have demonstrated a high Ac label-
ing yield at low chelate concentrations and good 
in  vivo stability [67]. The coordination number 
may vary between 8 and 9, depending on the che-
late used and the number of donor atoms partici-
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pating in the chelation. Detection of 225Ac is 
challenging since it has ~1% γ-emission. The γ 
photons from the daughters 221Fr (T½ = 4.8 min, 
218 keV) and 213Bi (T½ = 46 min, 440 keV) are 
commonly used when the parent and daughters 
reach secular equilibrium. 

Thorium occurs in nature and was discovered 
in 1832 from the mineral rock thorite. Despite the 
fact that thorium preferentially exists in the oxi-
dation state +4, it can possess different coordina-
tion numbers determined by the concrete 
chelating ligand [71]. 227Th is the most promising 
for alpha therapy and the decay scheme is rela-
tively similar to the one of 225Ac; however, the 
half-life is almost doubled (18 days). 227Th decays 
to 223Ra, an alpha emitter with longer half-life 
(11.4 days). The dose-limiting side effect of 227Th 
is mainly due to 223Ra because free radium is 
taken up by the bone and 223Ra and its daughters 
deposit energy in the vicinity of bone [71].

Thorium (4+) coordination chemistry is 
similar to that of zirconium (4+). At pH >7, 
thorium forms various water-insoluble oxides 
and, thus, precipitates out of a solution. 
Thorium is known as an oxophilic metal and 
prefers oxygen donors for metal coordina-
tion [70]. Thus, the use of DOTA as chelator 
is suboptimal. Despite the poor radiolabel-
ing kinetics, the 227Th-DOTA complex retains 
good stability in vivo (75), enabling its use for 
various TAT applications [72]. The Me-3,2-
HOPO chelator with eight available oxygen 
donors for coordination provides extremely 
high stability constant with thorium. Labeling 
with this chelator is usually performed at 
room temperature within 1  h. Detailed ana-
lytic studies on Th4+ chelation with this ligand 
revealed that it possesses a large (~20 orders 
of magnitude) thermodynamic selectiv-
ity for +4 over +3 ions, and in  vivo +3 ions 
such as Fe3+ cannot effectively displace the 
actinide. Me-3,2-HOPO chelate is regarded as 
the current gold standard for 227Th chelation 
[67]. Since the chemistry of thorium mimics 
the chemistry of zirconium, 89Zr a positron 
emitting radionuclide could be used as a ther-
anostic analog for 227Th labeled therapeutic 
radiopharmaceuticals. 
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19Radiolabeled Antibodies 
for Imaging and Targeted Therapy

The therapeutic approach of internally administered 
radiopharmaceuticals offers the potential to outmode 
the present approaches of conventional radiation ther-
apy and chemotherapy because radiopharmaceuti-
cals selectively irradiate target tissues internally often 
in only one radiation dose, noninvasively and non-
dramatically; also, the therapeutic use of radiophar-
maceuticals has been followed by a lower incidence of 
leukemia, and other cancers, than have radiotherapy 
and chemotherapy. (William H. Beierwalters, M.D. J 
Nucl Med 22: 549–554, 1981)

19.1  Introduction

In 1890, antibodies were first described as a neu-
tralizing substance found in blood, by Emil von 
Behring and Shibasabura Kitasato, who showed 
that the transfer of serum from animals immunized 
against diphtheria to animals suffering from it 
could cure the infected animals. Behring received 
the first Nobel Prize in medicine in 1901. In 1900, 
Paul Ehrlich was the first to propose a model for an 
antibody molecule in which the antibody was 
branched and consisted of multiple sites for bind-
ing to foreign material, known as antigen, and for 
the activation of the complement pathway [1]. 
This model agreed with the “lock and key” hypoth-
esis for enzymes proposed by Emil Fischer. In 
1908, Paul Ehrlich received the Nobel Prize in 
Medicine for his work on immunity.

In the 1950s, Frank Burnet and David Talmage 
developed the clonal selection theory, which states 
that a lymphocyte (specifically B cells) makes a 
single specific antibody molecule that is deter-
mined before it encounters an antigen [2]. In 1960, 
Frank Burnet received the Nobel Prize in Medicine 
for his work on acquired immunological tolerance. 
By 1959, Gerald Edelman and Rodney Porter inde-
pendently published the molecular structure of 
antibodies [3, 4], for which they received the Nobel 
Prize in 1972. Polyclonal antibodies (pAbs) are a 
heterogeneous mixture produced by different B 
cell clones in the body that bind to many different 
epitopes of a single antigen. In contrast, mAbs are 
generated by identical B cells which are clones 
from a single parent cell. This means that the mAb 
binds to a single epitope and is monovalent. 
Georges Köhler and César Milstein invented the 
technology of producing mAbs and started the 
modern era of antibody- based pharmaceuticals. In 
1986, Kohler and Milstein received the Nobel Prize 
in medicine for the discovery of hybridoma tech-
nique to produce mAbs [5].

In the 1990s, Tasuku Honjo discovered pro-
grammed death molecule-1 (PD-1) in apoptotic T 
cells, while James Allison discovered cytotoxic T 
lymphocyte-associated antigen-4 (CTLA-4) on T 
cells. Inhibition of these molecules by immune 
checkpoint inhibitors can successfully activate 
the immune system to fight cancer. Checkpoint 
inhibitors have brought about a breakthrough in 
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cancer immunotherapy. The 2018 Nobel Prize in 
Physiology or Medicine was awarded to Tasuku 
Honjo and James Allison for their discoveries in 
cancer immunology [6].

A century ago, Paul Ehrlich postulated the 
notion that a magic bullet could be developed to 
selectively target disease and he envisioned 
that an antibody could act as such [7]. The intro-
duction of hybridoma technology for the mAb 
development turned this magic bullet concept into 
a reality. The first generations of mAbs were of 
murine origin and had limited clinical use; how-
ever, developments in recombinant DNA technol-
ogy have resulted in the production of chimeric, 
humanized, and complete human mAbs.

In the pharmaceutical industry, biological 
products (biologics) represent one of the fastest 
growth sectors. Biologics include recombinant 
hormones and proteins, as well as cellular- and 
gene-based therapies. mAbs or antibody-drug 
conjugates (ADCs) represent the single most 
important branch of biologics. Around the 
world, more than 600 therapeutic mAbs have 
been studied in clinical trials, and more than 80 
therapeutic mAbs have been approved by the 
United States Food and Drug Administration 
(US FDA) and European agencies, including 
30  mAbs for the treatment of cancer 
(Table 19.1).

Table 19.1 Approved monoclonal antibodies in oncologya

No.

International 
non-proprietary name, 
US product identifier Brand name

Target 
antigen Format

Indication first 
approved or 
reviewed

First EU 
approval

First US 
approval

1 Rituximab MabThera, 
Rituxan

CD20 Chimeric IgG1 Non-Hodgkin 
lymphoma

1998 1997

2 Trastuzumab Herceptin HER2 Humanized IgG1 Breast cancer 2000 1998
3 Ibritumomab tiuxetan Zevalin CD20 Murine IgG1 Non-Hodgkin 

lymphoma
2004 2002

4 Cetuximab Erbitux EGFR Chimeric IgG1 Colorectal cancer 2004 2004
5 Bevacizumab Avastin VEGF Humanized IgG1 Colorectal cancer 2005 2004
6 Panitumumab Vectibix EGFR Human IgG2 Colorectal cancer 2007 2006
7 Ofatumumab Arzerra CD20 Human IgG1 Chronic lymphocytic 

leukemia
2010 2009

8 Ipilimumab Yervoy CTLA-4 Human IgG1 Metastatic 
melanoma

2011 2011

9 Pertuzumab Perjeta HER2 Humanized IgG1 Breast cancer 2013 2012
10 Obinutuzumab Gazyva, 

Gazyvaro
CD20 Humanized IgG1 

Glycoengineered
Chronic lymphocytic 
leukemia

2014 2013

11 Ramucirumab Cyramza VEGFR2 Human IgG1 Gastric cancer 2014 2014
12 Nivolumab Opdivo PD1 Human IgG4 Melanoma, 

non-small cell lung 
cancer

2015 2014

13 Pembrolizumab Keytruda PD1 Humanized IgG4 Melanoma 2015 2014
14 Blinatumomab Blincyto CD19, 

CD3
Murine bispecific 
tandem scFv

Acute lymphoblastic 
leukemia

2015 2014

15 Necitumumab Portrazza EGFR Human IgG1 Non-small cell lung 
cancer

2015 2015

16 Dinutuximab Qarziba; 
Unituxin

GD2 Chimeric IgG1 Neuroblastoma 2017; 
2015#

2015

17 Daratumumab Darzalex CD38 Human IgG1 Multiple myeloma 2016 2015
18 Elotuzumab Empliciti SLAMF7 Humanized IgG1 Multiple myeloma 2016 2015
19 Atezolizumab Tecentriq PD-L1 Humanized IgG1 Bladder cancer 2017 2016
20 Avelumab Bavencio PD-L1 Human IgG1 Merkel cell 

carcinoma
2017 2017

21 Durvalumab IMFINZI PD-L1 Human IgG1 Bladder cancer 2018 2017
22 Cemiplimab, 

cemiplimab-rwlc
Libtayo PD-1 Human mAb IgG4 Cutaneous squamous 

cell carcinoma
2019 2018
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No.

International 
non-proprietary name, 
US product identifier Brand name

Target 
antigen Format

Indication first 
approved or 
reviewed

First EU 
approval

First US 
approval

23 Moxetumomab 
pasudotox, 
moxetumomab 
pasudotox-tdfk

Lumoxiti CD22 Murine IgG1 dsFv 
immunotoxin

Hairy cell leukemia 2021 2018

24 Isatuximab, 
isatuximab-irfc

Sarclisa CD38 Chimeric IgG1 Multiple myeloma 2020 2020

25 Tafasitamab, 
tafasitamab-cxix

Monjuvi, 
Minjuvi

CD19 Humanized IgG1 Diffuse large B-cell 
lymphoma

2021 2020

26 Naxitamab-gqgk DANYELZA GD2 Humanized IgG1 High-risk 
neuroblastoma and 
refractory 
osteomedullary 
disease

NA 2020

27 Margetuximab-cmkb MARGENZA HER2 Chimeric IgG1 HER2+ metastatic 
breast cancer

NA 2020

28 Tebentafusp, 
tebentafusp-tebn

KIMMTRAK® gp100, 
CD3

Bispecific 
immunoconjugate

Metastatic uveal 
melanoma

In 
review

2022

29 Brentuximab vedotin Adcetris CD30 Chimeric IgG1; 
ADC

Hodgkin lymphoma, 
systemic anaplastic 
large cell lymphoma

2012 2011

30 Ado-trastuzumab 
emtansine

Kadcyla HER2 Humanized IgG1; 
ADC

Breast cancer 2013 2012

Antibody drug conjugates (ADC)
1 Inotuzumab 

ozogamicin
BESPONSA CD22 Humanized IgG4; 

ADC
Acute lymphoblastic 
leukemia

2017 2017

2 Gemtuzumab 
ozogamicin

Mylotarg CD33 Humanized IgG4; 
ADC

Acute myeloid 
leukemia

2018 2017; 
2000a

3 Polatuzumab vedotin, 
polatuzumab 
vedotin-piiq

Polivy CD79b Humanized IgG1 
ADC

Diffuse large B-cell 
lymphoma

2020 2019

4 Enfortumab vedotin, 
enfortumab 
vedotin-ejfv

Padcev Nectin Human IgG1 
ADC

Urothelial cancer Pending 2019

5 [fam-]trastuzumab 
deruxtecan, fam- 
trastuzumab 
deruxtecan-nxki

Enhertu HER2 Humanized IgG1 
ADC

HER2+ metastatic 
breast cancer

2021 2019

6 Belantamab 
mafodotin, 
belantamab 
mafodotin-blmf

BLENREP B-cell 
maturation 
antigen

Humanized IgG1 
ADC

Multiple myeloma 2020 2020

7 Sacituzumab 
govitecan; 
sacituzumab 
govitecan-hziy

TRODELVY TROP-2 Humanized IgG1 
ADC

Triple-neg. breast 
cancer

2021 2020

8 Loncastuximab 
tesirine, 
loncastuximab 
tesirine-lpyl

Zynlonta CD19 Humanized IgG1 
ADC

Diffuse large B-cell 
lymphoma

In 
review

2021

9 Tisotumab vedotin, 
tisotumab vedotin-tftv

TIVDAK Tissue 
factor

Human IgG1 
ADC

Cervical cancer NA 2021

aAntibody therapeutics approved or under regulatory review in the EU or US—The Antibody Society
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19.2  Antibody Structure 
and Function

Antibodies (Abs) are large glycoproteins that 
belong to the immunoglobulin (Ig) superfamily. 
The basic structure of Abs is composed of two 
heavy and two light chains in the shape of a Y 
(Fig. 19.1). At each tip of the Y lies the fragment 
antigen-binding (Fab) portion of the antibody 
which is responsible for recognition of the spe-
cific antigen. The fragment crystallizable (Fc) 
region located at the base of the Y structure is 
recognized by Fc receptors (FcRs) found on a 
wide range of immune cells. Based on the type of 
heavy chain, Abs can be separated into five dis-
tinct classes (Isotypes): IgA, IgD, IgE, IgG, and 
IgM, which can be further divided into one to 
four subclasses (such as IgG1, IgG2, IgG3, and 
IgG4). The IgG1 isotype, however, is the most fre-
quent form used in antibody therapy since IgGs 
interact with FCRs found on immune cells, such 

as natural killer (NK) cells, as well as neutro-
phils, monocytes, dendritic cells, and eosinophils 
[9]. There is a significant difference between the 
IgG subclasses in terms of their half-lives in the 
blood (IgG1, IgG2, and IgG4 approximately 
21 days; IgG3 approximately 7 days) and in terms 
of their capability to activate the classical com-
plement pathway, and to bind Fc-receptors. The 
choice of an IgG subclass is a key factor in deter-
mining the efficacy of therapeutic mAbs. Most of 
the FDA approved mAbs belong to the IgG1 sub-
class, which has a long half-life and triggers 
potent immune-effector functions, such as 
complement- dependent cytotoxicity (CDC), 
complement-dependent cell-mediated cytotoxic-
ity (CDCC), and antibody-dependent cellular 
cytotoxicity (ADCC).

Antibodies are heavy proteins of about 10 nm 
in size with a molecular mass of ~150  kDa, 
arranged in three globular regions that roughly 
form a Y shape. Also, each IgG molecule con-
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Fig. 19.1 (a) The fundamental structure of an intact, 
single immunoglobulin G (IgG) molecule has a pair of 
light chains and a pair of heavy chains. Light chains are 
composed of two separate regions [one variable region 
(VL) and one constant region (CL)], whereas heavy chains 
are composed of four regions (VH, CH1, CH2 and CH3). 
The complementarity-determining regions (CDRs) are 
found in the variable fragment (Fv) portion of the antigen- 
binding fragment (Fab). (b) Schematic overview of mAb 
humanization from murine antibodies (green domains) to 

fully human antibodies (blue domains) and associated suf-
fixes. In the chimeric mAb, the variable regions are of 
murine origin, and the rest of the chains are of human ori-
gin. Humanized mAb only includes the hypervariable seg-
ments of murine origin.  CH: domains of the constant 
region of the heavy chain; CL: constant domain of the 
light chain; Fab and Fc fragments resulting from proteol-
ysis; VH: variable domain of the heavy chain; VL: vari-
able domain of the light chain. [The figure on the right (b) 
was modified from [8]]
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sists of four polypeptide chains; two identical 
heavy chains and two identical light chains con-
nected by disulfide bonds. Each chain is made 
up of one to four domains; light chains consist 
of one variable domain VL and one constant 
domain CL, while heavy chains contain one vari-
able domain VH and three to four constant 
domains CH1–CH4. Each IgG has two Fabs, each 
containing one VL, VH, CL, and CH1 domains, as 
well as the Fc fragment. The sub-region of each 
Fab fragment containing the variable regions 
(VL and VH) that binds to the antigen is referred 
to as FV region and the existence of two identi-
cal antibody-binding sites (divalent) allows 
antibody molecules to bind strongly to multiva-
lent antigen molecules.

The mouse hybridoma technology was ini-
tially used to produce murine monoclonal anti-
bodies (Fig. 19.1b). These mouse-derived mAbs 
(momab) elicit an immune response resulting in 
the production of human-anti-mouse-antibodies 
(HAMAs) which interfere with therapeutic appli-
cations [10]. The antibody engineering technol-
ogy identified regions that could be “humanized” 
without compromising the functionality of IgG 
molecule, resulting in chimeric antibodies 
(ximab) and “humanized” antibodies (zumab) 
and, finally, fully human antibody (umab) [11]. 

Chimeric mAbs are constructed with variable 
regions (VL and VH) derived from a murine source 
and constant regions derived from a human 
source. Humanized therapeutic mAbs are pre-
dominantly derived from a human source except 
for the complementarity-determining regions 
(CDRs), which are murine.

Antibodies are physically stable and experi-
ence a prolonged serum half-life resulting in an 
average half-life of several weeks, and accumu-
late in the liver, and kidney. Antibody engineer-
ing enabled the production of a wide variety of 
IgG derivatives (Fig. 19.2, Table 19.2) with sig-
nificant differences in size (25–100  kDa) to 
improve pharmacokinetics, tumor localization, 
and antigen binding [12, 13]. Fab and Fab′ prod-
ucts are produced by enzymatic digestion of an 
IgG molecule, while the other derivatives are 
generated using genetic engineering of IgGs. 
Nanobodies are, specifically, engineered from a 
camelid antibody variant that contains only 
heavy chains. Single chains are formed by link-
ing the variable light (VL) and variable heavy 
(VH) chains with an amino acid (AA) linker. 
Diabodies, triabodies, and even tetrabodies are 
formed spontaneously when smaller length AA 
chains are used to hold the VH and VL units 
together. Recombinant bispecific diabodies and 
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other bispecific constructs can be prepared by 
pairing VH and VL of two antibodies with differ-
ent specificities [13, 14].

19.2.1  Pharmacokinetics 
of Antibodies and Fragments

Intact mAbs have a long residence time in humans, 
ranging from a few days to weeks, which results in 
optimal tumor-to-nontumor ratios at 2–4 days post 
injection. In contrast, mAb fragments have a much 
faster blood clearance and, as a result, optimal 
tumor-to-nontumor ratios can be obtained at ear-
lier time points; however, the absolute tumor 
uptake may be much lower compared to intact 
mAbs. The targeting properties of various anti-
body molecules of different sizes is compared in 
Table 19.2. In general, intact mAbs are preferable 
for therapy, while the optimal format for diagnosis 
is still under discussion.

Size is one factor that impacts the circulation 
time of Abs [15, 16]. A full IgG mAb is a large 
150-kDa protein that can remain in circulation 
for 3–4 weeks while being metabolized slowly by 
the reticuloendothelial system. In contrast, a 

25-kDa monovalent fragment (scFv) has a blood 
clearance time of <10  h with primarily renal 
excretion in 2–4 h. The Fv fragment, consisting 
only of the VH and VL domains, is the smallest 
immunoglobulin fragment available that carries 
the whole antigen-binding site. However, scFvs 
have never fared well in the clinic, despite their 
small size (25 kDa), because of their poor tumor 
retention. Molecules with molecular weights 
above >70 kDa (the glomerular filtration thresh-
old) remain in circulation much longer than 
smaller more rapidly eliminated molecules. 
Recent protein engineering has been used to pro-
duce designer bispecific antibodies that are based 
on antibody Fv or scFv fragments as building 
blocks, rather than whole antibodies. One such 
fragment is the diabody, a dimer, each chain com-
prising two domains. Each chain consists of a VH 
domain connected to a VL domain using a linker 
too short to allow pairing between domains on 
the same chain [17]. Diabodies (55 kDa) are the 
smallest engineered fragments that are bivalent, 
retaining the chief advantage of whole antibod-
ies, namely, avidity. Increased tumor uptake has 
been observed for intermediate-sized bivalent Ab 
formats, such as 75-kDa triabodies and 80-kDa 

Table 19.2 Characteristics of antibodies and antibody fragments

Antibody/
fragment Produced by

Mol. wt. 
(kDa) Avidity

Clearance 
route

Tumor 
uptake

Clearance 
rate

Tumor 
penetration

Full-length 
(IgG)

150 Bivalent Liver

F(ab′)2
IgG digestion with pepsin 110 Bivalent Liver/kidney

Minibody Recombinant DNA 
technology

75 Bivalent Liver

Diabody Recombinant DNA 
technology

55 Bivalent Kidney

Fab IgG digestion with papain 50 Monovalent Kidney

Fab′ IgG digestion with 
pepsin + β-mercaptoethanol

55 Monovalent Kidney

scFv Recombinant DNA 
technology

26 Monovalent Kidney

Nanobody Recombinant DNA 
technology pf camelid Abs.

12 Monovalent Kidney

Affibody Recombinant DNA 
technology of protein-A

6 N/A Kidney
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minibodies (scFv-CH3); however, slower blood 
clearance was evident. Larger bivalent antibody 
fragments, such as F(ab′)2 fragments, have slower 
blood clearance than diabodies, resulting in opti-
mal tumor-to-normal tissue ratios only at pro-
longed times (18–24  h) relative to those of 
diabodies (3–5 h).

The development of smaller, antigen binding 
antibody fragments, derived from conventional 
antibodies or produced recombinantly, has been 
growing at a fast pace. Antibody fragments can 
be used on their own or linked to other molecules 
to generate numerous possibilities for bispecific, 
multi-specific, multimeric, or multifunctional 
molecules, and to achieve a variety of biological 
effects. They offer several advantages over full- 
length monoclonal antibodies, particularly a 
lower cost, and because of their small size, they 
can penetrate tissues, access challenging epit-
opes, and have potentially reduced immunoge-
nicity [18].

19.3  Hallmarks of Cancer

Cancer is a group of diseases involving abnormal 
cell growth with the potential to invade or spread 
to other parts of the body. Benign tumors do not 
spread. Metastasis is the spread of cancer to other 
locations in the body. Most cancer deaths are due 
to cancer that has metastasized.

The hallmarks of cancer, an idea coined by 
Douglas Hanahan and Robert Weinberg, are  to 
identify different biological capabilities 
acquired during the multistep development of 
human tumors [19, 20]. Subsequently, a more 
organized and updated picture of cancer hall-
marks was also proposed [21] and summarized 
as follows:

• Selective growth and proliferative advantage 
(self-sufficiency of growth signals turned on 
by activated oncogenes, while insensitivity to 
anti-growth signals by inactivation of tumor- 
suppressor genes).

• Altered stress responses favoring overall sur-
vival and propagation (such as increased DNA 
repair mechanisms, upregulate autophagy, 

evading programmed cell death or apoptosis, 
and avoid senescence).

• Sustained angiogenesis and vascularization 
(by VEGF overexpression).

• Invasion and metastasis.
• Metabolic rewiring (deregulated metabolism).
• Immune modulation (evading the immune 

system).
• An abetting microenvironment.

The acquired capabilities described above 
refer mainly to the cellular and tissular hallmarks 
of cancer. Cancer is not just a lump of cells that 
divide, invade, and spread randomly but, rather a 
multilayered precisely tuned process that requires 
the participation of the whole organism. 
Geographically separated cancer tissues commu-
nicate between themselves, forming a system that 
interacts with the rest of the organism through 
cancer-induced systemic pathogenic networks. 
Based on this approach, Doru Paul recently intro-
duced six systemic hallmarks of cancer that 
emerge because of these interactions [22]. The 
first systemic hallmark is the cancer system itself 
established through the connections between the 
primary tumor, the bone marrow, and the distal 
metastasis. The five other systemic hallmarks are 
the global inflammation, the immunity inhibition, 
the metabolic changes leading to cachexia, the 
propensity to thrombosis, and the neuro- 
endocrine changes.

Tumor development and survival is a chaoti-
cally governed process involving the interplay 
between cancer cells, normal stromal cells and 
host defense mechanisms. Generally, CD8+ cyto-
toxic T cells (CTL) and CD4+  helper T (Th)1 
cells curb cancer development via mechanisms 
commonly involving their production of inter-
feron (IFN)-γ and cytotoxins [20]. The immune 
system interacts intimately with tumors over the 
entire process of disease development and pro-
gression to metastasis. This complex cross talk 
between immunity and cancer cells can both 
inhibit, and enhance tumor growth, and is now 
classified as a hallmark of cancer. The immune 
system plays a critical role in maintaining an 
equilibrium between immune recognition and 
tumor development with a dual capacity to both 
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promote, and suppress tumor growth. Despite 
immune surveillance, tumors continue to develop 
with intact immune systems.

19.4  Cancer and Immunotherapy

There are many types of cancer treatment such as 
surgery, radiation therapy, chemotherapy, tar-
geted therapy, immunotherapy, and radioimmu-
notherapy. Targeted therapy targets the changes 
in cancer cells that help them grow, divide, and 
spread. Immunotherapy is a kind of targeted ther-
apy, specifically using the immune system to 
fight cancer. The discovery of targetable tumor- 
specific antigens fueled interest in designing 
immunotherapies [23]. Antibodies are extremely 
versatile as platforms for the development of 
novel therapeutics, which has resulted in a large 
diversity of approaches. Since the 1990s, various 
forms of mAb-derived treatments have been used 
clinically to capitalize on the potential of 
immunotherapy.

Antibody-based therapeutics for the treatment 
of cancer can be divided into two broad catego-
ries. The first category involves the direct use of 
the naked mAb, which can elicit cell death by dif-
ferent mechanisms. For antibodies in the second 
category, additional engineering is performed to 
enhance their therapeutic efficacy, such as 
antibody- drug conjugates (ADC) and therapeutic 
radiolabeled-antibody conjugates (RAC).

Most targeted naked antibodies are referred to 
as “passive” immunotherapies because they tar-
get tumor cells directly rather than immune cells; 
however, more recent innovations have produced 
variations of targeted antibodies that are consid-
ered “active” immunotherapies because they tar-
get immune cells. Bispecific antibodies are made 
by taking the antigen binding regions (Fv) of two 
different antibodies and combining them to cre-
ate a product that can bind to different targets. 
For example, bispecific T Cell Engager (BiTE) 
antibodies that target a tumor antigen, such as 
CD19 and the activating receptor, CD3, on T 
cells. BiTEs combine direct targeting of tumor 
cells with recruitment of cytotoxic T cells into 
the tumor microenvironment [9]. Due to their 

ability to target immune cells directly, these 
BiTEs are considered “active” immunotherapies. 
Another approach to immunotherapy is to use 
antibody molecule as a carrier to transport a drug 
or a radionuclide to kill the cancer cells. ADCs 
are designed for a target specific antibody to 
carry anti-cancer drugs, so that when the anti-
body targets and binds to cancer cells, it also 
delivers a toxic drug that can kill the cancer cells. 
FDA-approved ADCs are listed in the Table 19.1. 
Radioimmunotherapy (RIT) with RACs exploits 
the ability of antibodies to target tumors in an 
antigen-specific manner for selective delivery of 
therapeutic radionuclide and localized release of 
cytotoxic ionizing but, non-penetrating radia-
tions, such as α and β− particles [24].

19.4.1  Mechanisms of Action 
of mAbs

Therapeutic mAbs induce anti-tumor effects via 
diverse mechanisms, which depend on the nature 
of the target antigen, target cell, and the nature of 
interactions between Fab, and Fc regions of 
mAbs with target antigen, and effector cells, 
respectively [9, 25].

• Functional neutralization of target antigen: 
Antibodies directly target antigens on tumor 
cells or the non-tumor cells in the tumor 
microenvironment (TME) and recognize, and:
 – Bind to growth factor receptors (such as 

EGFR, HER2, HER3) or their ligands and 
inhibit activation of downstream signaling 
pathways that promote growth, migration, 
and proliferation of tumor cells.

 – Bind to angiogenic receptors (such as 
VEGFR1 VEGFR2) present on tumor vas-
culature or their ligands VEGFA and inhibit 
endothelial cell proliferation, migration, 
vascular permeability, and angiogenesis.

 – Bind to immune checkpoint molecules 
such as inhibitory (CTLA4) and co- 
inhibitory receptors (PD-1) present on 
immune cells or their ligands (PD-L1) 
upregulated by tumor cells. The immune 
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check point blockade inhibits cell prolifer-
ation and survival.

• Engagement with effector cells: Antibodies 
crosslink tumor cells and effector arm of the 
immune system via their Fab and Fc domains, 
respectively, and elicit a range of effector 
functions, such as antibody-dependent cell 
cytotoxicity (ADCC) through neutrophils, and 
natural killer (NK) cells, antibody-dependent 
cell phagocytosis (ADCP) via macrophages, 
and complement-dependent cytotoxicity 
(CDC) by complement pathway of the 
immune system.

• ADCs bind to tumor cell antigens and, follow-
ing internalization, release the cytotoxic drugs 
in the cytoplasm and prevent replication 
machinery or microtubule assembly, and sub-
sequent cell death.

• Radioimmunotherapy (RIT) exploits the abil-
ity of RACs to target tumors in an antigen- 
specific manner for selective delivery of 
therapeutic radionuclide and localized release 
of cytotoxic ionizing radiations. The efficacy 
of RIT, however, depends on the type and size 

of cancer tissue, and the choice of radionu-
clide, half-life, type of particle emission, 
kinetic energy, and range in tissue (Fig. 19.3).

19.5  Radiolabeled Antibodies

Almost 70  years ago, antibodies from a rabbit 
serum were labeled with 131I and the biodistribu-
tion of antibodies in animals was determined 
using radioautographs [26]. The first use of radio-
labeled antibody to treat cancer was performed in 
the 1950s by Dr. Beierwalters at the University of 
Michigan, USA, who used 131I tagged antibodies 
made in rabbits against patient’s own neoplastic 
tissue [27, 28].

Two decades later, the pioneering studies by 
Goldenberg and Mach in animal models [29, 30], 
and in human subjects demonstrated the feasibil-
ity of specific targeting with radioiodinated anti- 
CEA polyclonal antibodies [31, 32]. Following 
the discovery of mAb production based on 
hybridoma technology, the first clinical study of 
radiolabeled mAb was reported in 1981 by Mach 
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and associates, who used 131I labeled anti-CEA 
antibodies in patients with CEA-bearing colon, 
and pancreatic carcinomas [33].

With the introduction of radiometals, such as 
111In, 67Cu, and 90Y, several chelating agents were 
developed to act as cross-linkers between the 
mAb molecule and the radiometal. Acyclic chela-
tors were first developed in the 1970s [34, 35]. 
Subsequently, activated DTPA analogues via 
mixed anhydride or cyclic anhydride were devel-
oped in the 1970s to provide covalent attachment 
to the proteins [36, 37]. Although these acyclic 
agents form stable complexes with a variety of 
metal ions such as Fe, Co, In, their complexes 
with other metals, such as Cu and Y, they  are 
labile with poor in  vivo stability. To prepare 
stronger radiometal-mAb complexes with greater 
kinetic stability macrocyclic BFCs, such as 
DOTA and TETA were developed [38, 39].

19.5.1  FDA-Approved Radiolabeled 
Antibodies for Imaging 
and Therapy

After a couple of decades of intense investigation 
with radiolabeled antibodies, only six radiola-
beled antibodies have gained FDA approval for 
use in clinical oncology; four immunodiagnostic 
agents and two targeted radioimmunotherapeutic 
agents (Table 19.3). In 1993, the FDA approved 
the first murine mAb, 111In-Satumomab pendetide 
(OncoScint™) for the diagnosis of recurrent 

colorectal and ovarian cancer based on immune- 
SPECT imaging. Three other agents were quickly 
approved over the next 3 years: CEAScan™ for 
colorectal cancer, Veraluma™ for lung cancer 
and ProstaScint™ for prostate cancer. These 
first-generation diagnostic mAbs are mainly used 
for staging disease in patients suspected of recur-
rent or metastatic disease but, their overall clini-
cal impact was not impressive due to suboptimal 
imaging characteristics and none of these 
approved diagnostic radiolabeled mAbs are in 
clinical use following the success of FDG-PET/
CT studies in diagnostic oncology.

In the last 30 years, immunotherapy in oncol-
ogy with engineered mAbs has become a major 
anticancer treatment modality. As of December 
2021, more than 30  mAbs have been approved 
for the treatment of cancer (Table  19.1). 
Rituximab (or Rituxan) was the first therapeutic 
naked whole mAb approved by the FDA in 1997 
for the treatment of cancer [40, 41]. Rituximab is 
a chimeric mAb directed against the cell surface 
marker CD20, which is expressed on 
B-lymphocytes and approved for the treatment of 
non-Hodgkin’s lymphoma (NHL). While ritux-
imab is effective in more than 50% of CD20- 
positive follicular NHL patients, it is less effective 
in other CD20-positive lymphoma subtypes, with 
activity in only 10–15% of CD20-expressing 
small lymphocytic lymphomas. When rituximab 
binds to CD20 protein, it triggers cell death or 
apoptosis. The Fc portion of rituximab mediates 
both ADCC and CDC [9].

Table 19.3 FDA-approved monoclonal antibodies for diagnosis and therapy in oncology

Year Generic(Trade) name Target Type Indication
1993 111In-satumomab pendetide 

(OncoScint™) CYT-103
Tumor associated 
glycoprotein-72

Murine IgG Ovarian and 
colorectal cancer

1996 99mTc-acritumomab 
(CEA-scan™)

Carcinoembryonic antigen 
(CEA)

Murine F(ab′) Colorectal cancer

1996 99mTc-Nofetumomab 
Merpentan (Verluma™)

Epithelial cell adhesion 
molecule

Murine Fab Small cell lung 
cancer

1996 111In-capromab pendetide 
(ProstaScint™)

Prostate specific membrane 
antigen (PSMA)

Murine IgG1 Prostate cancer

2002 90Y-ibritumomab tiuxetan 
(Zevalin®)

CD20 Murine IgG1 Non-Hodgkin’s 
lymphoma

2003 131I-Tositumomab (Bexxar®) CD20 Murine IgG2A Non-Hodgkin’s 
lymphoma
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RIT with antibodies, however, was not clini-
cally successful except in hematological malig-
nancies. Combining mAbs with therapeutic 
radionuclides was first studied in hematologic 
malignancies based on the rationale that these 
cancers are more radiosensitive tumors than solid 
tumors [24]. The FDA approvals for two radiola-
beled anti-CD20 mAbs, 90Y-labeled Zevalin® 
(ibritumomab tiuxetan) in 2002 and 131I-labeled 
Bexxar® in 2003 for the treatment of NHL were 
landmark events in the developmental history of 
TRT and RIT.  Both these 90Y and 131I labeled 
anti-B1 mAbs produce overall response rates 
(ORR, 60–80%) and complete response rates 
(CRR, 15–40%) in relapsed NHL than the naked 
antibodies, such as rituximab [24].

Despite the safety and efficacy of RIT in lym-
phomas, the two FDA approved therapeutic 
radiolabeled antibodies are less frequently used 
compared to chemotherapy or naked antibodies. 
In fact, 131I-tositumomab (Bexaar™) is no longer 
marketed.

The theranostic applications of radiolabeled 
mAbs in oncology, especially in the emerging 
field of personalized medicine, are becoming 
increasingly important since antibody theranos-
tics can combine the diagnostic and therapeutic 
potential of an antibody, thereby selecting those 
patients who are most likely to benefit from anti-
body treatment. The past several decades yielded 
dramatic improvements in the commercial avail-
ability of several α and β− emitting therapeutic 
radiometals. Also, new and improved BFCs have 
been created to optimize the radiolabeling and 
kinetic stability of radiometal labeled antibodies 
or antibody fragments. The multidisciplinary 
field of antibody theranostics is challenging and 
has yet to reach its full potential in both pre- 
clinical, and clinical domains.

19.5.2  Tumor Antigen Targets 
and Targeting Vehicles

Selection of the optimal receptor or an antigen on 
the cell surface or in the tumor microenvironment 
is critical to the success of a RIT program. An ideal 
target (receptor or antigen) for RIT is expressed at 

a high, uniform density in tumor tissue but, not 
expressed on normal cells, and not “shed” into the 
bloodstream. Antigenic targets (Tables 19.1 and 
19.3) are usually tumor cell surface- expressed 
macromolecules easily accessible from the blood 
and extracellular fluid, and include

 (a) Signal transduction molecules, such as epi-
dermal growth factor receptor (EGFR), and 
human epidermal growth factor receptor 2 
(HER2).

 (b) Surface glycoproteins such as (e.g., mucins), 
enzymes, such as prostate-specific mem-
brane antigen (PSMA) and carbonic anhy-
drase IX (CAIX), glycolipids, such as GD2, 
carbohydrates such, as Lewis antigen, and 
stromal components (e.g., fibroblast activa-
tion protein-α (FAPα).

 (c) Components of blood vessels (e.g., integrins, 
vascular endothelial growth factor receptor 
(VEGFR), or the amino domain of fibronec-
tin B).

 (d) Hematopoietic cluster of differentiation 
(“CD”) antigens, such as CD19, CD20, 
CD22, CD37, CD33 and CD45 that are 
expressed during hematopoietic maturation 
of distinct cell lineages.

19.5.2.1  Targeting Vectors: Antibody 
or Antibody Fragments

Following intravenous administration of radiola-
beled antibodies or antibody fragments, the vol-
ume of distribution is very large (~15  L of 
extracellular space), and several factors play an 
important role in the biodistribution, catabolism, 
whole body clearance (via kidney, liver, and gut), 
and tumor localization of the radioimmunoconju-
gate [24]. In addition, apart from specific antigen 
binding at the target site in tumor, there may be 
competitive specific binding to antigen in other 
organs/tissues. The absolute tumor uptake and 
retention of the radioimmunoconjugate will also 
depend on the amount of antigen expression, sat-
uration kinetics, and internalization of antibody- 
antigen complex.

The phenomenon known as “binding site bar-
rier” suggests that high-affinity antibodies may 
accumulate around the vasculature and fail to dis-
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tribute evenly throughout tumors. Tumor tissue 
may have increased vascular permeability but, 
also, have increased interstitial fluid pressure 
(IFP) due to poor drainage. While the phenome-
non of enhanced permeability and retention 
(EPR) effect favors retention of macromolecules, 
IFP prevents diffusion of macromolecules into 
the tumor interstitium. Therefore, the selection of 
an appropriate antibody carrier molecule for a 
specific radionuclide is governed by several vari-
ables, including vascular permeability, diffusiv-
ity, affinity, valency, specificity, and tumor 
retention [42].

Full-length whole mAbs (IgG) are popular for 
RIT.  A theoretical analysis also suggests that 
IgG-sized macromolecular constructs (~20 nm in 
diameter) exhibit the most favorable balance 
between systemic clearance and vascular extrav-
asation, resulting in maximal tumor uptake [43]. 
However,  full-length mAbs inherently have a 
longer blood circulating time, decreased vascular 
permeability, and lower diffusivity within solid 
tumors. The therapeutic index is also suboptimal 
due to higher bone marrow radiation dose. These 
challenges led to the exploration of mAb frag-
ments as radionuclide vectors. Smaller antibody 
fragments have faster blood clearance kinetics 
and may have reduced absolute tumor uptake 
compared to whole mAbs but, smaller fragments 
(<55 kDa) may lead to more rapid tumor accu-
mulation due to increased diffusion into the 
tumor. A compartmental model to quantitatively 
analyze the effect of size on tumor uptake, sug-
gests that the absolute tumor uptake of different 
size antibody molecules is a trade-off between 
two opposing trends: systemic clearance and 
extravasation into the tumor tissue. The model 
predicts that the antibody fragments, such as 
scFvs, Fabs, diabodies, and the like (≤55 kDa), 
essentially are too large for sufficiently rapid 
extravasation and, too small to escape renal clear-
ance. As a result, the absolute tumor uptake will 
be much less compared to whole IgG [43].

In summary, the interplay of the above con-
cepts is an imperative consideration of the anti-
body platform choice to produce beneficial 

results in a specific RIT program development. 
Ultimately, each antibody format and antibody- 
target pairing, requires proper characterization, 
and preclinical evaluation to determine the effec-
tive format, and the optimal  dose as modifica-
tions on size affect uptake, therapeutic efficacy, 
and dose [42].

19.5.2.2  Bispecific and Poly-specific 
Antibodies (Bs-Ab and PsAb)

Monoclonal antibodies are bivalent but, naturally, 
are monospecific and both binding sites are 
directed against the same target antigen (epitope). 
In contrast, a bispecific antibody (BsAb) is an 
engineered antibody molecule composed of frag-
ments of two different mAbs, which consequently 
binds to two different antigens. A tri- specific anti-
body (Ts-Ab) will bind to three different antigens 
on different cells. Blinatumomab (Blincyto) is 
FDA approved Bs-Ab for the treatment of acute 
B-cell acute lymphoblastic leukemia (ALL). 
Blinatumomab was created by the fusion of two 
single chain variable fragments (scFv) connected 
in a flexible manner through a peptide linker [44]. 
One part of blinatumomab is specific to the CD19, 
while the other part is specific to CD3 T cells. By 
binding to both antigens, this drug brings the can-
cer cells and immune cells together, which is 
thought to cause the immune system to attack the 
cancer cells since PsAbs are capable of binding 
two or more antigens/receptors at the same time 
or bringing two different targets together 
(Fig. 19.4). This character makes PsAbs as ideal 
targeting vehicles (vectors) in the development of 
radiopharmaceuticals for both radioimmunoim-
aging and targeted therapy.

19.5.3  Radionuclides for Antibody 
Therapy and Imaging

Antibodies and antibody-fragments can be effi-
ciently labeled with a wide range of radionu-
clides. Several radionuclides useful for therapy 
and imaging studies are listed in Table  19.4. 
Antibody-related therapeutics represent a rapidly 
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Fig. 19.4 (a) Schematic 
showing different 
formats of mAbs, such 
as bispecific and 
trispecific antibody 
binding to the antigen on 
the tumor cell, and cells 
in the tumor 
microenvironment 
(Figure modified from 
[44]). (b) Blinatumomab 
(BLINCYT0®) is a 
bispecific antibody 
(Variable domains of 
two mABs fused to 
create a bispecific or 
dual-specific antibody) 
which targets malignant 
and benign B cells via 
the CD19 cell surface 
antigen while 
simultaneously engaging 
the patient’s own T cells 
through the CD3 
antigen. (Image from 
https://www.
blincytohcp.com/)

expanding group of cancer medicines. To develop 
companion diagnostics, several elements have 
isotopes for therapy, and for PET/SPECT imag-
ing modalities. Selecting a suitable radionuclide 
generally depends on the following important 
consideration:

• Selection of the optimal antigen target on the 
cell surface or within the tumor tissue 
microenvironment.

• Selection of an appropriate antibody molecule 
(whole IgG or fragment) with high specificity 
and affinity for the antigen.

• The pharmacology of antigen-antibody complex 
is very important, especially the internalization 
of “antigen-antibody complex” following anti-
body binding to the antigen.

• The selection of the radionuclide for therapy 
or imaging starts by matching the serum half- 
life of the mAb or the fragment with the physi-
cal half-life of the radionuclide.

• The radiolabeling strategy, such as direct 
labeling or indirect labeling based on pros-
thetic groups or BFCs.

19.5.3.1  Therapeutic Radionuclides
Except for the radioisotopes of fluorine, iodine, 
and astatine, all other therapeutic radionuclides 
listed in Table 20.4 are metals. Therapeutic radio-
nuclides (Table 20.4) emit particulate non- 
penetrating radiation (electrons and alpha 
particles) that deposit a  significant amount of 
their kinetic energy within the tumor mass. The 
choice of an ideal radionuclide depends on sev-
eral factors but, they are, generally, selected 
based on the decay mode, particle emission, half- 
life, particle energy, range in tissue (or the path 
length), and ease of radiolabeling. The decay 
schemes of beta emitting radionuclides (131I and 
177Lu) are compared to that of an alpha emitter 
225Ac in Fig. 19.5.
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Table 19.4 Radionuclides commonly used for the development of radiolabeled mAbs for therapy and molecular 
imaging

Radionuclide

T½ Decay γ Energy Particle, Emean

ImagingMode % keV % keV %
99mTc 6 hours IT 98 140 SPECT
123I 13.22 days EC 97 159 83.6 SPECT
111In 2.8 days EC 100 171.3

245.4
90.7
94.1

SPECT

18F 109.8 min β+ 96.73 250 96.73 PET
68Ga 67.7 min β+ 88.91 829 88.91 PET
44Sc 3.97 hours β+ 94.30 632 94.30 PET
64Cu 12.7 hours β+

β−

EC

17.6
38.5
44

278 17.6 PET

86Y 14.74 hours β+ 31.9 1076.5 82.5 662 31.9 PET
89Zr 3.3 days β+

EC
23
77

909 99 396 22.7 PET

124I 4.18 days β+

EC
23
77

603
723
1691

62.9
10.4
11.2

822 22.7 PET

131I 8.025 days β− 100 364.5 81.5 181.9 100 Therapy
90Y 2.66 days β− 100 932.3 100 Therapy
67Cu 2.576 days β− 100 184.6 48.7 141 100 Therapy
177Lu 6.647 days β− 100 113

208
6.23
10.4

133.6 100 Therapy

212Pb 10.64 hours β− 100 238.6 43.6 101.3 100 Therapy
213Bi 45.6 min α 100 440.5 25.9 8440 100 Therapy
211At 7.2 hours α 41.8 5869 41.8 Therapy
225Ac 9.92 days α 100 218a

440.5a

11.5
25.9

5830 100 Therapy

227Th 18.697 days α 100 236 13.0 6000 100 Therapy
aGamma photons from the daughters Fr-221 and Bi-213

a

a

a

a

a
b–

b –

b–

b–

10 d

225Ac

4.9 m

0.0323 s

45.59 m

2.161 m

221Fr

0.32132

12%
T1/2 =6.716 d

0.05%

9.7%
78% 0.11295

0.24967

0

217At

213Bi

209TI

Z=89

Z=87

Z=85

Z=83

Z=81

218 KeV

440 KeV

g

g 4.2e-06 s

3.253 h

Stable

213Po

177Hf

177Lu

209Pb

209Bi

Fig. 19.5 Decay schemes of 177Lu and 225Ac. 177Lu decays 
by β− emission and is converted to stable 177Hf. In con-
trast, 225Ac goes through a series decay (in vivo generator) 

with the emission of multiple α particles and β− particles 
before it reaches stable 209Bi
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Alpha-emitting radionuclides release highly 
energetic 4He2+ (5–9  MeV) nuclei with very 
short ranges (50–100 μm) in tissue. Also due to 
their high LET (50–230  keV/μm), they are 
highly cytotoxic, producing single or double 
strand breaks (SSBs/DSBs) in the DNA, which 
can’t be easily repaired. While bismuth radionu-
clides (212Bi and 213Bi) have very short half-lives 
(~1  h), 225Ac and 227Th have relatively longer 
half-lives (10 and 18.7  days, respectively). 
Some of the α emitters, such as 225Ac and 227Th, 
act as in vivo generators and emit several α par-
ticles due to the short halves of daughter radio-
nuclides. While this property may help deposit 
more radiation energy in the  tumor, it may be 
challenging to identify a more appropriate che-
lator that can retain the parent and daughter 
nuclides within the tumor tissue. In general, 
radionuclides emitting α particles may be ideal 
for leukemias, small size tumors, and microme-
tastases but, they may be equally effective with 
large solid tumors.

Radionuclides that decay by the emission of 
intermediate energy electrons (β− particles with 
0.030–2.3 MeV) have low LET values (~0.2 keV/
μm), have relatively longer range in tumor tissue 
(1–12 mm), and can reach up to 50 cell diameters 
[15]. As a result, the crossfire radiation may pro-
duce significant radiation induced damage in 
large tumors with heterogeneous expression of 
target-specific antigens. While the clinical utility 
of certain radionuclides (such as 131I, 90Y and 
177Lu) was well established, the availability of 
high specific activity radiometals (such as 67Cu, 
47Sc, 188Re and 212Pb) may provide more flexibil-
ity in the design of therapeutic radionuclides. In 
recent years, the 212Pb (T½, 10.6 h), a β− emitter, 
has become a very popular radionuclide for 
TRT. It is widely used as an in situ generator of 
its α-emitting daughter isotope 212Bi (T½, 
60.6 m).

Radionuclides (such as 111In and 67Ga) that 
decay by electron capture loose a proton in the 
nucleus, and the decay product, an element that 
emits low energy orbital electrons (also known as 
“Auger electrons”), as an alternate to the emis-
sion of X-rays. The Auger electrons (AE) have 
medium LET (4–26  μm) and can deposit very 

high radiation energy to DNA due to their short 
range (<1 μm), only when the radionuclide is in 
close to the cellular DNA. While this concept has 
potential, AE emitters have not been used to 
develop radiolabeled antibodies for therapy, 
especially when several α-emitting radionuclides 
are commercially available for the development 
of therapeutic radioimmunoconjugates.

19.5.3.2  Radionuclides for Immuno- 
PET/SPECT

Since the 1980s, for diagnostic purposes, mAbs 
have been labeled with γ-emitting radionuclides 
(such as 99mTc, 123I, 131I, 186Re and 111In) and 
imaged with a single photon emission computer-
ized tomography (SPECT) camera. In the 1990s, 
the  FDA approved four radiolabeled antibodies 
or antibody fragments for imaging studies. 
Although these SPECT camera images were very 
informative and useful to determine the biodistri-
bution of mAbs due to lack of quantitative infor-
mation by SPECT, the  development of 
radioimmnoconjugates based on gamma emitting 
radionuclides is not ideal. However, 111In labeled 
mAbs have been used successfully as chemical 
and biological surrogates for 90Y, 177Lu, and other 
trivalent radiometal labeled therapeutic agents.

Compared to SPECT imaging, PET is more 
accurate in terms of in vivo activity quantification 
due to its superior spatial resolution, sensitivity, 
and specificity for tumor detection. Immuno-PET 
is a quantitative imaging procedure to investigate 
the biological effect and pharmacokinetics of 
radioimmunotherapy agents [45–47]. Several 
positron emitting radionuclides with different 
physical half-lives are available for developing 
radiolabeled antibodies and antibody fragments 
for Immuno-PET studies (Table 19.4). The posi-
tron emitter, however, should have appropriate 
decay characteristics for optimal resolution and 
quantitative accuracy, its production should be 
easy and cheap, and it should allow facile, effi-
cient, and stable coupling to mAbs. Since the 
half-lives of 18F and 68Ga are very short (<2 h), 
these two radionuclides are only good to label 
antibody fragments with faster blood clearance 
rates or in pretargeting approaches. Interestingly, 
44Sc with a half-life of 4 h is a better alternative to 
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18F than 68Ga. 124I and 89Zr are particularly suitable 
to label intact mAbs because their long half- lives 
(>3  days) allow imaging at late time points for 
obtaining maximum information. 124I has several 
disadvantages, such as high positron energy 
resulting in poor resolution, several high energy γ 
photons degrading image quality, and in  vivo 
dehalogenation. In contrast, 89Zr has proven to be 
more suitable for Immuno-PET studies,  especially 
for radiation dosimetry studies. In addition, as a 
radiometal, the in  vivo stability of 89Zr labeled 
mAb can be optimized using a BFC that can pro-
vide greater kinetic stability. Three other radionu-
clides with medium half-lives (12–14 h) 86Y, 66Ga 
and 64Cu have also been used for immune-PET 
studies. Among these, 64Cu is the most appropri-
ate nuclide for immune-PET since it offers the 
best resolution, like that provided by 18F-PET 
scans. A major advantage of radiometals is that 
when the radiometal-antibody complex gets inter-
nalized, the radiometals are trapped intracellu-
larly unlike the radioiodide which can diffuse out 
of the cell. This phenomenon of residualization 
should be considered when selecting a positron 
emitter for immuno-PET applications [48].

19.5.4  Radiolabeling 
and Bioconjugation Strategies 
of Antibodies

There are several radiolabeling strategies avail-
able to incorporate a radionuclide into a protein 
and the choice of technique depends primarily on 

the radionuclide. The labeling of mAbs or anti-
body fragments involves direct substitution of 
halogens (such as 131I and 124I) on tyrosine resi-
dues or coupling to reactive sidechains of amino 
acids, such as lysine ε amino groups. The 
most common strategies for the radiolabeling of 
proteins are (a) Direct labeling, (b) Indirect label-
ing via complexation using a prosthetic group or 
a bifunctional chelating agent (BFC) [14, 42, 49]. 
The chemistry of radiolabeling techniques is dis-
cussed in greater detail in Chaps. 12, 18, and 20.

19.5.4.1  Direct Labeling of Proteins
The direct radioiodination of a protein is a key 
method for the synthesis of radioiodinated anti-
bodies. The most straightforward approach is 
based on electrophilic substitution at tyrosine and 
histidine residues in the protein. The radioiodide 
is oxidized in situ creating the radioactive electro-
phile 131/124I+ using oxidizing agents like chlora-
mine T, Iodogen® and N-halosuccinimides. The 
electrophile reacts with the tyrosine in the protein 
(Fig. 19.6) and substitution of radioiodine is per-
formed at the tyrosine residue due to the electron 
donating hydroxyl group (on the tyrosine), which 
stabilizes the reaction. This reaction is performed 
under mild conditions. 131I-Tositumomab 
(Bexaar®), the FDA-approved radioiodinated 
antibody was prepared using the direct labeling 
method using Iodogen® as the oxidizing agent. 
While this method of labeling is highly efficient, 
in  vivo deiodination (or dehalogenation) may 
occur due to the action of the enzyme tyrosine 
deiodinase and free radioiodinated species will 

a b c

Fig. 19.6 Radiolabeling mAbs (or proteins) can be per-
formed based on three approaches. Radioiodination can 
be performed by labeling tyrosine residue in the protein 
(a). Labeling with 18F can be done using prosthetic groups 

attached to lysine residues in protein (b). Labeling pro-
teins with radiometals can be done by conjugating BFC to 
the lysine residues in the protein (c)
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escape from tumor tissue. In vivo stability of 
radioiodinated protein can be improved using 
indirect radioiodination technique which can be 
performed via conjugation using a prosthetic 
group such as N-succinimidyl 5-iodo-3- 
pyridinecarboxyl (SIPC) and N-succinimidyl-3- 
iodobenzoate (SIB) [50].

19.5.4.2  Indirect Labeling Using BFCs
Except for the isotopes of iodine, all other 
nuclides used for RIT or immune-PET/SPECT 
studies use isotopes of radiometals. BFCs are 
required to link the mAb and the radiometal. 
BFCs not only encapsulate the radiometal but 
also possess reactive functional groups for cova-
lent binding to the mAb. Based on the chemistry 
of radiometal, an appropriate BFC can be 
selected which provides both thermodynamic 
stability and in  vivo stability of radiometal- 
antibody complex.

Choice of BFC
In order to match the chemistry of a specific 
radiometal (whether it is soft or hard) with a cor-
responding soft or hard donor atoms of the chela-
tor, several acyclic and macrocyclic BFCs 
(Figs. 19.7 and 19.8) have been evaluated in both 

preclinical and clinical studies [42, 51]. The acy-
clic chelator DTPA and its derivative CHX-A”-
DTPA can form an octadentate coordination 
radiometal complex with three tertiary amine 
nitrogen atoms and five oxygen atoms from the 
carboxylic acid arms. The macrocyclic DOTA 
also forms octadentate radiometal complex with 
four tertiary amine nitrogen donors and four oxy-
gens from carboxylic acid groups. For all triva-
lent metals (such as 47Sc, 90Y, 111In, 177Lu, and 
225Ac), the most popular BFC is DOTA or DOTA 
derivative  but, for actinides (225Ac and 227Th), 
Macropa, an 18-membered macrocyclic ligand, 
may be a better choice. Several chelating agents 
have been evaluated for different radiometals in 
order to match the most appropriate chelator to 
meet the demands of specific metal chemistry 
[51, 52].

Non-specific Conjugation
Lysine-based conjugation of BFCs to mAb is one 
of the most widely used non-specific conjugation 
strategies since it does not require any form of 
antibody engineering or modification and several 
BFCs can be conjugated to mAb to increase spe-
cific activity. A typical IgG1 mAb consists around 
80 lysine amino acids out of which 30 are solvent 
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accessible (on both FC and Fab segments) and 
available for random conjugation to BFCs. After 
activation of the ε-amino groups of lysine resi-
dues at alkaline pH  9.0, lysine residues can be 
conjugated to BFCs containing reactive electro-
philic groups such as activated esters (such as 
N-hydroxysuccinimide ester), anhydrides, iso-
thiocyanate (SCN), and isocyanate [49].

Cysteine residues consist of highly reactive 
thiol side chains that form inter- or intra- 
molecular disulfide bonds to enable correct pro-
tein folding. Thiol reactivity provides another 
strategy for non-specific conjugating of BFCs to 
antibodies. A full IgG molecule contains 16 cys-
teine pairs, forming 12 intra- and 4  inter-chain 
disulfide bonds. Only the four inter-chain disul-
fide bonds in the mAb hinge region are solvent 
exposed and available for conjugation. However, 
reduction of the disulfide bonds to generate reac-
tive thiol groups is necessary for conjugation. 
Partial reduction with either dithiothreitol (DTT) 
or tris(2-carboxyethyl) phosphine (TCEP) results 
in the disruption of the heavy–light inter-chain 
disulfides to release free thiol groups for subse-
quent reaction with maleimide groups in the 

BFCs. The major disadvantage of this strategy 
based on succinimidyl thioether linkage is that 
the in vivo stability of the radioimmunoconjugate 
is sub-optimal for RIT studies [42]. To improve 
the in vivo stability of cysteine conjugated anti-
bodies, a new thiol reactive reagent phenyloxa-
diazolyl methylsulfone (PODS) was developed. 
Based on PODS,  two BFCs were made synthe-
sized; PODS-CHX-A”-DTPA (for 177Lu labeling) 
and PODS-DFO (for 89Zr labeling). 
Radioimmunoconjugates created using these 
novel bifunctional chelators displayed higher 
in  vitro stability than their maleimide-derived 
cousins. More importantly, PET imaging in 
murine models of cancer revealed that 89Zr-PODS- 
radioimmunoconjugate produced significantly 
lower uptake in non-target tissues than its analo-
gous maleimide-based counterpart [53].

Site-Specific Conjugation
The main reason to use site-specific conjugation 
is to avoid conjugation of BFCs to the antigen 
binding region of the antibody, to produce uni-
form attachment of chelators across different 
batches of conjugations, and to prevent the loss 
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of immunoreactivity. Recent advances in biocon-
jugation technology have optimized the methods 
to prepare site-specific conjugation of BFCs to 
antibodies.

The cysteine amino acid residues can be engi-
neered into mAbs or their fragments at specific 
sites (on the heavy chain of constant Fab) leaving 
the native sulfhydryl groups intact. This approach 
is potentially useful with antibody fragments 
which have less bioconjugation sites compared to 
whole mAb molecules.

Since the carbohydrate moiety (glycan) is 
located on an antibody molecule at the con-
served N297 residue at the hinge region of the 
Fc domain, glycan conjugation could be an 
appropriate strategy for site-specific labeling 
with radiometals. This method, however, is not 
suitable for antibody fragments that do not 
have glycans or for whole IgG antibody for 
which FC receptor binding is essential for tar-
geting. The FDA-approved 111In-labeled anti-
body imaging agents, (OncoScint® and 
ProstaScint®) were based on glycan modifica-
tion method.

Antibody glycans usually contain vicinal 
diol moieties that can be oxidatively cleaved to 
yield aldehydes using sodium periodate (NaIO4) 
as an oxidation reagent. The reactive aldehyde 
groups can be subsequently conjugated with 
amines, hydrazines, hydroxylamines, or pri-
mary amine functionalized molecules [49]. The 
glycan oxidation conditions, however, can be 
harsh and may lead to inadvertent oxidation of 
methionine residues in the antibody and 
decrease the plasma clearance rate of labeled 
antibodies. An enzymatic modification of gly-
cans is a better alternative to chemical modifica-
tion of glycans [54]. The method uses two 
enzymes; first the terminal galactose residues 
are removed using β-1-4- galactosidase and then 
a modified galactose reactive group (such as 
azide) is inserted  at this site using β-1,4-
galactosyltransferase. 89Zr-DFO- mAbs prepared 
based on glycan enzymatic modification method 
showed increased tumor uptake in preclinical 
studies compared to 89Zr-DFO labeled antibod-
ies prepared based on non- specific labeling 
methods [55–57].

19.6  Radioimmunotherapy (RIT)

RIT exploits the immune protein (mAb or anti-
body fragments) as a carrier for therapeutic 
radionuclides to its natural target or antigen- 
binding site on the tumor cell or within the tumor 
microenvironment. RIT represents a selective 
internal radiation-targeted therapy and, unlike 
external beam radiation therapy, RIT can attack 
not only the primary tumor but also micrometa-
static lesions, residual tumor margins after surgi-
cal resection, tumors in the circulating blood, 
including hematologic malignancy, and malig-
nancies that present as free-floating cells. The 
goal of RIT is to safely deliver a high-radiation 
dose to a tumor. Radiosensitive tumors such as 
lymphoma may have complete responses with 
radiation doses in the range of 1500–2000 cGy, 
while solid tumors typically require 3500–
10,000 cGy for a meaningful response. Normal 
tissue radiosensitivity also varies from the bone 
marrow (typically >150 cGy) to the lung and kid-
ney (1500–2000 cGy). The principle of targeted 
RIT is based on the selective and specific target-
ing of tumors relative to normal tissues, creating 
a therapeutic index (TI). Generally, the organs at 
risk for toxicity include the bone marrow, kidney, 
lungs, and colonic mucosa. The goal of the TI is 
to increase the ratio of the absorbed radiation 
dose to the tumor compared to normal tissue. 
Typically, the TI should be >10 for tumor/kidney 
and >50 for tumor/bone marrow [24].

The maximum tolerated activity/dose (The 
MTA or MTD) has also been described as the 
maximum administered dose, MBq or mCi/kg or 
m2 of the RIT agent. MTD determination is criti-
cal to identify an optimum single dose to estab-
lish dosing schemes at or below the MTD 
threshold. It is important to note that it may be 
necessary to alter the PK of the RIT agent (by 
dose fractionation) to optimize the drug’s effi-
cacy, safety, and tolerability, and achieve the 
desired therapeutic effect while minimizing tox-
icities. Following the administration of radiola-
beled mAb, clinically applicable parameters are 
monitored periodically. These tests include mark-
ers of liver function, kidney function, and extent 
of bone marrow suppression.
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19.6.1  Direct and Indirect RIT 
Strategies

Although RIT has been investigated for the last 
50  years, advances in the last decade in cancer 
biology, antibody engineering, and radiochemistry 
have enhanced the ability of RIT to play a major 
role in cancer-targeted immunotherapy. Two dif-
ferent strategies can be used in RIT. The “direct 
method” requires first the preparation of therapeu-
tic radiopharmaceutical with optimal radiochemi-
cal purity and immunoreactivity prior to the 
administration into a patient. Subsequently, the 
direct method also requires a single-step adminis-
tration of radioimmunoconjugate to patients. The 
therapeutic radiolabeled antibody is administered 
to the patients via different routes, i.e., intravenous 
injection, intra-peritoneally, or loco-regional (arte-
rial or direct intra-tumoral) injection. Selection of 
an appropriate radionuclide and targeting vector 
are essential. The success of the  direct method 
depends on achieving the optimal TI with minimal 
toxicity to normal organs and tissues. The two 
FDA approved RIT radiopharmaceuticals 
(Zevalin® and Bexaar®) and many of the ongoing 
clinical trials are based on this direct method.

In the “indirect method (also known as pretar-
geted RIT or PRIT),” directly radiolabeled mAbs 
are not used; that is, the antibody molecule and 
the radiolabeled effector molecule (therapeutic 
radiopharmaceutical) are administered sepa-
rately, and they will be conjugated in vivo. This 
technique can achieve high TI and/or therapeutic 
efficacy. PRIT was developed in the 1980s to 
avoid the issues associated with the prolonged 
residence times of radiolabeled mAbs  in 
the circulation.

19.7  RIT: Clinical Applications

Radiolabeled mAbs have been under clinical 
investigation as therapeutic radiopharmaceuticals 
for more than three decades. However, drugs for 
RIT of hematologic malignancy  were only 
approved 20  years ago (Table 20.3). No other 
radiolabeled mAbs have been approved to treat 
solid tumors. A recent review of the literature on 

RIT provides a summary of the developments 
and 92 clinical trials conducted in the last 
10 years [58]. The majority of the clinical studies 
(67%) concerned RIT of non-solid tumors. 
Radiolabeled antibodies under clinical develop-
ment are summarized in the (Table 19.5). 

19.7.1  Hematological Malignancies

Hematological malignancies are generally divided 
by whether the malignancy is mainly located in the 
blood (leukemia) or in lymph nodes (lymphomas), 
and these malignancies may derive from either of 
the two major blood lineages: myeloid and lym-
phoid cell lines. The myeloid cell line normally 
produces granulocytes, erythrocytes, thrombo-
cytes, macrophages, and mast cells; the lymphoid 
cell line produces B, T, NK, and plasma cells. 
Lymphomas, lymphocytic leukemias, and 
myeloma are from the lymphoid line, while acute 
and chronic myelogenous leukemia (AML, CML), 
myelodysplastic syndromes and myeloprolifera-
tive diseases are myeloid in origin. Since the 1980s, 
hematological and lymphoid malignancies have 
dominated the development of radioimmunoconju-
gates for RIT studies for several reasons [24]:

• Leukemias and lymphomas are especially 
radiosensitive since the myeloid and lymphoid 
cells divide rapidly compared to cells of solid 
tumors.

• Several lineage-specific cell-surface differen-
tiation antigens (such as CD20, CD22, CD33, 
CD37, CD38, CD45) that were not expressed 
on other tissues have been identified.

• Several mAbs against the CD antigens (such 
as Rituximab, Ofatumumab, Obinutuzumab, 
Ofatumumab, Gemtuzumab, Daratumumab) 
were also FDA approved for naked 
immunotherapy.

• Human anti-mouse antibodies (HAMAs) are 
less likely to form in patients following admin-
istration of murine mAbs.

• Widespread availability of hematopoietic cell 
transplantation makes myeloablative RIT an 
attractive option to increase radiation dose to 
malignant cells.
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Table 19.5 Radiolabeled mAbs under clinical investigation for targeted therapy

Radiopharmaceutical Target Cancer type indicated
Route of 
administration

Clinical 
trial

177Lu-Lilotomab Satetraxetan 
(Betalutin)

CD37 Non-Hodgkin lymphoma (NHL), 
B-cell chronic lymphocytic 
leukemia (CLL), hairy-cell 
leukemia (HCL)

I.V. Phase 
I/II

227Th-epratuzumab (BAY 
1862864)

CD22 Relapsed/refractory NHL I.V. Phase 
I

131I-Apamistamab (BC8) 
(Iomab-B)

CD45 Advanced myeloid leukemia 
(AML)

I.V. Phase 
III

211At-BC8-B10 mAb CD45 Non-malignant diseases I.V. Phase 
I

225Ac-Lintuzumab CD33 Advanced myeloid leukemia 
(AML)

I.V.

211At-OKT10-B10 mAb CD38 Multiple myeloma I.V.
212Pb-376.96 BH-H3 Ovarian cancer Intra-peritoneal Phase 

I
131I-3F8 or 131I-8H9 GD2 Hi-risk and recurrent 

neuroblastoma
Intracerebro- 
ventricular 
injection

Phase 
II
62

177Lu-Omburtamab B7-H3 Hi-risk and recurrent 
neuroblastoma

Intracerebro- 
ventricular 
injection

Phase 
I/II

131I-Omburtamab B7-H3 Neuroblastoma CNS/
leptomeningeal metastases

Intracerebro- 
ventricular 
injection

Phase 
II/III

177Lu-DOTA-Panitumomab EGFR Solid tumors I.V.
177Lu-Certuximab EGFR Solid tumors I.V.
177Lu-DTPA-2RS15D 
minibody)

HER2 Solid tumors I.V.

177Lu-DTPA-Trastuzumomab HER2 Breast cancer I.V. Phase 
I

131I-Metuximab (Licartin®) Hab 18G/
CD137

Unresectable hepatocellular 
carcinoma

Hepatic 
intra-arterial 
injection

Phase 
IV

90Y-cT84.66 mAb CEA Liver metastasis in patients with 
colorectal carcinoma

Hepatic 
intra-arterial 
infusion

Phase 
I/II

211At-MX35 (Fab)2 NaPi2B Ovarian cancer I.V. Phase 
I

I.V.
177Lu-MVT1075 (5B1) CA19-9 Pancreatic cancer I.V. Phase 

I
90Y-DOTA-huJ591 PSMA Metastatic castration resistant 

prostate cancer (mCRPC)
I.V.

177Lu-DOTA-huJ591 PSMA mCRPC I.V. Phase 
I/II

225Ac-DOTA-huJ591 mCRPC I.V.
177Lu-huJ591 + docetaxel
(dose-fractionation study)

PSMA mCRPC I.V. Phase 
I

177Lu-huJ591 + ketoconazole + 
hydrocortisone

PSMA mCRPC I.V.

(continued)
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Table 19.5 (continued)

Radiopharmaceutical Target Cancer type indicated
Route of 
administration

Clinical 
trial

177Lu-DOTA-huJ591 PSMA Non-prostate solid tumors I.V. Phase 
I

177Lu-Rosopatamab (TLX591) PSMA mCRPC I.V. Phase 
I/II

227Th-BAY 2315497 PSMA mCRPC I.V. Phase 
I

177Lu-G250 Carbonic 
anhydrase

Advanced renal cancer I.V. Phase 
II

177Lu-Hu11B6 Kallekrein 2 
(hK2)

Prostate cancer I.V. Phase 
I

225Ac-JNJ69086420 Kallekrein 2 
(hK2)

Prostate cancer I.V. Phase 
I

90Y-OSTA101 DFZ10 Relapsed or refractory synovial 
sarcoma

I.V. Phase 
I

227Th-Anetumab (BAY2287411) Mesothelin Mesothelin positive cancer I.V. Phase 
I

131I-Anti-HER2 fragment 
CAM-H2

HER2 Advanced metastatic HER2 
positive breast, gastric and GEJ 
cancer

I.V. Phase 
I

227Th-BAY2701439 HER2 Advanced metastatic HER2+ 
breast, gastric and GEJ cancer

I.V. Phase 
I

225Ac-FPI-1434 IGFR1 Advanced solid cancers I.V. Phase 
I

90Y-FF-21101 p-cadherin P-Cadherin positive tumors I.V. Phase 
I

212Pb-TCMC-Trastuzumomab HER2 Ovarian cancer Intra-peritoneal Phase 
I

177Lu or 225Ac Miltuximab Glypican-1 
(GPC-1)

Solid tumors expressing 
Glypican-1 (GPC-1)

I.V. Phase 
I

19.7.1.1  Non-Hodgkin Lymphoma 
(NHL)

NHL is a group of blood cancers that includes all 
types of lymphomas in which the body produces 
too many lymphocytes. The specific characteris-
tic of Hodgkin lymphoma (HL) is that multinu-
cleated Reed-Sternberg cells (RS cells) are 
present in the patient’s lymph nodes. Diffuse 
large B-cell lymphoma (DLBCL) is the most 
aggressive type of NHL. This fast-growing lym-
phoma comes from abnormal B cells in the blood.

The mAbs that target specific antigens on B 
cells include anti-CD20 antibodies (Zevalin® and 
Bexxar®), anti-CD22 antibodies (LL2), and anti- 
HLA- DR10β (LYM-1). While several clinical 
investigations were performed with all these anti-
bodies, only Zevalin® and Bexxar® received FDA 

approval in 2002 and 2003 for the treatment of 
patients with CD20-positive, relapsed or refrac-
tory, low-grade, follicular, or transformed NHL, 
including patients with rituximab-refractory NHL.

111In- and 90Y-Labeled Zevalin
Zevalin (ibritumomab tiuxetan) is the immunocon-
jugate resulting from a stable thiourea covalent bond 
between the mAb ibritumomab and the linker- 
chelator tiuxetan. The approximate molecular 
weight of ibritumomab tiuxetan is 148,000 Da. The 
antibody moiety of Zevalin is ibritumomab, a murine 
IgGI kappa mAb directed against the CD20 antigen. 
Each single-use vial includes 3.2 mg of ibritumomab 
tiuxetan in 2 mL of 0.9% Sodium Chloride.

Two separate and distinctly labeled kits are 
required for preparation of 111In-Zevalin and 
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90Y-Zevalin. To prepare 111In-Zevalin, 111In 
Chloride sterile solution (5.5 mCi/0.5 mL) is first 
mixed with 50 mM sodium acetate buffer (0.6 mL) 
and the mixture is then added to 1 mL of Zevalin 
(1.6 mg) solution in the reaction vial. Incubate the 
reaction mixture at RT for 30 min. At the end of 
incubation, add the formulation buffer to make 
the final volume to 10 mL. Similarly, to prepare 
90Y-Zevalin, 90Y-chloride (40 mCi/0.5 mL) is first 
mixed with 50  mM sodium acetate buffer and 
then mixed with 1.3 mg of antibody (2.1 mg). At 
the end of 30 min incubation period, a formula-
tion buffer is added to the incubation mixture to 
make the final volume of 10 mL. The radiochemi-
cal purity by TLC method ≥95%. The specific 
activity of 90Y-Zevalin is around 20  mCi/mg of 
antibody.

131I-Bexxar
The BEXXAR® therapeutic regimen is composed 
of the mAb tositumomab and the radiolabeled 
mAb 131I-tositumomab. Tositumomab is a murine 
IgG2a-λ mAb directed against the CD20 antigen, 

produced in mammalian cells. The approximate 
molecular weight of tositumomab is 150 kD.

Tositumomab is supplied as a sterile, pyrogen- 
free, clear to opalescent, colorless to slightly yel-
low, preservative-free solution that must be 
diluted before intravenous administration. The 
formulation contains 100  mg/mL maltose, 
8.5  mg/mL sodium chloride, 1  mg/mL phos-
phate, 1 mg/mL potassium hydroxide, and water 
for injection, USP. The pH is approximately 7.2. 
Tositumomab is covalently linked to 131I, and is 
supplied as a sterile, clear, preservative-free liq-
uid. The drug product formulation contains 0.9–
1.3  mg/mL ascorbic acid, 1–2  mg/mL maltose 
(dosimetric dose) or 9–15 mg/mL maltose (thera-
peutic dose), 4.4–6.6% (w/v) povidone, and 8.5–
9.5 mg/mL sodium chloride. The pH of the drug 
product is approximately 7.0.

Clinical Studies
The protocols used for the administration of both 
Zevalin® and Bexxar® in eligible patients are 
summarized in Table  19.6. Both agents are 

Table 19.6 Zevalin and Bexxar: recommended dose and administration

Zevalin® Bexxar®

mAb Ibritumomab Tositumomab
Radiolabeled mAb 111In or 

90Y-Ibritumomab 
tiuxetan

131I-Tositumomab

Biodistribution/
Dosimetric dose (Day 
0)

Predosing: Rituximab, 
250 mg/m2

Followed by:
111In-Zevalin: 
185 MBq (5 mCi)

Predosing: Tositumomab 450 mg
Followed by:
131I-Tositumomab: 185 MBq (5 mCi)

Imaging study: At 
48–72 h

WB scan: At 1 h and days 3–4 and 6–7

Therapeutic dose Only if the 
biodistribution is 
normal

Determine residence time (RT), and estimate patient specific 
therapy dose

Predosing: Rituximab, 
250 mg/m2

Followed by:
90Y-Zevalin: 
1.184 MBq (32 mCi)
OR 14.8 MBq 
(0.4 mCi)/kg

Predosing: Tositumomab 450 mg
Followed by:
131I-Tositumomab dose estimated based on RT and 75 or 65 cGy 
whole body radiation dose. Therapy dose may be between 1.85 
and 5.55 GBq (50–150 mCi)

Therapy dose on days 
7–9

Therapy dose on days 8–14
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administered in two steps; first a Biodistribution 
imaging study (with 111In-Zevalin) or a dosimetry 
imaging study (with 131I-Bexxar) is performed. 
Subsequently, the therapy dose is administered. It 
is important for both agents to have predosing 
with cold anti-B1 antibody to saturate the non- 
tumor cell CD20 antigen burden to achieve 
tumor-specific targeting of the antibody [59, 60]. 
Both Zevalin® and Bexxar® were FDA approved 
as a single-injection therapeutic agents for RIT of 
NHL in non-myeloablative regimens where the 
total therapeutic dose is administered in a single 
dose.

Many publications reported dramatic efficacy 
of both these agents in patients with indolent 
B-cell lymphomas with ORR of 95% and CR 
rates of 75% in the frontline setting as a single 
agent and ORR rates of 60–80% and CR rates of 
20–40% in patients with relapsed or refractory 
indolent lymphomas. Many of these responses 
are durable with median remission durations 
exceeding 6 years after frontline therapy and with 
15–20% of relapsed/refractory patients enjoying 
remissions exceeding 5 years [59, 60]. In addi-
tion, several phase II and phase III studies in 
newly diagnosed patients receiving frontline 
therapy, either alone or as consolidation follow-
ing chemotherapy, have all demonstrated out-
standing efficacy with ORR of 90–100% and CR 
rates of 60–100% [61, 62].

Despite the safety and proven efficacy of these 
two FDA-approved agents, RIT in NHL patients 
has not been widely accepted by the medical 
community. The marketing of Bexxar® was dis-
continued in 2014 but, Zevalin® remains avail-
able in the United States, however, sales are poor.

177Lu-Lilotomab Satetraxetan (Betalutin)
Lilotomab is a murine mAb HH1 against CD37, 
a glycoprotein which is expressed on the surface 
of mature human B cells [63, 64]. As of 2016, it 
was under development by the Norwegian com-
pany Nordic Nanovector ASA.  In order to treat 
patients who received several cycles of ritux-
imab, targeting CD37 antigen was considered an 
improved approach to treat lymphoma. During 
B-cell development, CD37 is expressed in cells 
progressing from pre-B to peripheral mature 

B-cell stages and is absent on terminal differen-
tiation to plasma cells. CD37 internalizes but, has 
modest shedding in transformed B-cells express-
ing the antigen. Therefore, CD37 represents a 
valuable therapeutic target for malignancies 
derived from peripheral mature B-cells, such as 
B-cell chronic lymphocytic leukemia (CLL), 
hairy-cell leukemia (HCL), and NHL [63, 65].

Lilotomab is conjugated to 177Lu by means of 
a linker called satetraxetan, a derivative of 
DOTA.  Preclinical studies demonstrated that 
177Lu-lilotomab has the potential to reverse ritux-
imab resistance; it can increase rituximab bind-
ing and ADCC activity in  vitro and can 
synergistically improve antitumor efficacy 
in  vivo [65]. In  2016, a phase 1/2 clinical trial 
was performed in patients (n = 74) with indolent 
NHL, including patients with follicular lym-
phoma who failed initial anti-CD20–based 
immunochemotherapy or developed relapsed or 
refractory disease. To improve targeting of 
177Lu-lilotomab to tumor tissue and decrease 
hematologic toxicity, its administration was pre-
ceded by the rituximab and the “cold” anti-CD37 
antibody lilotomab. Patients received a single 
dose of 177Lu-Lilotomab (15–20 MBq/kg). With a 
single administration, the overall response rate 
was 61% (65% in patients with FL), including 
30% complete responses. The overall median 
duration of response was 13.6  months 
(32.0  months for patients with a complete 
response). The study concluded that 
177Lu-lilotomab may provide a valuable alterna-
tive treatment approach in relapsed/refractory 
non-Hodgkin’s lymphoma, particularly in 
patients with comorbidities unsuitable for more 
intensive approaches. In June of 2020, the FDA 
granted Fast Track designation to 177Lu-lilotomab 
(Betalutin).

227Th-Epratuzumab mAb
227Th-Epratuzumab, anti-CD22-TTC mAb 
(Bayer) BAY 1862864 is an α-particle emitting 
227Th-labeled CD22-targeting antibody. CD22 
belongs to the B cell-specific immunoglobulin 
superfamily and is expressed on the vast majority 
of R/R-NHL but, is absent on the surface of stem 
cells, B cell progenitors, and plasma cells [66]. 
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The validity of the CD22-targeting approach has 
been shown previously in phase III studies of the 
recombinant anti-CD22 immunotoxin, moxetu-
momab pasudotox, in patients with CD22- 
positive hairy cell leukemia and 90Y-epratuzumab 
(anti-CD22 antibody) tetraxetan in patients with 
NHL [67]. The 227Th-epratuzumab conjugate is 
composed of an anti-CD22 humanized mAb 
(epratuzumab; Immunomedics, Inc., NJ) conju-
gated to the 3,2-HOPO chelator at a chelator- 
antibody ratio of 0.8 and then labeled with 
thorium-227 at a nearly 100% yield.

A first-in-human dose-escalation phase I study 
evaluated 227Th-Epratuzumab in patients (n = 21) 
with CD22-positive relapsed/refractory B cell 
non-Hodgkin’s lymphoma (R/R-NHL) [68]. The 
starting dose of 1.5 MBq (2 or 10 mg antibody) 
and the dose was then  escalated in ∼1.5  MBq 
increments (10 mg antibody) until the MTD was 
reported. However, MTD was not reached in this 
study but, two hematological-related DLTs at 
4.5 MBq dose level were reported. The ORR was 
25% including one complete and four partial 
responses. The ORR was 11% (1/9) and 30% 
(3/10) in patients with relapsed high- and low- 
grade lymphomas, respectively.

19.7.1.2  Leukemias
Acute myeloid leukemia (AML) is a hemato-
logic malignancy characterized by an uncon-
trolled proliferation of abnormal myeloid blasts 
unable to differentiate into healthy mature cells. 
AML starts in the bone marrow but, most often, 
it quickly moves into the blood, as well. It may 
even spread to lymph nodes, liver, and spleen. 
The standard of care treatment in AML is che-
motherapy, followed by bone marrow transplant 
(BMT), also referred to as a hematopoietic stem 
cell transplant (HSCT). Prior to BMT, the non- 
targeted intensive chemotherapy conditioning 
that is the current standard of care is not well 
tolerated by most older patients. Although allo-
geneic HCT can offer the best and sometimes the 
only, chance for cure, the conditioning regimen 
often fails to eradicate the target malignancy or 
is associated with fatal toxicities. It is therefore 
important to develop new approaches to improve 
control for diseases such as AML, acute lympho-

blastic leukemia (ALL), and high-risk myelo-
dysplastic syndrome (MDS) while limiting the 
toxicity of the conditioning regimen for patients 
undergoing HCT. Unlike normal cells, myeloid 
cells are characterized by the expression of 
CD45, a protein tyrosine phosphatase, and CD33 
antigen, a sialic acid transmembrane receptor, 
both involved in modulation of immune cell 
functions [69]. Anti-CD45 mAb (BC8) and anti-
 CD33 mAb (M195), labeled with β- and 
α-emitting radionuclides, are being developed 
for RIT in order to deliver high doses of radia-
tion directly to bone marrow, spleen, and other 
affected disease sites, while sparing other organs.

131I-Apamistamab (Iomab-B™)
Iomab-B is a radioimmunoconjugate consisting 
of anti-CD45 mAb BC8, a murine IgG1 labeled 
with 131I radionuclide. Iomab-B was first devel-
oped at the Fred Hutchinson Cancer Research 
Center, where it has been studied in several 
Phase I and II trials in almost 300 patients with 
leukemias and lymphomas [70]. Iomab-B has 
been granted Orphan Drug Designation for 
relapsed or refractory AML in patients 55 years 
and above by the US FDA and the European 
Medicines Agency.

Iomab-B in 2021  completed recruitment for 
the pivotal Phase 3 SIERRA (Study of Iomab-B 
in Relapsed or Refractory AML) trial, a random-
ized controlled clinical trial in 150 patients 
(≥55  years). The SIERRA trial is being con-
ducted (by Actinium Pharmaceutical Inc.) in the 
USA with the primary endpoint of durable 
Complete Remission (dCR) at 6  months and a 
secondary endpoint of overall survival at 1 year. 
Each patient will have a dosimetric study with 
185 MBq (5 mCi) of Iomab-B and followed by a 
therapeutic dose of (20–40  GBq) a week later. 
Upon approval, Iomab-B is intended to prepare 
and condition patients for a BMT.  Based on 
safety data from 113 patients, representing 75% 
of patient enrollment on the SIERRA trial, it was 
recently reported that Iomab-B has enabled 100% 
of patients receiving a therapeutic dose (88/113) 
to proceed to BMT compared to 18% of patients 
receiving physician’s choice of salvage therapy 
on the control arm [71].
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211At-BC8-B10 mAb
211At, an α-emitter, is being investigated with 
anti-CD45 mAb as a lower-toxicity alternative to 
131I based anti-CD45 mAb RIT for bone marrow 
ablation in preparation for BMT. 211At-BC8-B10 
was developed for targeting CD45, a tyrosine 
phosphatase protein expressed at the surface of 
leukemia blast cell. A cGMP procedure and qual-
ity controls were developed for the preparation of 
astatinated anti-CD45 mAb for clinical trials 
[47]. Recruitment of patients is in progress for 
Phase I/II studies to determine potential side 
effects as well as the most efficient dose 
(NCT03128034). Another investigation of 
211At-BC8-B10 for the treatment of non- 
malignant diseases should start the recruiting 
phase soon (NCT04083183).

225Ac-Lintuzumab (Actimab-A)
Lintuzumab (or HuM195) is a humanized mAb 
for targeting CD33 with high affinity and with-
out specific immunogenicity. Lintuzumab also 
induces antibody-dependent cell-mediated cyto-
toxicity and can fix human complement in vitro 
[72]. Historically, 213Bi was the first α-emitter to 
reach clinical phase with 213Bi-lintuzumab for 
treatment of AML.  Phase I/II studies demon-
strated the safety and potential clinical utility of 
targeted alpha therapy in AML [73]. A phase I/II 
complementary study demonstrated that sequen-
tial administration of cytarabine before treat-
ment with 213Bi-lintuzumab injected doses 
(18.5–46.25  MBq/kg) could induce complete 
remission in some patients. These results are 
attributed to the cytarabine that reduces tumor 
volume, improving the impact of radiations of 
213Bi-lintuzumab [72].

The dose-escalation studies with 
225Ac-Lintuzumab in patients with AML estab-
lished that the MTD was 111 kBq/kg [74]. From 
these first results, investigations were pursued in 
a phase II trial in patients with untreated AML 
who were treated with two administrations of 55 
or 74  kBq/kg [75]. A  phase I dose-escalation 
study was also performed using fractionated 
doses of 225Ac-lintuzumab in combination with 
low-dose cytarabine (a chemotherapy agent for 
inhibition of cell proliferation by interaction 

with DNA) [76] or associated with venetoclax, a 
BCL-2 inhibitor inducing cells apoptosis [77].

211At-OKT10-B10 mAb
The majority of patients with multiple myeloma 
(MM) ultimately die of progressive disease 
despite high rates of initial response to novel 
agents. While complete response (CR) is achiev-
able in a significant subset of patients, most of 
these individuals relapse as a consequence of 
minimal residual disease (MRD) defined by 
occult foci of treatment insensitive tumor cells 
clones. High dose chemotherapy followed by 
autologous stem cell transplantation (ASCT) 
improves response but, relapse remains virtually 
inevitable. Daratumumab is an anti-CD38 
directed monoclonal antibody approved for the 
treatment of multiple myeloma (MM) and func-
tions primarily via Fc-mediated effector mecha-
nisms, such as complement-dependent 
cytotoxicity (CDC), antibody-dependent cell 
cytotoxicity (ADCC), antibody-dependent cellu-
lar phagocytosis, and T-cell activation.

OKT10 is a mouse Anti-CD38 recombinant 
Antibody (clone OKT10). 211At-OKT10-B10 is a 
radiolabeled immunoconjugate. Two phase I tri-
als were reported for multiple myeloma. The 
clinical studies will be evaluated in combination 
with chemotherapeutic agents such as melphalan 
(NCT04466475) or cyclophosphamide/fludara-
bine (NCT04579523).

19.7.2  Solid Tumors

As previously  mentioned, there are several anti-
genic targets for RIT of solid tumors. However, 
solid tumors are more resistant to radiation and 
less accessible to large molecules, such as antibod-
ies. As a result, RIT of solid tumors has not pro-
vided the clinical impact observed with RIT in 
hematological malignancies [58]. Radiolabeled 
antibodies must overcome a number of barriers 
before they can effectively irradiate solid tumor 
targets [78]. They must extravasate and diffuse 
across an interstitial fluid space that is character-
ized by pressure gradients opposing macromolec-
ular transport, and penetrate throughout 
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antigen-positive tumors, wherein a high antigen 
concentration itself presents a binding-site barrier. 
These barriers, along with the long circulation 
half-life of antibodies, lead to high bone marrow 
absorbed doses and insufficient dose delivery to 
tumors. Greater absorbed dose is required to effec-
tively treat solid cancers. The hematological 
malignancies tend to be more radio-sensitive than 
solid tumors, with complete responses possible 
with radiation doses in the range of 1500–
2000 cGy, as compared with the 3500–10,000 cGy 
required to demonstrate a clinical response in solid 
tumors [79].

Radiolabeled full-length antibodies remain in 
circulation for a longer time period (several days) 
compared to peptides. While the long half-life is 
beneficial in maintaining high serum concentra-
tions of the radiolabeled antibody to allow maxi-
mum tumor targeting, it also exposes the bone 
marrow to prolonged exposure to the radioiso-
tope. As a result, bone marrow suppression is 
almost exclusively the dose-limiting toxicity 
(DLT) for full-length antibodies in the treatment 
of solid tumors. Low therapeutic index remains a 
key problem for directly radiolabeled radioim-
munoconjugates, especially in the treatment of 
macroscopic solid tumors. To reach significant 
antitumor efficacy, injected activities of radiola-
beled antibodies must be close to toxic doses. 
However, some RIT approaches (such as dose- 
fractionation and pre-targeting) have shown 
promising results in specific clinical settings, 
especially for small-volume tumors disseminated 
to bone marrow or at an early minimal residual 
disease stage.

Table 19.5 shows radiolabeled mAbs under 
clinical investigation for RIT of hematological 
malignancies and solid tumors. In 2017, the FDA 
granted breakthrough designation to Omburtamab 
for metastatic neuroblastoma. The FDA approved 
131I-8H9 radioimmunoconjugate (anti-B7-H3; 
burtomab/omburtamab) for pediatric neuroblas-
toma patients with CNS metastasis and many 
other ongoing late-phase trials with this radioim-
munoconjugate using the strategy of intracom-
partmental delivery of antibody [25]. Among the 
other solid tumors, TRT of prostate cancer is one 
of the most well-studied areas of investigation 

following the discovery of prostate-specific 
membrane antigen (PSMA). Since many RIT 
clinical studies were performed with anti-PSMA 
mAbs in the last 20 years, a more detailed sum-
mary of clinical data is discussed below.

19.7.2.1  Prostate Cancer
In 1987, prostate-specific membrane antigen 
(PSMA) was discovered as a novel antigenic 
marker in prostate cancer cells and in the serum 
of prostate cancer patients [80]. PSMA, is also 
known as glutamate carboxypeptidase II (GCPII), 
N-acetyl-l-aspartyl-l-glutamate peptidase I 
(NAALADase I) or N-acetyl-aspartyl-glutamate 
(NAAG) peptidase, and  is an enzyme that is 
encoded by the folate hydrolase (FOLH1) gene 
in humans [81]. PSMA/GCPII plays separate 
roles and in different tissues, such as the prostate, 
kidney, small intestine, central and peripheral 
nervous system and, thus, is recognized by differ-
ent names. In the last two decades, PSMA has 
emerged as the pre-eminent prostate cancer target 
for developing both diagnostic and therapeutic 
agents in prostate cancer [82].

In 1997, Bander and his colleagues at Weill 
Cornell Medicine in New York reported the devel-
opment of four mAbs (J591, J415, J533, and E99) 
to the extracellular domain of PSMA and demon-
strated antibody induced internalization of PSMA 
(Chap. 22, Fig. 22.6) [83, 84]. Based on preclini-
cal studies, J591 mAb was selected for the devel-
opment of targeted radiopharmaceuticals for 
imaging and therapy [85–87]. Saturation-binding 
studies demonstrated that J591 mAb binds to 
PSMA with extremely high affinity 
(Kd = 1.83 ± 1.21 nM). The bifunctional DOTA 
chelator was conjugated to humanized J591 mAb. 
The DOTA-J591 mAb (5–6  DOTAs/IgG) was 
labeled with 111In or 89Zr for imaging studies and 
90Y, 177Lu, or 225Ac for RIT.

RIT with 177Lu-DOTA-huJ591 mAb
The clinical trials with 90Y or 177Lu labeled 
huJ591 mAbs started 20  years ago at Weill 
Cornell Medicine in New York. Two independent 
RIT phase I trials have been performed 
using 111In/90Y- or 177Lu-labeled DOTA-huJ591 in 
patients with mCRPC [88–91]. All patients 
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received a total of 20 mg of J591 mAb containing 
both, radiolabeled DOTA-J591 and naked J591 
mAb. These trials defined the maximum tolerated 
dose (MTD), dosimetry, pharmacokinetics, and 
human anti-humanized antibody (HAHA) 
response, and demonstrated preliminary evidence 
of anti-tumor activity. With 90Y, 0.647  GBq/m2 
the  dose level was determined to be the 
MTD.  With 177Lu, 2.59  GBq/m2 the  dose level 
was determined to be the MTD. 177Lu was chosen 
for further development based upon its physical 
properties, especially since the low energy beta 
particles deliver a lower radiation dose to bone 
marrow relative to the higher energy beta parti-
cles from 90Y [92–94].

In a dual-center phase II study, two cohorts of 
patients (total n  =  47) with progressive mCRP 
received one dose of 177Lu-J591 (2.405 GBq/m2, 
or 2.59 GBq/m2). Sites of prostate cancer metas-
tases were targeted in 94% of patients as deter-
mined by planar imaging. All patients experienced 
reversible hematologic toxicity with grade 4 
thrombocytopenia occurring in 47% of patients. 
Patients (n = 32) who received a single dose of 
2.59 GBq/m2 had >30% PSA decline in 47% of 
patients and longer survival of 21.8 months [95, 
96]. The safety and efficacy data of the phase II 
study are summarized in Table 19.7.

Dose-fractionation is a practical strategy to 
decrease the dose to bone marrow while increas-
ing the cumulative radiation dose to the tumor at 
an optimal dose-rate [92–94]. In a phase I/II clin-
ical study with a phase I dose-escalation compo-
nent followed by phase IIa, dosing was performed 
using two dosing cohorts selected for exploration 

(2.96 GBq and 3.33 GBq/m2 total dose divided 
into two doses 2 weeks apart). As demonstrated 
before, there appeared to be a dose-dependent 
response for PSA decline and overall survival. At 
the highest cumulative dose (3.33 GBQ/m2), 35% 
of patients had reversible grade 4 neutropenia, 
and 58.8% of patients had thrombocytopenia. 
This dose showed a greater PSA decline with a 
median survival of 3.5 years [97, 98]. The safety 
and efficacy data are given in Table 19.7. In addi-
tion, those with lower PSMA uptake on 177Lu 
SPECT had a lower likelihood of significant PSA 
decline.

In order to evaluate the value of combination 
therapy, a phase 1 clinical study tested the thera-
peutic value of the combination of docetaxel che-
motherapy with fractionated-dose 177Lu-J591 
mAb therapy [99]. In a pilot study, 15 patients 
with mCRPC received standard docetaxel 
(75  mg/m2) in 21-day  cycles, with cohorts of 
escalating fractionated doses of 177Lu-J591 dur-
ing cycle 3 (highest planned total dose 80 mCi/
m2). This study demonstrated safety of the com-
bination with early evidence of activity, with 
73% achieving >50% PSA decline. Toxicities 
were comparable to prior 177Lu-J591 studies [99]. 
Although 2-dose fractionation appears attractive 
alone or with docetaxel, a pilot study explored 
the value of “hyper-fractionated” 177Lu-J591, in 
which low dose 177Lu-J591 (25  mCi/m2) was 
administered every 2  weeks until greater than 
grade 2 toxicity emerged [100]. As designed, 
dosing was limited by myelosuppression (espe-
cially thrombocytopenia) but, the regimen did 
not appear more favorable than 2-dose fraction-

Table 19.7 RIT with 177Lu-huJ591 safety and efficacy studies: PSA decline and toxicity

Response
Single dose Cumulative dose given in two doses
2.405 GBq/m2 2.59 GBq/m2 1.48–2.59 GBq/m2 2.96 GBq/m2 3.33 GBq/m2

Number of patients (n) 15 32 16 16 17
Any PSA decline (%) 46.7 65.6 37.5 50.0 87.5
>30% PSA decline (%) 13.3 46.9 12.5 25.0 58.8
>50% PSA decline (%) 6.7 12.5 6.3 12.5 29.4
Median survival (months) 11.9 21.8 14.6 19.6 42.3
Platelets Grade-4 27.0 56.3 20.0 43.8 58.8
Platelet transfusion 7.0 41.0 0.0 31.3 52.9
Neutropenia Grade-4 0.0 37.5 0.0 31.3 29.4
Febrile neutropenia 0.0 2.1 0.0 0.0 5.8
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Fig. 19.9 225Ac-J591 mAb targeted therapy in a patient 
with mCRPC. The patient had prior treatment with two 
cycles of 177Lu-PSMA-617 and when the disease was pro-
gressive received 4 MBq of 225Ac-J591. 68Ga-PSMA-PET 

scans before and after treatment show evidence of treat-
ment response. The patient also had 86% decline in PSA 
level. (Images provided by Dr. Tagawa at Weill Cornell 
Medicine, NY)

ation and is also less convenient for patients. 
Therefore, this  regimen is not being further 
explored.

RIT with 225Ac-DOTA-huJ591 mAb
Twenty years ago, 213Bi-J591 was proposed as a 
radiopharmaceutical for α-particle therapy of 
prostate cancer [101]. While 213Bi demonstrated 
promising efficacy in the preclinical setting, it is 
not an appropriate radionuclide for whole IgG 
mAb with a longer circulation time. An alterna-
tive to 213Bi was to utilize its parent nuclide, 
225Ac, which has a 10-day half-life and 5 net 
α-particles and 3 beta particles per decay. Also, 
as a trivalent metal, 225Ac binds to the same 
DOTA chelator like 177Lu.

Based on human biodistribution data and 
assuming RBE for alpha emitters is 5, the radia-
tion dosimetry calculations suggested that admin-
istration of 6.06  MBq (164  μCi) of 225Ac-J591 
mAb may deliver ~2.0 Gy to the bone marrow. A 
phase I dose escalation study was designed to 
determine the dose-limiting toxicity (DLT) and 
the maximum tolerated dose (MTD) of 225Ac- 
J591 in a single dose regimen [102, 103]. Patients 
received doses starting from 13.3  kBq/kg to a 
maximum of 93.3 kBq/kg (for an average person 
of 75  kg, the maximum dose administered is 
7  MBq). Thirty-two patients with progressive 

mCRPC were treated with 225Ac-J591 in this pro-
tocol. In the dose-escalation phase of the study, 
there was one patient who had grade 4 thrombo-
cytopenia and anemia. However, there was no 
MTD and the recommended phase 2 dose of the 
compound is 93.3  kBq/kg. Overall, 68.8% of 
patients had at least some level of PSA decline 
and 43.8% had a PSA decline of over 50%. The 
median biochemical progression-free survival in 
the entire population was 5.1  months and the 
median overall survival was 11.1 months. There 
were no cases of severe xerostomia. The study 
concluded that PSMA targeting with 225Ac-J591 
mAb is tolerable with early evidence of clinical 
activity (Fig.  19.9) in a pre-treated population 
with favorable patient-reported outcomes. 
Studies administering multiple or subsequent 
doses and/or combination therapy are underway.

19.8  Strategies to Increase 
the Therapeutic Efficacy 
of RIT

19.8.1  Dose Fractionation

The antitumor response of low dose rate radio-
therapy is primarily due to induction of apoptosis 
by radiation [104, 105]. However, the degree of 
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antitumor response following the administration 
of radiolabeled mAbs depends on several vari-
ables, especially total (cumulative) radiation dose 
to the tumor, dose rate, and tumor radiosensitivity. 
Bone marrow is the dose-limiting organ in radio-
immunotherapy in the absence of marrow recon-
stitution. Dose fractionation or multiple dosing is 
a practical strategy to decrease the dose to 
the bone marrow while increasing the cumulative 
radiation dose to the tumor at an optimal dose rate 
[106–108]. Preclinical data and clinical studies 
have shown that dose fractionation or multiple 
low dose treatments can decrease toxicity while 
increasing the efficacy [92–94, 109–111].

In Sect. 19.7.2.1, it was shown that a dose 
fractionation study was performed with 
177Lu-DOTA-huJ591  mAb using two dosing 
cohorts selected for exploration (2.96  GBq and 
3.33  GBq/m2 total dose divided into two doses 
2  weeks apart). There was a dose-dependent 
response for PSA decline and overall survival. At 
the highest cumulative dose (3.33 GBQ/m2), 35% 
of patients had reversible grade 4 neutropenia, 
and 58.8% of patients had thrombocytopenia. 
This dose showed a greater PSA decline with a 
median survival of 3.5 years [97, 98]. The cumu-
lative radioactive dose with dose-fractionation 
strategy was ~20% higher compared to single 
dose RIT protocol.

19.8.2  Pretargeted RIT (PRIT)

As discussed earlier, PRIT is an indirect method 
and basically consists of three steps. In step 1, 
the targeting vector (antibody or antibody deriv-
ative) designed to bind both the target antigen 
and a radiolabeled small molecule is injected. In 
step 2A, the targeting vector is allowed to dis-
tribute for several days to achieve maximum 
tumor- specific binding and optimal clearance 
from circulation. Certain PRIT protocols may 
include an extra step (step 2B), in which a clear-
ing agent is introduced to remove the unbound 
targeting vector from the circulation. In step 3, a 
complementary radiolabeled small molecule is 
administered, which will bind rapidly to the 
vector already bound to the tumor antigen. The 

radioimmunoconjugate is formed in vivo at the 
tumor site and the free radiolabeled small mol-
ecule in blood will be excreted rapidly from the 
body. The  PRIT method provides low back-
ground radioactivity and high TI and/or thera-
peutic efficacy. In the 1980s, it was originally 
postulated that Bs-mAb could be prepared with 
one arm binding selectively to a tumor, while 
the other arm would be derived from an anti-
chelate antibody. Hapten is a small molecule 
that, when attached to a larger carrier protein, 
can elicit the production of antibodies that bind 
specifically to it. Originally, the indium-benzyl-
EDTA complex was used as a hapten and 
Bs-Abs binding carcinoembryonic antigen 
(CEA), and the hapten were used for imaging 
tumors [112]. Biotin, which binds very tightly 
to avidin or streptavidin, was also proposed. The 
historical development of the PRIT method was 
extensively discussed in several reviews [113–
116]. Several pretargeting methods developed in 
the last three decades have been described as 
follows:

 (a) The streptavidin/avidin–biotin system is 
based on the strongest noncovalent biologi-
cal interaction known between biotin (also 
known as vitamin B7) and avidin or 
streptavidin.

 (b) Bs-Abs with one arm directed against the 
tumor antigen and one against a radiola-
beled hapten (a small molecule that when 
attached to a larger carrier protein, can elicit 
the production of antibodies), such as 
indium-DTPA and histidine- succinyl- 
glycine (HSG) peptide).

 (c) Enhanced affinity system: Bivalent hapten is 
used so that two Bs-Abs could be crosslinked 
at the cell surface resulting in enhanced 
affinity.

 (d) Pretargeting method based on the hybridiza-
tion of an oligonucleotide conjugated to an 
antibody and a radiolabeled complementary 
oligonucleotide. Since morpholine back-
bones are used, the method is also known as 
MORF/cMORF pretargeting).

 (e) Bio-orthogonal click chemistry can also be an 
effective strategy because it exploits pairs of 
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functional groups that rapidly, selectively, and 
covalently bind in biological systems. One of 
the proposed click chemistry techniques is the 
inverse electron demand Diels–Alder 
(IEDDA) cycloaddition of trans-cyclooctene 
(TCO) and tetrazine (Tz) [72].

Preclinical studies have  clearly documented 
the potential advantages of pretargeting strategies 
for both imaging studies and RIT. However, these 
methods require careful optimization, (a) for the 
design of the appropriate pretargeting reagents 
(such as Bs-Ab immunoconjugates specific 
tumor antigens, (b) the small molecules selected 
to carry the radioactivity, and (c) for the dosing 
and administration protocols to translate pretar-
geting methods into a clinical reality.

19.8.3  Combination RIT

RIT of metastatic cancers using a single-dose 
administration of a radioimmunoconjugate is not 
a practical approach because solid tumors are 
more resistant to radiation and less accessible to 
large proteins, such as intact whole IgG antibody 
molecules. Even though the potential of radiola-
beled mAb as a stand-alone therapeutic strategy 
to act as a magic bullet is promising, the thera-
peutic clinical efficacy of radioimmunoconju-
gates remains limited in solid tumors. However, 
some RIT approaches have shown promising 
results in specific clinical settings, especially for 
small-volume tumors disseminated to bone mar-
row or at an early minimal residual disease stage 
[117]. Fractionation of injected activity or maxi-
mum tolerated dose (MTD), as a strategy to 
improve efficacy, has been shown to reduce 
hematologic toxicity as a consequence of faster 
and more efficient bone marrow repair than 
tumor cell repair. Consequently, bone marrow 
should withstand the injection of higher cumula-
tive activity, resulting in higher tumor dose and 
improved efficacy. Fractionated administration of 
177Lu-DOTA-huJ591 allowed higher cumulative 
radiation dosing. The frequency and depth of 
PSA decreased, while overall survival, and toxic-

ity (dose-limiting myelosuppression) increased 
with higher doses [97, 98].

Combination RIT is the approach where any 
substance, drug, and moiety that has the potential 
to either cause apoptosis, decrease interstitial 
pressure, degrade the extracellular matrix (ECM), 
overcome the junctional barrier, overcome immu-
nosuppression, or act as a radiosensitizer is used, 
along with RIT, to enhance RIT delivery and to 
improve therapeutic efficacy [118]. Combination 
therapy has been  the rule in chemotherapy for 
decades. Combination of RIT, especially frac-
tionated RIT, with radio-sensitizing agents also 
represents an attractive option in poor prognostic 
metastatic solid tumors. The uptake of antibodies 
into the tumor area is highly intermittent due to 
elevated interstitial fluid pressure (IFP). 
Combination of RIT with high-intensity focused 
ultrasound (HIFU) showed higher penetration of 
mAb. The combination of RIT with paclitaxel 
also produced enhanced accumulation of mAb in 
tumor tissue. Tanexe induced apoptosis via dis-
ruption of the microtubular network associated 
with the reduction in interstitial pressure.

The immune system maintains immunity via 
immune surveillance and editing, where T cells 
continually patrol to find and kill antigens. Tumor 
tissue can proliferate in part because immune 
surveillance is blocked by regulatory immune 
cells, such as Tregs and tumor-associated macro-
phages. Antibodies such as pembrolizumab, 
nivolumab, and atezolizumab that target the key 
immune checkpoint receptors such as CTLA4 
and PD-1, or its ligand PD-L1, relieve blockade 
of immune effector cells and show antitumor 
effects [6]. Ionizing radiation-(IR)induced tumor 
regression outside the radiation field is termed as 
abscopal effect [119]. It has been shown that 
external beam radiation therapy and brachyther-
apy could enhance or augment the anti-tumor 
immune response of checkpoint blockade by the 
antibodies [120, 121]. Thus, RIT, especially, 
fractionated RIT strategy and immune check-
point inhibitors, could act synergistically in met-
astatic tumors, and improve therapeutic efficacy.

RIT, in combination with synergistic modali-
ties can overcome various internal and external 
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barriers, and clear the pathway for mAb penetra-
tion into solid tumors, and, therefore, is highly 
promising and could contribute to substantial 
gains in overall survival for patients with solid 
tumors.

19.9  Immuno-PET and SPECT 
of Cancer

In the early 1980s, clinical nuclear imaging 
studies provided the proof of principle that 
tumor lesions could be imaged using radiola-
beled mAbs. FDA approved four radiolabeled 
(with 111In or 99mTc) mAbs for diagnostic imag-
ing studies (Table 19.3). However, the diagnos-
tic accuracy of these antibody-based scans was 
limited due to poor resolution of the Anger 
gamma cameras at that time. In addition, with 
the introduction of FDG-PET and PET/CT, anti-
body-based imaging for staging and restaging of 
cancer patients became obsolete [45]. With the 
availability of relatively long half-life positron 
emitters (124I, T½  =  4.2  days and 89Zr, 
T½  =  3.266  days), a revival of imaging with 
radiolabeled antibodies based on PET imaging 
has taken place. By combining the sensitivity of 
PET imaging and the specificity of antibodies, 
immuno-PET imaging has become a promising 
tool for monitoring the heterogeneity of specific 
gene expression and predicting the efficacy of 
RIT [123, 122]. 111In-labeled mAbs are still use-
ful for the initial development work based on 
SPECT imaging but, the lack of absolute quan-
titation with SPECT may not support clinical 
utility for dosimetry studies and to monitor 
response to RIT.

19.9.1  89Zr for ImmunoPET

The cyclotron production of 89Zr was first 
reported in 1990 [124]. 89Zr half-life is quite 
appropriate to study antibody biodistribution 
and is in the same range as the therapeutic radio-
metals such as 90Y and 177Lu. Several radiometals 
have been investigated for long-duration PET 

studies, including 64Cu, 86Y, and 66Ga, although 
89Zr best fulfills many of the desired properties 
with its 3.27-days half-life and 23% positron 
emission. In addition, other favorable physical 
properties include minimal contamination from 
the 909-keV prompt γ-photons within the 511- 
keV PET energy window, as well as superior spa-
tial resolution compared with many other 
positron-emitting isotopes as a result of the rela-
tively low excess decay energy (Emean = 396 keV).

In 2003, 89Zr-labeled antibodies were intro-
duced as chemical and biological surrogates for 
immunoPET studies to assess the biodistribution 
of 90Y- and 177Lu-labeled antibodies [125, 126]. 
The first human study was published in 2006 
with 89Zr-labeled chimeric mAb U36 in patients 
with squamous head and neck cancers [127]. 
89Zr-PET imaging localized cervical lymph node 
metastasis with a high accuracy (93%). It has 
been shown that radiation doses of RIT with 
90Y-ibritumomab tiuxetan (Zevalin) can be pre-
dicted by immuno-PET with 89Zr-ibritumomab 
tiuxetan [128] and other 90Y- and 177Lu-labeled 
mAbs [129]. In the last 15  years, a number of 
studies have been conducted to investigate the 
feasibility of 89Zr immuno-PET imaging for pre-
dicting the efficacy of RIT and antibody thera-
pies, imaging target expression, detecting 
target-expressing tumors, and the monitoring of 
anti-cancer chemotherapies. Many FDA-
approved mAbs for immunotherapy (such as 
trastuzumab, bevacizumab, cetuximab, and ritux-
imab) have been labeled with 89Zr (Table  19.8) 
and were evaluated as radiopharmaceuticals for 
immunoPET [130, 131]. PET/CT scans of 
89Zr-rituximab and 89Zr-trastuzumab are shown in 
Figs. 19.10 and 19.11. 111In, 177Lu-labeled huJ591 
(anti-PSMA) mAb imaging studies showed 
excellent targeting of PSMA expression in 
mCRPC. However, the 89Zr-IAB2M minibody 
(derived from J591 mAb) detected more lesions 
than bone scan and FDG-PET (Fig.  19.12). 
Immuno-PET using 89Zr has the advantage of a 
high resolution and high specificity  but, com-
pared to 18F-labeled radiotracers, patients gener-
ally receive higher radiation dose from 89Zr-mAb 
PET (~20–40 mSv for 37–74 MBq) [130].

19 Radiolabeled Antibodies for Imaging and Targeted Therapy



565

Table 19.8 Radiolabeled mAbs and fragments as molecular imaging probes for immuno-PETa

Radiolabeled antibody Target Targeting vector Cancer types
89Zr-Df-cetuximab EGFR mAb Solid tumors
89Zr-Panitumumab EGFR mAb Colorectal cancer
89Zr-Df-trastuzumab HER2 mAb Breast cancer, esophagogastric adenocarcinoma 

(EGA)
64Cu-DOTA-trastuzumab HER2 mAb BC
89Zr-Df-Pertuzumab HER2 mAb BC
124I-trastuzumab HER2 mAb Gastric cancer, gastroesophageal cancer
64Cu-DOTA-Patritumab HER3 mAb Solid tumors
89Zr-GSK2849330 HER3 mAb Solid tumors
89Zr-lumertuzumab HER3 mAb Solid tumors
89Zr-Df-bevacizumab VEGF mAb Solid tumors
124I-huA33 A33 mAb Colorectal cancer
89Zr-cmAb U36 CD44v6 mAb Squamous cell carcinoma of the head and neck 

(HNSCC)
89Zr-RG7356 CD44 mAb Solid tumors
89Zr-rituximab CD20 mAb Lymphoma
89Zr-DFO-5B1 CA19.9 mAb Pancreatic cancer
89Zr-huJ591 PSMA mAb Prostate cancer
89Zr-girentuximab CAIX mAb Renal cell carcinoma
124I-cG250 CAIX mAb Renal cell carcinoma
89Zr-DFO-MSTP2109A STEAP1 mAb Prostate cancer
89Zr-fresolimumab TGF-β mAb Glioma
68Ga-ABY-025 HER2 Affibody Breast cancer
68Ga-HER2-nanobody HER2 Nanobody Breast cancer
89Zr-IAB2M PSMA Minibody Prostate cancer
68Ga-IMP288 CEA BsAb Medullary thyroid cancer
89Zr-AMG 211 CEA/

CD3
BiTE Gastrointestinal adenocarcinoma

89Zr-Df-IAB22M2C CD8 Minibody Solid tumors
89Zr-atezolizumab
111In-atezolizumab

PD-L1 mAb Non-small cell lung cancer (NSCLC), bladder 
cancer, triple negative breast cancer (TNBC)

18F-BMS-986192 PD1 Adnectin 
(monobody)

Lung cancer

89Zr-Nivolumab PD1 mAb Lung cancer
a Table modified from Wei et al. [131]

19.9.2  124I for ImmunoPET

Based on the long half-life and physical proper-
ties of the positron-emitting isotope of iodine, 
124I may be used for both imaging (positron) as 
well as for 131I dosimetry. The relatively low 
percentage of high-energy positrons (22.7%) 

and a high percentage of gamma photons com-
pared to the conventional PET isotopes makes 
imaging with 124I technically challenging. 
However, optimizing image acquisition param-
eters and appropriate corrections within the 
image reconstruction process improve the image 
quality [135].
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Fig. 19.10 89Zr-rituximab immuno-PET/CT images in a 
lymphoma patient (with CD20+ B-cell depletion) 
obtained 6 days after injection without and with a preload 
of unlabeled rituximab (250  mg/m2) show consistently 

better tumor targeting without the preload. The uptake in 
the spleen, however, is significantly reduced with the pre-
load. (Figure from [132])

I-124 is an attractive radionuclide for the 
development of mAbs for immunoPET. In 2007, 
124I-gerentuximab (anticarbonic anhydrase IX 
chimeric G250 mAb) PET clearly detected clear 
cell renal cancer [136]. This study indicated that 
immuno-PET/CT might be helpful in clinical 
decision making and might aid in the surgical 
management of small renal masses scheduled for 
partial nephrectomy. These promising results 
formed the basis for a multicenter phase III regis-
tration trial in 226 patients [137]. 124I-huA33 
mAb-PET images (Fig. 19.13) in a patient with 
colorectal cancer also showed excellent localiza-
tion of lesions in the liver, 2 days post administra-
tion of the radiolabeled antibody (360 MBq/10 mg 
mAb) [138]. These early studies documented that 
immunoPET with 124I can provide the tissue con-
centration and pharmacokinetics of radiolabeled 

antibodies. 124I-labeled Trastuzumab, huA33, and 
cG250 have shown promise in human clinical tri-
als but, there is no FDA-approved 124I-labeled 
mAb. The major disadvantage is low resolution 
of PET images due to the high energy of  positrons, 
in  vivo dehalogenation of 124I-labeled mAbs 
[135].

19.9.3  ImmunoPET: Applications

The concept of immunoPET originally meant to 
describe PET imaging of radiolabeled intact full- 
length mAbs. Now immunoPET includes radio-
labeled antibody fragments or mimetics as 
targeting vectors. A variety of radionuclides and 
mAbs have been used to develop molecular 
imaging probes for immunoPET (Table  19.8). 
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Fig. 19.11 89Zr-trastuzumab PET/CT scan in a patient 
with human epidermal growth factor receptor 2–positive 
metastatic breast cancer 4  days after injection of 
89Zr-trastuzumab (37 MBq in 50 mg antibody). (a) The 
scan showing 89Zr activity in circulation, uptake in intra-
hepatic metastases, and intestinal excretion. (b) Transverse 

plane of fused PET/CT of chest showing tracer uptake in 
cervical lymph node. (c) Transverse plane showing tracer 
uptake in metastasis (left side) in T7. (d) Transverse plane 
showing tracer uptake in liver metastases. (Figure from 
[133])
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Fig. 19.12 89Zr-IAB2M-PET imaging in mCRPC. 
Targeting with IAB2M (minibody fragment from J591 
mAb). Comparison with bone scan and FDG-PET. 

89Zr-IAB2M scan shows more lesions than bone scan or 
FDG-PET. (From [134])

Fig. 19.13 124I-huA33 immuno-PET in a patient with 
colorectal cancer metastatic to liver after infusion of 
361.4 MBq of 124I-huA33 mAb. Initial image at 45 min 
shows predominant blood-pool activity. Two-day image 

shows excellent localization in liver lesions (SUVmax, 
11.2) and some uptake in bowel. At 7 days, there is persis-
tent uptake in liver lesions (SUVmax, 11.2), and prominent 
bowel uptake [138]
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The clinical application of immunoPET imaging 
has increased our understanding of tumor het-
erogeneity and refined clinical disease manage-
ment, and include the following applications 
[131, 139].

• To facilitate better management of cancer 
patients since it has the potential to provide 
excellent specificity and sensitivity in detect-
ing primary tumors.

• To detect lymph node and distant metastases.
• Following immunoPET imaging, patients 

with positive findings can be selected for 
subsequent therapies (e.g., antibody ther-
apy and antibody-based RIT), whereas 
patients with negative or heterogeneous 
findings may need multidisciplinary 
treatments.

• As a theranostic companion, immunoPET can 
provide radiation dosimetry prior to adminis-
tering the therapeutic radiopharmaceuticals.

• ImmunoPET imaging is useful for improved 
triage during early disease stages and to facili-
tate image-guided surgery.

• The information provided by immunoPET 
will significantly enhance the existing diag-
nostic methods for better tumor character-
ization. One can envision that tumors may 
be classified not only according to their ori-
gins and mutation status but, also according 
to the expression of specific tumor antigens 
in the future.

19.9.4  Molecular Imaging for Cancer 
Immunotherapy

The recent success of cancer immunotherapy, 
especially with the checkpoint inhibitors, has 
renewed interest in the development of molecular 
imaging of immune system and tumor microenvi-
ronment. A variety of biomarkers that predict 
tumor response to immunotherapy have been 
evaluated, including the expression levels of the 
programmed cell death protein 1 (PD-1) or its 
ligand (PD-L1). The expression of these two 
immune markers is dynamic and depends on 
prior therapies [140].

The immune system maintains a delicate bal-
ance between eradicating infection/cancers and 
maintaining self-tolerance in part by the expres-
sion of immune checkpoints that control immune 
response. One major checkpoint inhibitor path-
way is the PD-1 pathway. PD-1 is a negative 
costimulatory receptor expressed on the surface 
of activated T and B cells. PD-L1 is a surface gly-
coprotein ligand for PD-1 that facilitates immu-
nosuppression on both antigen-presenting cells 
and human cancers. PD-L1 downregulates T-cell 
activation and cytokine secretion by binding to 
PD-1.Tumors exploit these checkpoint pathways 
by expressing coinhibitory proteins to evade anti-
tumor immune responses. Elevated PD-L1 
expression is correlated with poor prognosis in 
some cancers, which suggests that PD-L1 upreg-
ulation is a mechanism for tumor immune eva-
sion. PET and SPECT imaging with radiolabeled 
probes targeting PD-1 and PD-L1 can provide 
in  vivo, real-time, and non-invasive imaging of 
tumor biomarker expression, and immune 
responses to novel therapies, and, in addition, 
may also help to overcome some of the chal-
lenges of tumor biopsies. The FDA has approved 
several mAbs blocking the PD-1/PD-L1 interac-
tion. These agents include PD-1 inhibitors 
nivolumab, pembrolizumab and cemiplimab, and 
PD-L1 inhibitors atezolizumab, avelumab, and 
durvalumab. Given the clinical success of PD-1 
and PD-L1 inhibition for the treatment of 
advanced cancers, many radioligand imaging 
studies have targeted this receptor/ligand pair by 
radiolabeling PD-1 or PD-L1 antibodies.

19.9.4.1  89Zr-Atezolizumab
In patients with locally advanced or metastatic 
bladder cancer, NSCLC or triple-negative breast 
cancer, PET/CT imaging was performed with 
89Zr-atezolizumab prior to treatment with atezoli-
zumab [141]. Uptake of the radiotracer was noted 
in the bone marrow, spleen, and tumors. 
Importantly, heterogeneity in uptake was 
observed intratumorally in large tumors as well 
as in different metastatic lesions in the same 
patient, supporting the notion of tumor biomarker 
heterogeneity and demonstrating the power of 
PET molecular imaging to visualize real-time 
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biomarker expression. Furthermore, on a per- 
lesion level, the baseline uptake on PD-L1 PET 
imaging was correlated with lesions demonstrat-
ing the best response to anti-PD-L1 immunother-
apy. Compared with biopsy samples for PD-L1 
IHC and RNA sequencing, 89Zr-atezolizumab 
uptake was more strongly related to response, 
progression-free survival, and overall survival. 
These preliminary studies demonstrate the power 
of molecular immunoPET imaging to potentially 
personalize a patient’s therapeutic regimen based 
on targeted biomarker expression [140, 141].

19.9.4.2  18F-BMS-986192 
and 89Zr-Nivolumab

In patients with advanced NSCLC, PET/CT 
imaging was performed with 18F-BMS-986192 
(adnectin, ~10 kDa and specific for PD L-1) and 
89Zr-Nivolumab (anti-PD-1 mAb) prior to treat-

ment with nivolumab. Tracer uptake was hetero-
geneous both between patients, as well as within 
patients with  different tumor lesions. 
18F-BMS- 986192 identified more lesions and 
uptake in tumor lesions (SUVpeak), correlated 
with tumor PD-L1 expression, measured by IHC. 
89Zr-nivolumab uptake correlated with PD-1 pos-
itive tumor-infiltrating immune cells and demon-
strated a correlation between tumor tracer uptake 
and response to nivolumab treatment for both 
tracers. These first in human studies suggest that 
18F-BMS-986192 and 89Zr-nivolumab PET-CT 
may be useful imaging biomarkers to non- 
invasively evaluate PD-1 and PD-L1 expression 
[142, 143] (Fig. 19.14).

The clinical studies with radiolabeled anti-
bodies and antibody fragments are very limited 
but, clearly demonstrated that immuno-PET pro-
vides high resolution images needed for diagno-

Fig. 19.14 FDG PET (225 MBq) scan demonstrates high 
glucose metabolism of tumors in both lungs and mediasti-
nal lymph nodes. 18F-BMS-986192 PET (146 MBq) scan 
at 1  h and 89Zr-labeled Nivolumab PET (37.1  MBq) at 
162 h post injection. Both immunoPET scans demonstrate 

heterogeneous tracer uptake within and between tumors. 
BMS-986192 is an adnectin, ~10 kDa, and specific for PD 
L-1 and nivolumab is an anti-PD-1 mAb). (Figure modi-
fied from [143])
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sis and treatment assessment. More research and 
extensive imaging clinical trials are needed to 
refine immuno-PET for the diagnosis of cancers 
and assessment of response to therapy. 
ImmunoPET studies will be essential for the 
assessment of target antigen expression and 
identification of a right patient for a specific RIT 
clinical trial.
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20Design of Radiolabeled Peptide 
Radiopharmaceuticals

It is one of the more striking generalizations of bio-
chemistry - which surprisingly is hardly ever men-
tioned in the biochemical textbooks  - that the 
twenty amino acids and the four bases, are, with 
minor reservations, the same throughout Nature. 
(Francis Crick)

20.1  Introduction

The first amino acid (AA or aa) was discovered 
in 1806 by two French chemists, Louis-Nicolas 
Vauquelin and Pierre Jean Robiquet. They iso-
lated a compound from asparagus that was sub-
sequently named asparagine. However, the first 
use of the term “amino acid” (AA) in the English 
language dates from 1898, while the German 
term, Aminosäure, was used earlier. In 1902, 
Emil Fischer and Franz Hofmeister indepen-
dently proposed that proteins are formed from 
many AAs, whereby bonds are formed between 
the amino group of one AA with the carboxyl 
group of another, resulting in a linear structure 
that Fischer termed peptide (Fig. 20.1). A pep-
tide bond is an amide type of covalent chemical 
bond linking two consecutive α-AAs. The amino 
acids that have been incorporated into peptides 
are termed “residues,” since a water molecule is 
released when a peptide (amide) bond is formed. 
All peptides except cyclic peptides have an 

N-terminal (NH2, amine group) and C-terminal 
(COOH, carboxyl group) residue at the end of 
the peptide.

Peptides are short chains of AAs containing 
less than 50  AAs. A peptide chain containing 
10–15 AAs is called oligopeptide. A polypeptide 
is a longer, continuous, unbranched peptide 
chain, and a polypeptide that contains >50 AAs is 
known as a protein. A peptide is defined, how-
ever, by the FDA as a polymer composed of less 
than 40 amino acids (500–5000 Da) [1].

20.1.1  Proteinogenic and Non- 
proteinogenic AAs

Technically, any organic compound with an 
amine (-NH2) and a carboxylic acid (-COOH) 
functional group is an AA. As of 2020, >500 nat-
urally occurring AAs are known, although 20 
appear in the genetic code and are considered as 
“standard” alpha AAs, (or proteinogenic AAs) 
because their generic structure (except for pro-
line) includes a primary amino group (NH2) and 
a carboxylic acid group (COOH) bonded to the 
same carbon, known as the α-carbon (Cα), as 
shown in Fig.  20.1. The standard α-AAs with 
their letter symbols are shown in Table 20.1. The 
chemical structures of the standard α-AAs are 
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Fig. 20.1 The peptide bond is an amide type of covalent chemical bond formed between the amino group of one amino 
acid with the carboxyl group of another, linking two consecutive α-amino acids, resulting in a linear structure

Table 20.1 The standard proteinogenic alpha amino acids

No. Amino acid Letter code Formula Mol. wt. Description
1 Alanine ALA Ala A C3H7N1O2 89.09 Aliphatic AAs with 

hydrophobic side chain2 Isoleucine ILE Ile I C6H13N1O2 131.17
3 Leucine LEU Leu L C6H13N1O2 131.17
4 Valine VAL Val V C5H11N1O2 117.15
5 Phenylalanine PHE Phe F C9H11N1O2 165.19 Aromatic AAs with 

hydrophobic side chain6 Tryptophan TRP Trp W C11H12N2O2 204.23
7 Tyrosine TYR Tyr Y C9H11N1O3 181.19
8 Asparagine ASN Asn N C4H8N2O3 132.12 AAs with neutral side chain
9 Cysteine CYS Cys C C3H7N1O2S1 121.16
10 Glutamine GLN Gln Q C5H10N2O3 146.15
11 Methionine MET Met M C5H11N1O2S1 149.21
12 Serine SER Ser S C3H7N1O3 105.09
13 Threonine THR Thr T C4H9N1O3 119.12
14 Arginine ARG Arg R C6H14N4O2 174.2 AAs with positive charged side 

chain15 Histidine HIS His H C6H9N3O2 155.16
16 Lysine LYS Lys K C6H14N2O2 146.19
17 Aspartic acid ASP Asp D C4H7N1O4 133.1 AAs with negative charged 

side chain18 Glutamic acid GLU Glu E C5H9N1O4 147.13
19 Glycine GLY Gly G C2H5N1O2 75.07 Unique AAs
20 Proline PRO Pro P C5H9N1O2 115.18

shown in the Fig. 20.2. There are two extra pro-
teinogenic AAs: selenocysteine and pyrrolysine.

In AAs, the α-carbon atom is attached to four 
different groups; it is asymmetric and, therefore, 
exhibits optical isomerism. d-Amino acids 

involve the mirror image of the naturally occur-
ring l-isomers. They are used for a range of 
applications, mostly to increase resistance against 
a range of degradation enzymes. Peptides con-
taining d-amino acids are, therefore, significantly 
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Table 20.2 Approved radiolabeled peptide drug conju-
gates in clinical use

Radiotracer Target Year
123I-(Tyr3-octreotide) SSTR- 2 1989
111In-DTPA-octreotide 
(OctreoScan(R*)

SSTR- 2 1994

99mTc-Apcitide (99mTc-P280, 
AcuTect)

GP IIb/
IIIa

1997

68Ga-DOTA-TOC 
(68Ga-endotreotide, Somakit)

SSTR- 2 2016, 
2020

99mTc-Hynic-octreotide 
(Tektreotyd)

SSTR- 2 2018

68Ga-DOTA-TATE 
(NETSPOT®)

SSTR- 2 2018

177Lu-DOTA-TATE 
(LUTATHERA®)

SSTR- 2 2018

64Cu-DOTA-TATE (DetectNet®) SSTR- 2 2020
68Ga-PSMA-11 PSMA 2020
177Lu-PSMA-617 PSMA 2022

more stable than peptides containing only 
l-amino acids.

Most natural AAs are α-AAs in the L confor-
mation but, some non-natural AAs (NNAAs) also 
exist in nature. In these AAs, the amine group 
and the carboxy groups are not attached to the 
same α-carbon atom. The most common exam-
ples are β-alanine and γ-aminobutyric acid 
(GABA), an inhibitory neurotransmitter in brain 
(Fig. 20.3).

20.1.2  Peptide Therapeutics

In 1902, Bayliss and Starling discovered the 
blood borne chemical messenger “secretin” and 
later coined the term “hormone” for the blood 
borne chemical messengers. Peptide hormones 
may contain three to several hundred AAs. For 
example, Somatostatin (SST), also known as 
growth hormone-inhibiting hormone (GHIH), is 
a peptide hormone made up of either 14 or 
28 AAs, whereas human growth hormone (hGH) 
is a protein of 191 AAs. Peptide therapeutics 
have played a notable role in medical practice 
since the advent of “insulin therapy” in the 1920s. 
As of 2020, >70 peptide products have been 
approved and  >100 commercial products are 
available in the global market. In addition, >160 
therapeutic peptide products were reported in 

active clinical trials and  >200 were reported in 
the preclinical development [2].

Peptide drug conjugates (PDC) can offer a 
multifunctional approach for advancing targeted 
cancer therapeutics. In 1989, 123I-204-090 (Tyr3- 
octreotide) was the first radiolabeled peptide 
used in humans for imaging studies but, the first 
radiolabeled PDC (RPDC) approved by US-FDA 
was 111In-DTPA-octreotide (OctreoScan®) in 
1994. Several approved radiolabeled PDCs 
(RPDCs) for imaging and therapy are summa-
rized in Table 20.2.

20 Design of Radiolabeled Peptide Radiopharmaceuticals
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In the design and development of RPDCs for 
theranostic applications, the pharmacokinetic 
(PK) properties, such as absorption, distribution, 
metabolism, and excretion (ADME) as well as 
pharmacodynamic (PD) properties need to be 
optimized to improve safety, reduce normal organ 
toxicities, and to enhance target specificity.

20.1.3  Advantages and Disadvantages 
of Peptides

The biological actions of the peptides are medi-
ated upon binding with high affinity to specific 
receptors. Many of these regulatory peptide recep-
tors are massively overexpressed in numerous can-
cers, compared to their relatively low density in 
physiological organs. Table 20.2 summarizes the 
expression of peptide receptors on different tumors 
and lists the peptides currently being studied for 
the development of receptor targeted PDCs.

Peptides have several advantages over small 
molecule, organic molecules, or large proteins 
and antibodies [3–6]:

• Peptides are naturally occurring biologics and, 
hence, safer than synthetic drugs and have a 
greater efficacy, selectivity, and specificity for 
the target receptor.

• In contrast to synthetic drugs, peptides are 
degraded into their component proteinogenic 
AAs without leading to toxic metabolites.

• Because of the short half-lives, peptide drugs 
are associated with less accumulation in the 
body, thereby reducing the risks that may arise 
from their degradation products.

• Compared with larger proteins and antibodies, 
peptides can penetrate and diffuse further into 
the tumor tissue because of their low molecu-
lar mass, and relatively small size.

• Due to high concentration in the tumor, rapid 
clearance from the blood and non-target tis-
sues and high receptor affinity on tumor cells 
lead to optimal target-to-non-target ratios.

• Peptides are less immunogenic than recom-
binant proteins and antibodies. In addition, 

they are associated with lower manufactur-
ing costs, higher activity, and greater stabil-
ity (they can be stored at room 
temperature).

• For diagnostic imaging, usually, tiny quanti-
ties of peptides (<10 μg) are sufficient. Even 
for therapeutic purposes, <500 μg is needed to 
deliver the therapeutic doses of radionuclides.

• Peptide molecules provide the flexibility for 
chemical modification and/or insertion of syn-
thetic (non-natural) AAs in the sequence to 
optimize biodistribution, and enhance target 
binding.

• Peptide molecules provide the possibility of 
attaching a bifunctional chelator (BFC) at 
either the C- or N-terminus to facilitate easier 
labeling with radiometals. Peptides can toler-
ate the severe conditions (pH, temperature, 
organic solvent) associated with chemical 
modifications.

• Peptides can also be readily synthesized using 
conventional peptide synthesizers and, any 
desired modifications to the structure, can be 
easily engineered by making the appropriate 
changes to the peptide sequence during syn-
thesis and/or by adding other structural modi-
fications after synthesis.

The major disadvantages include short 
plasma-half-life, poor in vivo stability, and renal 
clearance.

• Natural peptides have a short half-life, due to 
their rapid degradation caused by many pepti-
dases and proteases found in plasma.

• Short half-lives of peptides are also experienced 
due to rapid renal clearance. The glomeruli 
pores within the kidney have a size of ~8 nm. 
The circulating hydrophilic peptides that are 
<25 kDa are filtered through the glomeruli but, 
partly retained in the kidney due to reuptake by 
renal proximal tubules mediated by megalin 
receptors.

• Combination with a chelator and/or incorpo-
ration of a radionuclide may result in reduc-
tion of receptor-binding affinity compared to 

20.1  Introduction
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the original peptide or chelate-conjugated 
peptide.

• The relatively high uptake and prolonged 
retention of radiolabeled peptides within the 
kidneys may lead to renal damage.

20.2  Design of Peptide 
Radiopharmaceuticals (PRP)

Except for radiohalogens (18F, 123/124/131I), most 
PRPs for imaging and therapy are based on 
metallic radionuclides, such as 111In, 64Cu, 68Ga, 
90Y, 177Lu and 225Ac. The chemical components of 
a target specific PRP may have four or five differ-
ent individual components, such as targeting 
vehicle (peptide), spacer and/or linker, and 
finally, a bifunctional chelator (BFC) to complex 
the radiometal (Fig.  20.4). The significance of 
each of these components will be discussed in 
greater detail under different sections.

The development of a PRP for successful 
receptor targeting can be summarized in the fol-
lowing major steps [3]:

 1. Identification of the molecular target (the pep-
tide receptor) using receptor autoradiography 
or immunohistochemistry.

 2. Synthesis of a peptide and/or its analogs 
based on the original natural peptide 
sequence. Modifications in the sequence 
may be needed to produce a metabolically 
stabilized peptide analog which preserves 
most of the biological activity of the origi-
nal peptide molecule.

 3. The peptide is covalently conjugated to a BFC 
via a spacer/linker for radiometal labeling.

 4. The peptide may be chemically modified to 
have a prosthetic group for labeling to 
radiohalogens.

 5. Optimization of a radiolabeling protocol.
 6. Study the in vitro characteristics of PRP, such 

as labeling efficiency, radiochemical purity, 
specific activity, etc.

 7. Determine the in  vivo stability, specificity, 
and the diagnostic/or therapeutic potential 
based on preclinical studies.

 8. Based on in vitro and in vivo studies in animal 
models, further optimizations of the PRP may 
be needed to improve the biological perfor-
mance of the PRP.

The design and development of PRPs involve 
various strategies to improve the stability and PK 
(such as ADME) and PD characteristics of the 
final drug product. The PK of natural amino acid 

RP for MI and TRT

BT TV

BT: Biological Target (Peptide Receptor)

TV: Targeting Vehicle (Peptide)

SP: Spacer

LN: Linker

RM: Radiometal

RM

Chelator

SP LN

131I or 211AT

177Lu, 225Ac, 68Ga, 64Cu

Fig. 20.4 Schematic of 
a target specific peptide 
radiopharmaceutical 
showing different 
components, such as 
targeting vehicle 
(vector), spacer, linker, 
and chelating agent
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sequences can be optimized through the intro-
duction of (a) conformational constraints (i.e., 
induced by cyclization, or insertion of non- 
natural amino acids in the peptide sequences) 
providing unfavorable changes in the binding 
entropy; and (b) conjugation with glycosylated 
moieties or polyether compounds at the 
N-terminus end of synthetic peptides. The stabil-
ity of peptides can also be increased by the for-
mation of dimers, tetramers, or heterodimers, 
which improve the stability and the affinity of 
synthetic peptide chains to their receptors [4, 6].

20.2.1  Peptide Modification 
and Insertion 
of Non-natural AAs

Cyclic peptide (CP) structures are mainly due to 
the formation of disulfide bonds between the 
thiol groups of two unprotected cysteines within 
the linear peptide. However, CPs can also be gen-
erated from lactam bridges between amino and 
carboxyl groups. Several cyclized peptides are 
currently used in nuclear medicine, such as soma-
tostatin, RGD tripeptide, cholecystokinin, and 
minigastrin, as well as bombesin, and vasoactive 
intestinal peptide (VIP). Cyclization of peptides 
provides conformational and functional charac-
teristics that are critical for their application as 
target- specific vectors to carry radionuclides. 
Cyclization also brings about conformational 
constraints that lead to stability against proteo-
lytic degradation and improved receptor binding 
affinity.

20.2.1.1  Somatostatin (SST) Analogs
Various modifications in the AA sequence of 
somatostatin produced successful SST analogs 
for imaging and therapy (Fig. 20.5) [7]. Some of 
the important modifications are summarized 
here.

• SST-14 is a cyclic peptide with a disulfide 
bridge between Cys3 and Cys14 and has a short 
half-life (<3  min) in circulation. Octreotide, 

the 8 AA analog was synthesized by inserting 
the d-AAs such as d-Phe at N-terminus and 
the amino-alcohol Thr-ol at C-terminus, and 
preserving a disulfide bridge, between Cys2 
and Cys7. Octreotide showed enhanced bio-
logical activity, reduced metabolic degrada-
tion with a half-life of about 2 h [3].

• Two octreotide analogs were developed by 
replacing Phe3 at position-3 with Tyr3. While 
Tyr3-octreotide (TOC) has the amino-alcohol 
Thr-ol at C-terminus, octreotate (TATE) has a 
free carboxyl group at C-terminus. Octreotate 
showed higher affinity to SSTR-2 than octreo-
tide and Tyr3-Octreotide (Table 20.3).

• Replacing Phe3 in octreotide with 1-naphthyl 
alanine (1-Nal)3 produced an SST analog 
NOTATOC with higher affinity not only for 
SSTR-2 but, also for SSTR-3 and 5 
(Table 20.3).

• Incorporation of stable AAs, such as β-DAP 
(β-(l-1,2-diamino propionic acid) and homo-
cysteine (Hcy) in depreotide and (2-naphthyl)-
d-alanine in lanreotide as well as the amidation 
of their C-terminus improved the tumor uptake 
in comparison to octreotide.

• The design of peptide antagonists required sev-
eral chemical modifications, such as deletions or 
the introduction of NNAAs with different chiral-
ity. The fundamental differences in chirality 
between l- and d-AAs mean that peptides built 
on d-AAs are not recognized by many proteins, 
including proteases. The result of this lack of rec-
ognition is that while most l-peptides are vulner-
able to enzymatic degradation in  vivo, the 
analogous d-peptides are resistant to degradation 
and have low immunogenicity. In the octreotide 
scaffold, the inversion of chirality at positions 2 
and 3 was shown to cause relevant structural 
modifications converting an SST agonist into an 
antagonist [8]. Several new SST antagonists 
(LM3, JR10, JR11) were developed (Fig. 20.6) 
by the introduction of d-4-aminocarbamoyl-Phe-
nylalanine (d-Aph(Cbm)) in place of d-Trp, and 
 4-amino- l-hydroorotyl-phenylalanine 
(Aph(Hor)) in position Tyr to improve the recep-
tor affinity [10].
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Fig. 20.5 Somatostatin analogs octreotide, lanreotide, 
and pasireotide are used as chemotherapeutic drugs to 
treat patients with neuroendocrine tumors. DOTA- 

conjugated octreotide analogs were developed to synthe-
size radiopharmaceuticals for molecular imaging and TRT

20.2.1.2  Cholecystokinin 
and Minigastrin (MG) 
Peptide

Cholecystokinin and minigastrin (MG) peptide 
hormones bind to the gastrin/CCK-2 receptor. 
Replacement of Met residues at positions 3 and 
6 in CCK8 sequence with norleucine (NLe) resi-
due produced CCK8(NLe) analog with higher 
affinity to the receptor. Similarly, replacement of 
Met residue at position 11 in MG sequence with 
NLe and also replacement of Phe residue at posi-
tion 13 with naphthylalanine (NaI), generated 
two very important analogs (PP-F11N and 
MGS5) (Fig.  20.7) with higher affinity for the 
CCK-2 receptor and in vivo stability.

Bombesin (BN) is an amphibian 14-AA ana-
log of the 27-AA human gastrin-releasing pep-
tide (GRP). It has high binding affinity to the G 
protein-coupled gastrin-releasing peptide recep-
tor (GRPR/BB2). The C-terminal 7–14 AA 
sequence (Fig. 20.7) is known to be critical for 
receptor binding and more stable in vivo than the 
full-length peptide molecule. Several chemical 

modifications have been introduced in the syn-
thetic bombesin to stabilize the structure, to 
increase circulation time, to increase the binding 
affinity, and to potentiate agonist or antagonist 
properties. These analogs are usually modified 
by replacing Arg3 by Lys, and at the C-terminus, 
Leu13 and Met14 by NNAAs such as statin (Sta) 
and NLe. Three important Bombesin analogs, 
AMBA, RM1, and RM2 (Fig. 20.7) were devel-
oped for theranostic studies.

20.2.2  Peptide Cyclization

Cyclic peptides (CPs) are generally generated 
from linear peptides by introducing disulfide 
bridges between sulfhydryl (thiol) groups of two 
peptidyl-cysteine residues. Cyclization of a lin-
ear peptide is usually achieved by linking the 
C-terminus to the N-terminus of the peptide 
backbone or by linking the C- or N-terminus to a 
side chain, or linking one side chain to another 
side chain. Peptide cyclization increases the pep-
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Table 20.3 Affinity of SSTR peptides. Somatostatin analogs: affinity profiles IC50
a for the somatostatin receptor 

(SSTR) subtypes

Peptide SSTR1 SSTR2 SSTR3 SSTR4 SSTR5
Somatostatin 5.2 2.7 7.7 5.6 4.0
Octreotide >1000 0.4 4.4 >1000 5.6
Lanreotide 2129 0.75 98 1826 5.2
Pasireotide 9.3 1 1.5 >100 0.16
BFC-peptide conjugates
DTPA-octreotide >10,000 12 376 >1000 299
DOTA-TOC >10,000 14 880 >1000 393
DOTA-TATE >10,000 1.5 >1000 433 >1000
DOTA-NOC >10,000 1.9 40 260 7.2
Metal-labeled chelate-peptide conjugates
In-DTPA-octreotide >10,000 22 182 >1000 237
In-DOTA-TOC >10,000 4.6 120 230 130
Y-DOTA-TOC >10,000 11 389 >1000 114
Ga-DOTA-TOC >10,000 2.5 613 >1000 60
Ga-DOTA-TATE >10,000 0.2 <1000 300 377
Lu-DOTA-TATE >1000 2.0 162 >1000 1000
Ga-DOTA-NOC >1000 1.9 40 260 7.2
Lu-DOTA-NOC >1000 3.4 12.0 747 14.0
In-DOTA-BASS >1000 9.4 >1000 380 >1000
In-DOTA-JR11 >1000 3.8 >1000 >1000 >1000
Ga-DOTA-JR11 (Ga-OPS201) >1000 29 >1000 >1000 >1000
Lu-DOTA-JR11 (Lu-OPS201) >1000 0.73 >1000 >1000 >1000
Ga-NODAGA-JR11 (Ga-OPS202) >1000 1.2 >1000 >1000 >1000

aIC50 values expressed in nanomoles [9, 10]

Somatostatin-14:

Octreotide:

DOTA-TOC

DOTA-TATE:

SSTR-2-ANT (BASS):

LM3

JR10

JR11(Satoreotide)

Ala1-Gly2-Cys3-Lys4-Asn5-Phe6-Phe7-Trp8-Lys9-Thr10-Phe11-Thr12-Ser13-Cys14

D-Phe1-Cys2-Phe3-D-Trp4-Lys5-Thr6-Cys7Thr(ol)8

D-Phe1-Cys2-Tyr3-D-Trp4-Lys5-Thr6-Cys7Thr(ol)8

D-Phe1-Cys2-Tyr3-D-Trp4-Lys5-Thr6-Cys7Thr8

p-NO2-Phe1-D-Cys2-Tyr3-D-Trp4-Lys5-Thr6-Cys7-D-Tyr8-NH2

p-Cl-Phe1-D-Cys2-Tyr3-D-Aph4(Cbm)-Lys5-Thr6-Cys7-D-Tyr8-NH2

p-NO2-Phe1-D-Cys2-Tyr3-D-Aph4(Cbm)-Lys5-Thr6-Cys7-D-Tyr8-NH2

p-Cl-Phe1-D-Cys2-Aph3(Hor)-D-Aph4(Cbm)-Lys5-Thr6-Cys7-D-Tyr8-NH2

Fig. 20.6 Amino acid sequences of somatostatin (or octreotide) analogs with specific binding to SSTR-2 receptors. 
Octreotide, Dotatoc, and Dotatate are agonists, while BASS, LM3, JR10, and JR11 are antagonists
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CCK8: D-Asp1-Tyr2-Met3-Gly4-Trp5-Met6-Asp7-Phe8-NH2

sCCK8:

CCK8(Nle):

MG

PP-F11N

MGS5:

Bombesin:

AMBA:

RM1:

RM2:

D-Asp1-Tyr2(OSO3H)-Met3-Gly4-Trp5-Met6-Asp7-Phe8-NH2

D-Asp1-Tyr2-Nle3-Gly4-Trp5-Nle6-Asp7-Phe8-NH2

Leu1-(Glu)52-6-Ala7-Gly9-Tyr10-Met11-Asp12-Phe13-NH2

(DGlu)6-Ala7-Tyr8-Gly9-Nle11-Asp12-Phe13-NH2

DGlu-Ala-Tyr-Gly-Trp-(N-Me)Nle-Asp-1-Nal-NH2

Pyr1-Gln2-Arg3-Leu4-Gly5-Asn6-Gln7-Trp8-Ala9-Val10-Gly11-His12-Leu13-Met14-NH2

DO3A-CH2-CO-Gly-4-aminobenzoyl-[Gln7-Trp8-Ala9-Val10-Gly11-His12-Leu13-Met14-NH2]

DOTA-Gly-aminobenzoyl-[D-Phe6-Gln7-Trp8-Ala9-Val10-Gly11-His12-Sta13-Leu14-NH2

DOTA-4-amino-1-carboxymethyl-piperidine-[D-Phe6-Gln7-Trp8-Ala9-Val10-Gly11-His12-Sta13-Leu14-NH2]

Fig. 20.7 Cholecystokinin (CCK), Minigastrin (MG), and Bombesin analogs specific for Gastrin-Releasing Peptide 
Receptor (GRPR)

tides’ structural rigidity and metabolic stability 
by locking the peptide into a conformation that is 
less susceptible toward proteolytic enzymes. It 
can also be used to increase biological activity by 
locking the peptide into a more biologically 
active conformation [10, 11].

The integrin family comprises numerous 
transmembrane receptors (such as αvβ3 and αvβ5) 
regulating cell adhesion and interaction with the 
extracellular matrix [12]. These receptors are rec-
ognized by several proteins and peptides contain-
ing the tripeptide l-arginine-glycine-l-aspartic 
acid (RGD) sequence. However, linear RGD pep-
tides showed in general low binding affinity 
(IC50 > 100 nmol/L), lack of specificity to αvβ3, 
and instability in the bloodstream due to the high 
degradation rate caused by the high susceptibility 
to proteases of the aspartic acid residue. 
Cyclization and incorporation of D-AA residues 
provided antagonists with increased stability and 
affinity by reducing structural flexibility as in the 
case of a cyclic pentapeptide, c(RGDfV). The 
methylated analog, c(RGDf(NMe)V) named 
cilengitide, with a half-life of ~2 h showed very 
high affinity for αvβ3 (0.61 nM) and αvβ5 (8.4 nM) 
integrins [6, 13]. Replacement of the Val5 in 
c(RGDfV5) by Lys or Glu generated c(RGDfK) 

and c(RGDfE), respectively (Fig. 20.8), without 
altering the integrin αvβ3 binding affinity, and at 
the same time creating analogs which are useful 
for conjugating BFCs.

20.2.3  Insertion of β-Amino Acids

The incorporation of single or multiple β-AAs 
into peptides can decrease recognition by pro-
teases and enhance in vivo metabolic stability 
and potency due to their different electronic 
environments, and backbone/side chain config-
urations compared to their α-amino acid ana-
logs [11]. Incorporation of βAla–βAla linker, 
into bombesin peptide, however, did not 
improve in  vivo stability. Bombesin analog 
modified with β3-homoglutamic acid in the 
linker, with one single negative charge showed 
a significant increase in tumor uptake and 
tumor-to-tissue ratio but, did not necessarily 
increase the metabolic stability [11]. Also, the 
introduction of the N-methylated β-alanine 
linker in a statine-based GRPR-antagonist did 
not disrupt the binding affinity and presented a 
similar in vivo stability compared to the unmod-
ified compound [14].
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Fig. 20.8 Cyclic pentapeptide RGD analogs, c(RGDfV) and c(RGDfK) with high affinity for αvβ3 and αvβ5 integrins 
useful for developing radiopharmaceuticals for imaging

20.2.4  Substitution of Amides 
with Sulfonamides

Sulfonamides are amide analogs in which the 
carbonyl moiety is replaced with an isosteric SO2 
group. Sulfonamide groups contain a tetrahedral 
achiral sulfur atom bound to two electronegative 
oxygen atoms. To increase the metabolic stability 
of peptides-based radiopharmaceuticals, one or 
more amide groups in the backbone of a peptide 
can be substituted with relatively stable sulfon-
amide groups [11]. The most common method is 
to substitute the amide with the sulfonamide 
group at the cleavage site. However, it has also 
been found that the substitution of amides close 
to cleavage sites can also increase metabolic sta-
bility [11]. The potential benefits of substituting 
amide for sulfonamide bonds have not been fully 
explored in the design of radiopharmaceuticals.

20.2.5  N-Methylation (N-Alkylation)

Peptide modification through N-methylation con-
stitutes substituting one or more NH groups in a 
peptide backbone with N-methyl (NCH3) sub-

stituents. N-methylation has the potential to 
enhance resistance to proteases, increase mem-
brane permeability, and biological activity. The 
N-methyl group will influence the conforma-
tional flexibility of both the peptide backbone 
and the side chains of the residues close to the 
N-CH3 AAs [11].

N-methylation of the amide bond between 
the Ile19 and Ile20 residues in the endothelin 
peptide antagonist derivatives increased the 
half-life and receptor binding affinity com-
pared to unmodified compound [15]. The mini-
gastrin analog MGS5 (Fig. 20.7) shows several 
modifications in the C-terminal sequence of 
the peptide, namely, replacement of Met with 
Nle and of Phe with 1-naphtyl-alanine (1-Nal), 
as well as N-methylation of the peptide bond 
between Trp and Nle. Preclinical studies with 
radiolabeled DOTA-MGS5 demonstrated high 
and persistent tumor uptake and favorable 
tumor to-background activity ratios, including 
kidneys, suggesting that new radiopharmaceu-
ticals based on DOTA- MGS5 will be powerful 
peptide probes in the localization and treat-
ment of patients with CCK2R-expressing 
tumors [16].
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20.2.6  PEGylation

The technique of chemical modification of the pep-
tide using polyethylene glycol (PEG) polymer 
(Fig. 20.9) by covalent or non-covalent attachment 
is known as PEGylation. PEG possesses useful 
properties, including high solubility in water and 
many organic solvents, non-toxicity, and non-
immunogenicity, and has been approved by the 
FDA for human use. PEGylation can improve both 
the physiochemical and PK performance of the 
peptides. The effects of PEGylation on peptide 
pharmacokinetics include avoidance of reticuloen-
dothelial (RES) clearance, mitigation of immuno-
genicity, and reduction of enzymatic proteolysis 
and of losses by renal filtration, with potentially 
beneficial changes in biodistribution [11, 17]. 
These effects can dramatically increase the half-life 
of a peptide in circulation but, without adversely 
affecting binding and activity of the peptide ligand.

PEG’s most common form is a linear or 
branched polyether with terminal hydroxyl groups. 
Monofunctional methoxy-PEG (mPEG) is the 
most common reagent used for PEGylation. PEG 
can also be derivatized with several linkage moi-
eties yielding methoxyPEG-amines, -maleimides, 
or carboxylic acids (Fig.  20.9). The length and 
shape of PEGs (linear, branched, or dendritic) have 
been shown to influence the pharmacological prop-
erties of the PEGylated peptides and proteins, with 
branched PEG structures often most effective [11]. 

Many PEGylated peptide- based radiopharmaceuti-
cals have been developed and shown to possess 
improved pharmacokinetic properties compared to 
their unmodified analogs, including increased 
receptor binding affinity, increased tumor uptake, 
and decreased kidney uptake [6, 11, 17]. Based on 
preclinical studies, radiolabeled DOTA-bombesin 
analogs with PEG chain as a linker between DOTA 
and the peptide showed superior PK properties and 
increase in half-life [18]. Incorporation of a mini-
PEG (three ethylene oxide units) spacer into an 
RGD cyclic peptide was used to produce [18F]-FB- 
mini- PEG-E[c(RGDyK)]2. In preclinical studies, 
this agent showed greater radiolabeling yield, 
reduced renal clearance, and similar tumor uptake 
compared to the non-PEGylated analog [19].

20.2.7  Glycosylation

Glycosylation is a chemical reaction used to attach 
a carbohydrate (or glycan) to a hydroxyl or other 
functional group of another molecule. In N-linked 
glycosylation reactions, the glycans are attached to 
a nitrogen of asparagine or arginine side chain. In 
case of O-linked reactions, the glycans are attached 
to the hydroxyl oxygen of AA residues such as ser-
ine, threonine, and tyrosine. The introduction of 
carbohydrate moieties into a peptide changes the 
physiological properties of peptides, and may pro-
tect AA’s side chain from oxidation, increase meta-
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Fig. 20.9 Pegylation is a technique of chemical modifi-
cation of the peptide using polyethylene glycol (PEG) 
polymer. Methoxy-PEG (mPEG) (a) is the most common 

reagent used for PEGylation. PEG can also be derivatized 
with several linkage moieties yielding methoxyPEG- 
amines (b), -carboxylic acids (c), or maleimides (d)
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bolic stability, improve penetration through 
biological membranes, and even may facilitate 
active transport of the modified peptide by targeting 
glucose transporters on the cell membrane [20]. 
Conjugation of radiolabeled bombesin analogs with 
glucose moiety (through a triazole group) reduced 
abdominal accumulation and increased the uptake 
by tumors without affecting the cell internalization 
of the modified peptides [21]. Glycosylation of 
CCK analog, obtained by glucose binding to the 
Lys side chain at N-terminal region of the synthetic 

peptide, contributed to decrease its lipophilicity and 
to improve sensitivity, specificity, and pharmacoki-
netics in CCKR-expressing tumors [22]. 
Glycosylation and pegylation of modified cyclic 
RGD peptide have also shown to improve the phar-
macokinetics. In particular, the F-Galacto- 
c(RGDfK) and c(RGDfK)-Peg-MPA) (MPA, 
mercapto propionic acid) showed IC50 of 100 nM 
and 8–15  nM, respectively [6]. Several examples 
(Fig.  20.10) for the application of 
18F-fluoroglycosylation as a strategy for the suc-

6-[18F]fluoro-C-glycoc(RDGfC)
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Fig. 20.10 Examples of 18F labeled-RGD peptide and 
PSMA inhibitor synthesized based on click chemistry via 
Cu(I)-catalyzed Huisgen 1,3-cycloaddition reaction of an 

azide and an acyclic alkyne (CuAAC) using the 18F-labeled 
prosthetic group 6-deoxy-6-[18F]fluoro-β-glucosyl azide. 
(From [23])
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Fig. 20.11 Examples of 177Lu labeled radiotracers with 
albumin binding molecule attached to the target specific 
vector. Folate analog was developed using 
4-(p- iodophenyl)butyric acid (IPBA) as the albumin 

binder, while truncated Evans blue was used as the albu-
min binder to develop Dotatate analog. (Figures modified 
from Muller et al. [26] and Tian et al. [27])

cessful development of PET tracers has been 
recently reviewed [23].

20.2.8  Albumin Binding

The plasma protein, human serum albumin 
(HAS) has a long half-life of about 19 days, and 
because of its high molecular weight (67 kDa), it 
has low renal clearance making the protein a 
valuable candidate as a drug delivery system and 
a means to extend the half-life of peptides [4, 24, 
25]. HSA is a widely recognized carrier for the 
passive targeting to solid tumors and has been 
frequently used to develop drug conjugates for 
longer plasma half-life. The covalent or non- 
covalent attachment of peptides to albumin can 
reduce the glomerular filtration rate and extend 
the half-life of peptides by increasing the size of 
peptide-based drugs. Albumin is also found to 
specifically target tumor regions because of its 
enhanced permeability and retention (EPR) effect 
as well as albumin receptor binding, which is a 

unique advantage as the carrier for tumor- targeted 
drug delivery [25].

In addition to fatty acids, serum albumin can 
intrinsically bind a large diversity of small endog-
enous and exogenous organic molecules, shield-
ing their hydrophobic character and strongly 
increasing their solubility in plasma [25]. 
Albumin binding ligands based on the lead struc-
ture 4-(p-iodophenyl)butyric acid (IPBA) 
(Fig.  20.11) have been identified by screening 
DNA-encoded chemical libraries [28]. The best 
derivative of IPBA known as Albutag was used to 
develop radiolabeled folate conjugates for imag-
ing and therapy [26]. Albutag was also used to 
develop a novel class of trifunctional ligands, 
consisting of the high-affinity PSMA-binding 
domain, the Albutag, and the DOTA chelator, to 
facilitate the modification of the three moieties 
independently and ultimately enable the genera-
tion of spatial optimized conjugates PSMA con-
jugates for prostate cancer theranostics [29]. 
Preclinical studies demonstrated that the trifunc-
tional ligands had high and persistent tumor 
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uptake with absorbed doses that were four times 
greater than those observed for a similar com-
pound lacking the albumin-binding moiety. 
Albutag was also used to develop albumin- 
binding PSMA-targeting PET radioligands based 
on NODAGA chelator [30].

Amino acid analogs of IPBA (Lys-Glu-IPBA 
and Lys-Asp-IPBA) were used to investigate 
whether prolonging blood residence time of 
[177Lu]Lu-DOTATATE with albumin binders 
could increase tumor accumulation and tumor-to- 
kidney ratios for improved therapeutic efficacy. 
Preclinical studies demonstrated that addition of 
an albumin binder to DOTATATE increased 
blood residence time and tumor uptake of [177Lu]
Lu-AspAB-DOTATATE; however, the increase 
in kidney uptake was proportionally higher, thus 
reducing the therapeutic index and clinical use-
fulness [31].

Evans blue (EB) is an azo dye that binds to 
serum albumin with low micromolar affinity, 
and each albumin molecule can bind up to 14 
molecules of EB [32]. Several EB derivatives 
were developed to facilitate the development of 
radiolabeled peptides [32]. EB was used to 
increase the diagnostic and therapeutic efficacy 
of radiolabeled DOTATATE in patients with 
SSTR-2 positive neuroendocrine tumors. 
Preclinical studies in various animal tumor 
models demonstrated that the circulation half-
life of radiolabeled EB-TATE was twice than 
that of DOTATATE and the tumor accumulation 
was much higher. Clinical studies with 
177Lu-DOTA-EB-TATE in patients with meta-
static NETs demonstrated higher blood reten-
tion, and achieved a 7.9-fold enhancement of 
tumor activity. However, the effective renal dose 
of 177Lu-DOTA-EB-TATE was significantly 
higher than that of 177Lu-DOTA-TATE [33].

20.2.9  Spacers/Linkers

Spacers are inert molecules used to increase the 
distance of peptides from chelators to prevent 
steric influence and loss of activity on the cell 
receptors upon functionalization [34]. In fact, the 
molecular size, lipophilicity, and the flexibility of 

the functional moiety can influence the binding 
of the bioactive peptide to its target [6]. Many 
spacers of different kinds, such as hydrocarbon 
chain, amino acid sequence, and PEG can be 
introduced to modify the pharmacokinetic prop-
erties of these biomolecules. Spacers with differ-
ent charge and hydrophilicity affect the 
characteristics of the peptide conjugate. It has 
been shown that the complex with uncharged and 
hydrophobic spacers leads to increased liver 
uptake, while the composition with positively 
charged spacers results in high kidney retention. 
Therefore, the pharmacokinetics of radio com-
plexes correlates to the structure and total charge 
of the conjugates [35]. In fact, the molecular size, 
lipophilicity, and the flexibility of the functional 
moiety can influence the binding of the bioactive 
radiolabeled peptide to its receptor [18, 36].

The influence of different spacers (PEG2, 
PEG4, N-acetyl glucosamine (GlcNAc), trigly-
cine, β-alanine, aspartic acid, and lysine) between 
the chelator DOTA and the SST analog NOC 
were investigated. It was observed that in gen-
eral, the spacers marginally influenced the bind-
ing affinities to the SSTR2 and SSTR5 receptor 
subtypes but, resulted an almost complete loss of 
SSTR3 affinity of the [111In-DOTA]-X-NOC pep-
tides [3]. In preclinical studies, the influence of 
PEG spacers of different lengths on the biologi-
cal profile of bombesin-based radiolabeled pep-
tide antagonists were investigated. Among all the 
analogs studied, the PEG4 and PEG6 showed sig-
nificantly better properties; very high tumor- to- 
non-target organ ratios, in particular, 
tumor-to-kidney ratios [18, 37].

20.2.10  Dimerization 
and Multimerization

Over the last years, many radiolabeled peptides 
were developed for diagnostic imaging and ther-
apy, including peptides consisting of more than 
one copy of the targeting peptide. The radiola-
beled peptides in routine clinical use (such as 
SST analogs), however, are primarily monova-
lent and composed of monomeric domain spe-
cific for one receptor. In contrast, multimeric 
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A. Homomultimers with the same copy of peptide:

B. Bispecific (Bivalent) Heterodimers

Monomer:

PEG3-Glu-RGD-BN: -cyclo(-Arg-Gly-Asp-D-Tyr-Lys)-Glu-

Dimer:

Tetramer:

c(RGDfK)

E[c(RGDfK)]2

E{E[c(RGDy K)]2}2

cyclo(-Arg-Gly-Asp-D-Phe-Lys)

Glu[cyclo(-Arg-Gly-Asp-D-Phe-Lys)]2

Glu{Glu[cyclo(-Arg-Gly-Asp-D-Tyr-Lys)]2}2

(Aca-GIn7-Trp8-AIa9-Val10-Gly11-His12-Leu13-Met14-NH2)

Fig. 20.12 Dimerization and multimerization of targeted peptide radiopharmaceuticals

ligands are composed of more than one mono-
meric domain attached to a backbone molecule 
so that the compound has the capability to bind to 
multiple binding sites on the same receptor or 
different receptors simultaneously (Fig.  20.12). 
Radiotracers being composed of two or more dif-
ferent target affine ligands designed to bind to 
several different receptors are known as hetero-
bivalent ligands (or heteromultimers). If they 
bind to only one receptor by at least one allosteric 
interaction, such tracers are called bitopic ligands 
(or homomultimers).

In preclinical studies, 99mTc-HYNIC labeled 
dimeric RGD-peptide was compared with those 
of the monomeric analog [38]. Binding assays 
demonstrated a tenfold higher binding affinity to 
αVβ3 integrin for the dimeric analog compared 
with the monomeric (IC50 values: 0.1 and 1.0 nM). 
The tumor uptake of both analogs was good but, 
was considerably greater for the dimeric RGD-
peptide. In addition, the dimeric RGD-peptide 
showed greater kidney uptake and enhanced 
retention due to the difference in the molecular 
masses of the peptides. Similar studies with 64Cu 
labeled tetrameric and octameric RGD peptides 
showed that 64Cu-DOTA-octameric- RGD peptide 
had the greatest binding affinity, greater tumor 
uptake, and enhanced tumor retention compared 
with 64Cu-DOTA-RGD tetramer [39].

Since several cancer cells express both integ-
rin αvβ3 and GRP receptors, both RGD and BN 
radiopeptides have been widely used. 18F-labeled 
PEGylated-RGD-Bombesin heterodimer was 
developed and compared to the non-PEGylated 
analog, and the corresponding monomers. The 
receptor binding affinities of heterodimer were 
comparable to the corresponding monomers. 
Biodistribution and μPET imaging studies in 
nude mice with PC-3 cells confirmed that 18F-FB- 
PEG3-Glu-RGD-BN displayed rapid and high 
tumor uptake with high tumor contrast and favor-
able PK with reduced liver accumulation [4, 40].

Radiolabeled heterobivalent peptidic ligands 
(HBPLs), being able to address different recep-
tors, are highly interesting tumor imaging agents 
as they can offer multiple advantages over mon-
ovalent peptide receptor ligands. Furthermore, 
the application of a radiolabeled heterobivalent 
agent can solve the ubiquitous problem of limited 
tumor visualization sensitivity caused by differ-
ential receptor expression on different tumor 
lesions [4]. In the last 10  years, heterodimeric 
peptides for imaging and therapy were developed 
with several combinations of receptors, such as 
αvβ3 and GRPR, αvβ3 and PSMA and αvβ3 and 
STTR.  In a pilot study, the safety, radiation 
dosimetry, and diagnostic performance of 
68Ga-BBN-RGD heterodimer peptide radiophar-
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maceutical was studied in patients with breast 
cancer [32, 33, 41]. Both the primary cancer and 
metastases showed positive 68Ga-B1/2BN-RGD 
accumulation.

20.3  Radiolabeling of Peptides

As described earlier, the first radiolabeled pep-
tide used in 1989 for imaging studies was 
123I-Tyr3-octreotide to detect SSTR-2 receptor 
positive NETs. In the last three decades, hun-
dreds of radiolabeled peptides were developed 
and evaluated in preclinical studies to assess the 
potential for molecular imaging and TRT studies. 
Some of the most common radionuclides used in 
the development of radiolabeled peptides are 
shown in Table 20.4. Except for the radioisotopes 
of halogens (F, I, and At), all other radionuclides 
are metals.

The choice of the labeling approach is driven 
by the nature and the chemical properties of the 
radionuclide. The choice of radionuclide for pep-

tide labeling, and different methods of labeling of 
radionuclides to the peptides will be discussed 
briefly here. More detailed discussions of this 
topic are also presented in Chaps. 8 and 18.

20.3.1  Radionuclides

Radionuclides are useful for molecular imaging 
studies based on PET or SPECT decay either by 
positron (β+) emission, electron capture (EC) or 
isomeric transition (IT). The radionuclides that 
are used for therapy decay by emitting either β− 
particles or α particles.

The decay characteristics of some of the 
important radionuclides routinely used for imag-
ing and therapy are listed in Table 20.4. Among 
the radionuclides listed in this table, radioiso-
topes of F, I, and At are non-metals and belong to 
the halogen (Group-7) family. All other radionu-
clides are metals differing in valency, oxidation 
state, and co-ordination chemistry. The 
γ-emissions of radionuclides decaying by IT or 

Table 20.4 Radionuclides for imaging and therapy

Radionuclide T1/2

Decay γ Energy Particle, Emean

Mode % keV % keV %
99mTc 6 hours IT 98 140 SPECT
123I 13.22 days EC 97 159 83.6 SPECT
111In 2.8 days EC 100 171.3

245.4
90.7
94.1

SPECT

18F 109.8 min β+ 96.73 250 96.73 PET
68Ga 67.7 min β+ 87 1077 3.22 830 99.9 PET
64Cu 12.7 hours β+

β−

EC

17.6
38.5
44

278 17.6 PET

89Zr 3.3 days β+

EC
23
77

909 99 396 22.7 PET

124I 4.18 days β+

EC
23
77

603
723
1691

62.9
10.4
11.2

822 22.7 PET

131I 8.025 days β− 100 364.5 81.5 181.9 100 Therapy
90Y 2.66 days β− 100 932.3 100 Therapy
177Lu 6.647 days β− 100 113

208
6.23
10.4

133.6 100 Therapy

213Bi 45.6 min α 100 440.5 25.9 8440 100 Therapy
211At 7.2 hours α 41.8 5869 41.8 Therapy
225Ac 9.92 days α 100 218a

440.5a

11.5
25.9

5830 100 Therapy

aGamma photons from the daughters Fr-221 and Bi-213
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EC are useful for planar and SPECT imaging 
studies, while PET is based on the annihilation 
radiation (511 keV photons) from radionuclides 
decaying by positron (β+) emission.

The radionuclides that are used for therapy 
decay by emitting either β− particles or α parti-
cles. The cytotoxic effects of therapy radionu-
clides are primarily due to irreversible DNA 
damage and cell death. Alpha particles with high 
LET deposit their high kinetic energy (5–8 MeV) 
over short distances (<100 μm) compared to low 
LET β− particles (<15 mm). The decay mode and 
the kinetic energy of non-penetrating particle 
radiation will determine the particle range in the 
tissue the amount of energy absorbed (expressed 
in Grays) in the tissue.

It is also important to recognize that several 
radionuclides are also available as theranostic- 
pair, ideal for both imaging and therapy. Isotopes 
of the same element (such as 123I, 124I, and 131I) 
have similar chemistry and the in vivo behavior 
of radiotracers labeled with isotopes of the same 
element will be identical. This contrasts with 
nonchemically identical matched pairs of iso-
topes (such as 111In/90Y and 68Ga/177Lu), which 
may have different biodistribution and 
PK.  Therefore, 111In or 68Ga labeled diagnostic 
radiopharmaceuticals can only be regarded as 
chemical/biological  surrogates for 90Y, 177Lu, 
225Ac, and other trivalent metal-labeled 
radiopharmaceuticals.

Radionuclidic purity and specific activity 
(SA) of radionuclides are very important quality 
control indicators, and provide quantitative infor-
mation regarding the purity of the radionuclide, 
and the mass of radionuclide for a given amount 
of activity (MBq or mCi per mg or μmole). The 
radionuclide purity and SA, however, are very 
much dependent on the methods and nuclear 
reactions used to produce the radionuclides by 
cyclotrons and reactors. (please refer to Chap. 8, 
regarding the production of radionuclides).

20.3.2  Radiolabeling Methods

The labeling of peptides with radionuclides can 
be performed by direct labeling, with the addi-

tion of a prosthetic group. Direct labeling is the 
method used to label peptides without using 
intermediates, such as BFCs. Direct labeling 
technique are generally used mostly for radio-
iodination and in some cases labeling with 
Tc-99m. Prosthetic groups are small molecules 
able to bind with radionuclides in one site of 
the structure and, simultaneously, with a pep-
tide at a second site. Prosthetic groups are 
bifunctional agents that consist of a suitable 
site for radioiodination or fluorination and 
functional groups to allow covalent attachment 
of the peptide. Radiometals specifically require 
bifunctional chelating agents (BFC or BFCA) 
to obtain the best conjugation of radiometal 
with peptides. The bifunctional nature of the 
chelators means that they have functional 
groups that can coordinate (form a complex) a 
metal ion and can also be covalently attached to 
the peptide.

20.3.3  Peptide Labeling 
with Radioiodine

Radioiodination of peptides can be performed 
either by electrophilic substitution (direct 
method) or via conjugation (indirect method) [3, 
42, 43]. The reaction consists of the electrophilic 
substitution of an aromatic proton by electro-
philic radioiodine and it takes place in an amino 
acid residue of the peptide which affords strong 
(but also weak) electron donating groups (e.g., 
-OH, -NH2, -OR, -SR, -NHCOR) [3]. The tyro-
sine (Tyr) or histidine (His) side chains in pep-
tides offer the possibility of electrophilic aromatic 
substitution by electrophilic radioiodine with 
high efficiency under mild conditions. Since 
radioiodide is stable and chemically non- reactive, 
several oxidizing agents (such as chloramine T, 
Iodogen®, lactoperoxidase/H2O2) can be used for 
the generation of electrophilic iodine species 
((HO*I, H2O*I)). With Tyr residue, substitution of 
a hydrogen ion with the reactive iodonium ion 
occurs ortho- to the phenolic hydroxyl group, 
while with histidine, substitution occurs at the 
second position of the imidazole ring. 
Electrophilic substitutions can often be per-
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formed fast on a nonderivatized substrate under 
mild reaction conditions.

In an indirect method, the incorporation of 
radioiodine can be performed by the utilization 
of radioiodinated prosthetic groups, which can 
be used for conjugation with specific functional-
ities introduced previously into the peptide pre-
cursors, such as amine, aminooxy or thiol 
groups [43]. Active esters, such as N-succinimidyl-
4- iodobenzoate (PIB), N-succinimidyl-3- 
iodobenzoate (SIB), and N-succinimidyl-5-[*I] 
iodo-3-pyridine carboxylate (SIPC), have been 
developed. Aldehydes, such as 4- iodobenzaldehyde, 
have been used for the coupling of peptides to 
form stable radiolabeled oximes. This methodol-
ogy has been proposed for radioiodination of mul-
timeric cyclic RGD peptides [42]. Recently, the 
first bimodal fluorinated and iodinated prosthetic 
group, tetrafluorophenyl 4-fluoro-3-iodobenzoate 
(TFIB), was introduced as a suitable acylating 
agent for the labelling of a wide variety of primary 
amine-containing compounds. [125I]/[18F]TFIB 
was successfully used to tag tumor-targeting pep-
tides, such as PEG3[c(RGDyK)]2 and NDP-MSH, 
targeting αvβ3 integrin and MC1R receptors, 
respectively [43]. 125I (T1/2  =  59.4  days) labeled 
peptides are especially useful for all the preclinical 

development work to optimize the design of pep-
tides for imaging and therapy (Fig. 20.13).

20.3.4  Peptide Labeling 
with Fluorine-18

18F has the most ideal half-life and has a unique, 
and diverse chemistry for labeling of peptides. 
The most common method of cyclotron produc-
tion is based on 18O(p, n)18F nuclear reaction, and 
18F-fluoride is produced in high amount of radio-
activity (74–370 GBq), and SA (100 GBq/μmol) 
for use as a nucleophile. Fluorination of peptides 
may be conducted by direct methods or indirect 
methods. Direct methods are those in which the 
18F-fluoride is reacted directly with the peptide, 
which may have been previously modified to 
facilitate radiolabeling, and only subsequent 
purification is required to obtain the final prod-
uct. Indirect methods require the prior radiosyn-
thesis of a prosthetic group and subsequent 
bioconjugation to a peptide that has been modi-
fied for site specific reaction [3, 44–47].

Several successful attempts to introduce 18F 
directly into small peptides have been reported in 
the literature. Direct substitution methods, how-

R

Electrophilic Radioiodination

Nucleophilic Radioiodination

where X = H, HgCI, TI(OCOCF3)2, Sn(CH3)3, Si(CH3)3

R

R

X

R

X

where X = I, Br

*I+

*I+

X–Cu++
+

*I

*I

Fig. 20.13 Electrophilic 
and nucleophilic 
radioiodination
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ever, usually require some non-physiological con-
ditions of pH or temperature and most peptides do 
not tolerate such conditions, and may undergo 
hydrolysis. The use of prosthetic groups for the 
direct 18F-labeling of peptides was first reported 
based on trimethylammonium- substituted modi-
fied peptides. This methodology has demonstrated 
usefulness toward direct 18F-fuorination of pep-
tides containing histidine, tryptophan, lysine, and 
arginine residues without the need of protecting 
groups [44]. Several new strategies for direct 18F 
labeling have also been developed recently. An 
elegant site-selective C–H 18F-fuorination of leu-
cine residue within complex peptide using 
[18F]-N- fluorobenzenesulfonimide ([18F]NFSI) 
showed that a combination of photoactivated 
sodium decatungstate and ([18F]NFSI effects site- 
selective 18F-fluorination at the branched position 
in leucine residues in the unprotected and unal-
tered native peptides [48]. A method to introduce 
a 4-[18F]fluorophenylalanine residue into peptide 
sequences by chemo-selective radiodeoxyfluori-
nation of a tyrosine residue can label small pep-
tides by formally replacing a single hydrogen, the 
para-hydrogen atom in Phenylalanine residue 
with [18F]fluoride [49].

In the indirect labeling methods, the peptides 
are attached to the prosthetic groups mostly 
through amine- or thiol-reactive groups via acyl-
ation, alkylation, amidation, imidation, oxime, 
hydrazone formation, or using click chemistry 
[45]. Selected examples of prosthetic groups 

include [18F]SFB, [18F]FBA, [18F]FBAM, and 
[18F]FBEM. The choice of prosthetic group, how-
ever, is critical for radiotracer development, as 
they may adversely alter the physical and physi-
ological characteristics of the labeled molecule. 
Several examples of radiofluorination techniques 
based on substitution or addition reactions are 
shown in Fig. 20.14.

Since fluorine was known to bind and form 
stable complexes with many metals, a successful 
method was developed to form a stable NOTA 
Al-18F complex of a peptide conjugated with 
macrocyclic chelators (such as NOTA) [50]. This 
labeling methodology has been used by several 
groups for the labeling of small molecules, pep-
tides, and proteins using several acyclic and mac-
rocyclic chelators (Fig. 20.15) [45, 52, 53]. The 
Al-[18F]fluoride ([18F]AlF) radiolabeling method 
combines the favorable decay characteristics of 
fluorine-18 with the convenience and familiarity 
of metal-based radiochemistry and has been used 
to parallel 68Ga radiopharmaceutical develop-
ments. As such, the [18F]AlF method is popular 
and widely implemented in the development of 
radiopharmaceuticals for the clinic [51].

20.3.5  Peptide Labeling 
with Trivalent Radiometals

Among the metals shown in Table 20.5, Tc-99 m is 
a unique transition metal exhibiting oxidation 
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Table 20.5 Physical and chemical characteristics of radiometals

Property
Transition metals Post-transition metals Lanthanides Actinides
Cu Y Tc-99 m Ga In Pb Bi Lu Ac Th

Atomic number 29 39 43 31 49 82 83 71 89 90
Group 11 3 7 13 13 14 15 3 n/a n/a
Atomic radius 
(pm)

128 181 136 122 163 175 156 174 108–135

Ionic radius (pm) 80 90–108 51–78.5 47–62 62–92 79–143 96–117 86–103 112 105
Electron structure [Ar]

3d10

4s1

[Kr]
4d1

5s2

[Kr]
4d5

5s2

[Ar]
3d10

4s2

4p1

[Kr]
4d10

5s2

5p1

[Xe]
4f14 5d10 6s2

6p2

[Xe]
4f14

5d10

6s2

6p3

[Xe]
4f14

5d1

6s2

[Rn]
6d1

7s2

[Rn]
6d2

7s2X

Electronegativity 1.90 1.22 1.9 1.81 1.78 1.87
2.33

2.02 1.27 1.1 1.3

Oxidation state +1, 
+2

+3 −3 to +7 +3 +3 +2, +3 +3 0 to +4 +3 +1 to +4

Coordination 
number

4 6–9 5–7 4–6 4–8 4–8 5–8 6–9 6–8 8

states from +7 to −1 and it can be stabilized using 
various ligands and coordination environments. 
Therefore, the chemistry of Tc-99 m will be dis-
cussed separately. All other metals (except copper) 
predominantly are hard Lewis acids and exist as 

trivalent cations (3+) and share similar chelation 
chemistry. Copper is an intermediate Lewis acid 
and prefers 2+ oxidation state. Hard metal ions pre-
fer hard donating groups (e.g., carboxylic acids), 
which possess dense anionic character. Conversely, 
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soft metals have low charge density and polariz-
able electron shells, and form covalent bonds with 
softer, more electron- disperse donor groups.

20.3.5.1  Bifunctional Chelators 
(BFCs)

Chelation is a type of bonding of ions and mole-
cules to metal ions. It involves the formation of 
two or more separate coordinate bonds between a 
polydentate ligand (known as chelators or chelat-
ing agents) and a single central metal atom. 
DTPA and DOTA are the two most frequently 
used chelators in nuclear medicine. The chelating 
agents have been modified to function as BFCs 
since they have a metal binding moiety function 
for the sequestration of the metallic radionuclide 
and also possess a chemically reactive functional 
group that can provide the requisite chemistry for 
covalent attachment to a targeting vector of inter-
est, such as a small molecule peptide. The pri-
mary goal of radiometal complexation using 
BFCs is the formation of robust coordination 
complexes to prevent the release of free metals 

in vivo. Based on the metal chemistry, it is impor-
tant to identify the most appropriate BFC that 
provides both the thermodynamic stability 
in vitro, and kinetic stability in vivo (Table 20.6).

Polyaminocarboxylate ligands (containing 
nitrogen and oxygen donor atoms) have both acy-
clic, and macrocyclic options to encapsulate the 
metal ion. Initially, acyclic BFCs, such as EDTA, 
DTPA, and their derivatives were used to prepare 
111In and 90Y labeled antibodies. To improve the 
in  vivo stability of 90Y labeled antibodies, full 
octadentate macrocyclic bifunctional DOTA 
derivatives have been developed for complexing 
trivalent radiometals, such as 111In, 86Y/90Y, and 
177Lu [3, 6, 54, 55]. The most common chelators 
and BFCs used in the development of radiola-
beled peptides are shown in the Figs. 20.16 and 
20.17. Each of these chelating agents (Table 20.6) 
differ in size and offer different donor groups like 
carboxylic acids, alcohols, amines, thiols, and 
phosphonic acids.

Macrocyclic BFCs are generally more kineti-
cally inert and require minimal physical manipu-

Table 20.6 Acyclic and macrocyclic ligands (or chelating agents) used for the labeling of peptides with radiometals

Chelator Chemical name Donor atoms
Coordination 
number (CN) Metals

DTPA Diethylenetriaminepentaacetic acid N3O5 8 Ga, In
EDTA Ethylenediaminetetraacetic acid N2O4 6 Ga, In
HBED-CC 3-[3-[4-[5-(2-carboxyethyl)-2-hydroxyphenyl]-

1,4- bis(carboxymethylamino)butyl]-4-
hydroxyphenyl]propanoic acid

N2O6 8 Ga

NOTA 1,4,7-triazacyclononane-1,4,7-tri-acetic acid N4O3 6 Ga
DOTA 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid
N4O4 8 In, Ga, Y, Lu, 

Bi, Ac, Th, Cu
TCMC 1,4,7,10-tetrakis(carbamoylmethyl)-

1,4,7,10-tetraazacyclododecane
N4O4 8 Pb

TETA 1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetraacetic acid

N4O4 8 Cu

CB-TE2A 4,11-bis-(carboxymethyl)-1,4,8,11-
tetraazabicyclo[6.6.2]-hexadecane

N4O2 6 Cu

SarAr 1-N-(4-aminobenzyl)-3,6,10,13,16,19-
hexaazabicyclo[6.6.6]eicosane- 1,8-diamine 
(SarAr)

N6 6 Cu

PCTA 3,6,9,15-Tetraazabicyclo[9.3.1]pentadeca-
1(15),11,13-triene-3,6,9- triacetic acid

N4O3 7 Ga, Cu

PEPA 1,4,7,10,13-pentaazacyclopentadecane-
N,N′,N″,N″′,N″″-pentaacetic acid

N5O5 10 Ac

HEHA 1,4,7,10,13,16-hexaazacyclohexadecane-
N,N′,N″,N″′,N″″,N″″′-hexaacetic acid

N6O6 12 Ac
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lation during metal ion coordination, as they 
possess inherently constrained geometries and 
partially pre-organized metal binding sites. In 
contrast, acyclic chelators must undergo more 
drastic change in physical orientation and geom-
etry in solution so as to enable the donor atoms to 
coordinate with metal ion. However, radiolabel-
ing with acyclic chelators can happen at RT in a 
short time, whereas macrocycles may require 
higher temperatures and longer incubation times 
[55]. The stability of the metal–ligand complex is 
defined by the stability constant (KS or KML) 
when the system reaches an equilibrium between 
interacting chemical species. The higher the 
value of KML, the greater the thermodynamic sta-
bility of the metal–ligand complex. The values of 
KML (such as 104 or 1030) are normally repre-
sented as log KML values (such as 4 and 30). A 
more useful thermodynamic parameter is the pM 
value (−log[M]Free), and the pM values are lin-
early correlated with KML values, and express the 
extent to which a metal ion complex is formed in 
solution under physiologically relevant condi-
tions [57]. The KML and pM values for different 
DOTA and DTPA with several metals is shown in 
Table 20.7.

20.3.5.2  Covalent Attachment of BFC 
to Peptide

BFCs are chelators (Fig.  20.18) with reactive 
functional groups that can be covalently coupled 
(or conjugated) to a primary amine (NH2) or thiol 
(SH) group of the peptides. The bioconjugation 
techniques may utilize functional groups, such as 
carboxylic acids groups of the BFC, or BFC 

derivatives can be prepared with reactive groups 
that can facilitate the conjugation with peptides. 
Some common BFC derivatives are activated 
esters (such as N-hydroxysuccinimide NHS- 
ester) for amide couplings, isothiocyanates 
(NCS) for thiourea couplings, and maleimides 
for thiol couplings.

BFCs are often placed at the N- or C-terminus 
of the peptide. Often, additional spacers are used, 
which increases the molecular weight of whole 
structure, an adverse fact especially for small 
peptides. The labeling can influence charge or 
lipophilicity of the compound which, in turn, 
may change its biodistribution or excretion, par-
ticularly for small ligands. The right selection of 
labeling method is therefore crucial to obtain 
appropriate resolution of images, concentration 
in tumors cells, and excretion methods with effi-
cient clearance.

20.3.5.3  Matching BFC to Radiometal
To identify the most appropriate chelator for a 
specific radiometal, the following factors are 
important:

• Fast radiolabeling kinetics at ambient temper-
ature preferably, especially for heat sensitive 
peptides.

• The reaction time should be short (<10  min), 
especially for radionuclides with short half-life.

• The labeling yield and RCP should be high 
and preferably does not require HPLC purifi-
cation of the drug product.

• The in vitro and in vivo stability (kinetic inert-
ness) should be high to prevent the biodistri-

Table 20.7 Metal-Chelate complexes: coordination numbers (CN) and stability constants

DOTA DTPA
CN Log KML pM CN Log KML pM

Ga3+ N4O2 21.3–26.1 15.2, 18.5 N3O4 24.3, 25.5 20.2
Y3+ N4O4 24.3–24.9 19.3, 19.8 N3O5 21.9, 22.5 17.6, 18.3
In3+ N4O4 23.9 17.8, 18.8 N3O5 29.0, 29.5 24.4, 25.7
Lu3+ N4O4 21.6, 23.5 17.1 N4O5 22.4, 22.6 19.1
Bi3+ N4O4 30.3 27.0 N4O5 33.9, 35.2
AC3+

Cu N4O2 22.7, 22.7 17.6 N3O3 21.4
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Fig. 20.18 Bifunctional 
chelating (BFCs) BFCs 
have a metal binding 
moiety function for the 
sequestration of the 
metallic radionuclide, 
and also possess a 
chemically reactive 
functional group that 
can provide the requisite 
chemistry for covalent 
attachment to a targeting 
vector of interest, such 
as a peptide

bution of free radiometal species to non-target 
organs. Kinetic inertness is the most important 
consideration for selecting the best chelator, 
especially for therapeutic radiometals.

The preference of various chelators for differ-
ent radiometals is summarized in Table  20.6. 
Among the acyclic chelators, DTPA is acceptable 
for the chelation of 111In, 90Y, and 177Lu but, CHX- 
A”-DTPA is the best acyclic chelator for these 
three metals. DOTA is one of the primary work-
horse chelators for the development of radiola-
beled peptides and one of the current “gold 
standards” for several radiometals including 111In, 
90Y, 177Lu, and 225Ac. DOTA has also been used to 
complex metals, such as 64Cu, 213Bi, and 212Pb, and 
clinical studies with radiolabeled peptides docu-
mented the potential safety of these peptides. 
DOTA has been extensively used with 67/68Ga but, 
it is widely accepted to be less stable than NOTA. 
68Ga-DOTATOC has been shown to exhibit supe-
rior in  vivo properties to 111In-DOTATOC 
(Octreoscan) despite non- optimal stability [55]. 
68Ga-DOTATATE, 177Lu-DOTATATE, and 

68Ga-DOTATOC (Fig. 20.20) have received FDA 
approval for routine clinical studies (Fig. 20.19).

Although DOTA has been used, successfully 
with 212Pb, but, its slow radiolabeling kinetics 
and stability properties were not ideal. The 
DOTA derivative TCMC is considered a good 
chelator for both 212Pb and 212/213Bi [55].

The majority of Cu2+ chelator development in 
the last two decades has focused on tri- and tet-
raaza macrocycle-based polyamino carboxylates, 
such as NOTA and TETA. The best chelators to 
date are CB-TE2A, NOTA, and DiamSar. The 
clinical studies with 64Cu-DOTATATE 
(DetectNet), however, showed adequate safety 
and efficacy to receive the FDA approval for the 
detection of SSTR-2 positive NETs.

A fundamental critical component of a 
radiometal- based radiopharmaceutical is the 
BFC, the ligand system that binds the radio-
metal ion in a tight stable coordination complex 
so that it can be properly directed to a desirable 
molecular target in  vivo. The experimental 
methods by which chelators are assessed for 
their suitability with a variety of radiometal ions 
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was reviewed in several publications [3, 6, 54, 
55] and also discussed in Chaps. 12 and 18.

20.3.6  Peptide Labeling with 99mTc

99mTc can be readily obtained from the 
99Mo  →  99mTc generator as pertechnetate 
(99mTcO4

−) by elution of the generator with 0.9% 
saline solution. One of the characteristics of Tc is 
its diverse redox chemistry. The chemically sta-
ble pertechnetate ion (VII) must be reduced to 
lower oxidation states (I-V) to prepare 99mTc- 
labeled radiopharmaceuticals. During reduction 
by the stannous ion (Sn2+), in an appropriate buf-
fer and pH, the presence of a ligand stabilizes Tc 
in its lower oxidation state. In a specific 
Tc-complex, the oxidation state of Tc, however, 
depends on the chelate and pH. As a transition 
metal, Tc can adopt many coordination geome-
tries, depending on the donor atoms and the type 
of the chelating agent. Several donor atoms, such 
as N, S, O and P, geometrically arranged in a che-

lating molecule, can form coordination com-
plexes with technetium.

The radiopharmaceutical chemistry of Tc(V) is 
dominated by the [TcO]3+ core, which is stabilized 
by a wide range of donor atoms (N, S, O) but, pre-
fers thiolate, amido, and alkoxide ligands. Several 
tetra-ligand chelates designed to bind to Tc(V), 
typically form complexes (such as N2S2, N3S, 
N3O, and N4) having square pyramidal geometries. 
The 99mTc complex of mercaptoacetyltriglycine 
(MAG3) forms a square pyramidal complex with 
Tc(V) with the basal plane consisting of three 
nitrogen atoms and one sulfur donor atom. A vari-
ety of BFCs, such as N2S2 diamidedithios, N3S tri-
amidethiols, N4 tetraamines, or hydrazinonicotinic 
acid (HYNIC) have been evaluated upon conjuga-
tion to peptides to achieve labeling with 99mTc.

The direct method of 99mTc labeling to pep-
tides uses a reducing agent to break a disulfide 
bridge of a peptide for binding of 99mTc to thiol 
groups in the peptide molecules. This method 
often suffers from lack of specificity and poor 
in vivo stability. In the indirect method, 99mTc is 
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bound to the peptide through a BFC, which can 
be conjugated to the peptide either before (post- 
labeling approach) or after labeling with 99mTc. In 
the 1990s, several approaches were developed to 
label peptides and proteins with 99mTc. Three 
important labeling methods [57, 58] have been 
developed based on three commonly used 
Tc-coordination environments (cores), as shown 
in Fig. 20.21.

• The MAG3-based bifunctional chelates (Tc(V)
oxo core).

• The N-oxysuccinimidylhydrazino- nicotinamide 
system and (Tc(V)HYNIC core).

• The recently described single amino acid che-
lates for the Tc(I)-fac-tricabonyl core.

Mixed aminothiol-based chelators, such as 
N2S2 ligand bisaminoethanethiol (BAT) and N3S 
ligand mercaptoacetyltriglycine (MAG3) were 
developed to label biomolecules based on Tc(V)
O core. 99mTc-MAG3 (Mertiatide) was developed 
in 1986 as an anionic kidney functional imaging 
agent. The parent ligand is readily derivatized as 
the S-acetyl MAG3-ethyl ester, containing a 
p-isothiocyanatobenzyl substituent, or as the 
S-acetyl MAG3-hydroxysuccinimidyl ester for 
conjugation to biomolecules [59]. In the 1990s, 
MAG3 ligand was used to develop 99mTc-P829 
peptide (Depreotide) for somatostatin receptor 
imaging. The original octreotide peptide was 
modified to eliminate the disulfide bridge to pre-
vent reduction during the synthesis of 99mTc-P829 
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Fig. 20.21 Tc-coordination cores commonly used to develop radiometal labeled peptides

complex (Fig.  20.21). Tc-MAG3 core is robust 
and provides chemical versatility for the develop-
ment of bifunctional tracers. There are, however, 
drawbacks, such as the use of stannous chloride 
as a reducing agent and the need for elevated pH 
condition, that may lead to aggregation of pro-
teins, as well as nonquantitative radiolabeling 
yields [54].

An alternative pendant approach to 99mTc 
radiolabeling of biomolecules was provided by 
the introduction of hydrazinenicotinic acid 
(HYNIC) as a bifunctional chelator [60]. HYNIC 
with co-ligands like tricine and ethylenediamine 
diacetic acid (EDDA), in the presence of SnCl2 
performs fast and efficient labeling. Based on this 
Tc(V)HYNIC core, many small molecules, pep-
tides, and proteins were labeled as imaging 
agents [5]. For example, Tyr3-octreotide (TOC) 
was successfully labeled based on Tc-HYNIC 
core (Fig.  20.21). Since the HYNIC occupies 
only one or two coordination positions for 99mTc, 
co-ligands (such as tricine and EDDA) are needed 
to complete Tc’s coordination positions. Changes 
in co-ligand number and type will have an effect 
on the in vivo behavior of the radiopharmaceuti-
cal. It has been understood that [HYNIC-
99mTc(tricine)2] complexes, usually, are not very 

stable in solutions and could appear in different 
isomeric forms based on pH, temperature, and 
time [61].

20.3.6.1  Tc-Tricarbonyl Core [Tc(CO)3]+

A major advancement in Tc chemistry has been 
the discovery that a highly adaptable tricarbonyl 
Tc core makes it possible to prepare organome-
tallic complexes in aqueous solution [61]. In an 
effort to develop new organometallic precursors, 
for the preparation of 99mTc-complexes, investi-
gators have shown that, by treating pertechnetate 

TcO
4

−( )  with sodium borohydride (NaBH4) in 

the presence of carbon monoxide (CO) gas, one 
can produce the reactive Tc(I) species, 
[Tc(CO)3(OH2)3]+ [62, 63]. In this complex, the 
three facially oriented water molecules are suffi-
ciently labile so that they can be readily displaced 
by a variety of mono-, bi- and tridentate ligands. 
Since it is difficult to work with CO gas, the tech-
nology is based on the use of a solid reagent, 
potassium boranocarbonate (K2H3BCO2), which 
acts as both a reducing agent and a source of CO 
gas [64]. The kit is available from Mallinckrodt 
(Tyco) Medical under the trade name Isolink. 
Further, it has been shown that both, bidentate 
and tridentate chelates bind rapidly to the 
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[Tc(CO)3]+ core on a macroscopic scale and at 
the tracer level. 99mTc-tricarbonyl core is the 
favorite strategy for labeling of peptides because: 
(a) a high labeling yield is achieved; (b) purifica-
tion is not needed after labeling protocol; and (c) 
attachment of 99mTc- tricarbonyl to peptide is easy 
and convenient [61]. Preclinical studies of sev-
eral biomolecules labeled with Tc-tricarbonyl 
core revealed that these labeled compounds are 
biologically, kinetically, and thermodynamically 
stable for imaging studies.

Based on the chemistry of the organometallic 
fragment [99mTc][Tc(CO)3(H2O)3]+, two radio-
pharmaceuticals, 99mTc-MIP-1404 and 99mTc- 
MIP- 1405, were developed by Molecular Insight 
Pharmaceuticals (MIP). The preparation of these 
complexes was accomplished using a standard 
methodology and commercially available IsoLink 
kits (Covidien, Dublin, Ireland) and the imidaz-
ole chelator, which contains three nitrogen atoms 
suitable for binding to the 99mTc(I)-tricarbonyl- 
core (Fig.  20.21). The lead compound 99mTc- 
MIP- 1404 (Trofolastat) completed phase III 
clinical trials as an imaging agent for the detec-
tion of prostate-specific membrane antigen 
(PSMA) positive prostate cancer [65, 66].
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21Theranostics in Neuroendocrine 
Tumors

Scientific work must not be considered from the 
point of view of direct usefulness of it, it must be 
done for itself, for the beauty of science, and then 
there is always a chance that the scientific discov-
ery may become like the radium a benefit for 
humanity (Marie Curie)

21.1  Introduction

Neuroendocrine tumors (NETs) or neuroendo-
crine neoplasms (NENs) also previously referred 
to as APUDomas (amine precursor uptake and 
decarboxylation) represent a constellation of 
diverse neoplasms most commonly but, by no 
means exclusively, arising in the gastroentero-
pancreatic (GEP) system and lungs [1, 2]. NENs, 
however, can also arise from different anatomic 
sites, such as the sympathetic nervous system, 
adrenal gland, lung, pancreas, bladder, and pros-
tate, and they display a wide range of clinical 
aggressiveness. The cell of origin of most neuro-
endocrine tumors is the neuroendocrine system, 
regardless of organ site, which is comprised of 
neuroendocrine cells that secrete bioactive sub-
stances and proteins (such as somatostatin, insu-
lin, gastrin, serotonin, chromogranins, and 
synaptophysin) [3]. GI tract NETs are also called 
carcinoid tumors, while pancreas NETs were 
known as islet cell tumors.

NENs with an incidence of only 7/100,000 per 
year are rare, and account for 3% of all cancers 

[1]. NENs are a heterogeneous group of epithe-
lial neoplastic proliferations ranging from indo-
lent well differentiated NETs to very aggressive 
poorly differentiated neuroendocrine carcinomas 
(NECs). NENs are classified according to their 
origin, extension, and histological differentia-
tion, and grading is based on mitotic rate 
(MR/2 mm2) and proliferation rate determined by 
Ki-67 index—a nuclear protein marker. The 
World Health Organization (WHO) Classification 
[4] retains the dichotomy of most gastrointestinal 
NENs being considered either well-differentiated 
NETs or poorly differentiated NECs, with the lat-
ter being subtyped into small cell and large cell 
NECs (Table  21.1). The  majority of NENs are 
slowly growing tumors with almost no symp-
toms and up to 50% are metastatic at diagnosis. 
Around 25% of NENs are the so-called function-
ing tumors secrete hormones that can lead to dis-
tinct symptoms [5]. The heterogeneity of NEN 
regarding the organ of origin, differentiation, and 
molecular subtypes makes  the development of 
personalized therapy a challenge and needs more 
international and interdisciplinary collaborations 
and clinical trials allowing stratification accord-
ing to biological subgroups [1].

Pheochromocytomas (PCCs) are rare sub- types 
of NETs with an annual incidence of 2–6 per 1 
million population [6, 7]. Approximately 80–85% 
of these cancers arise from chromaffin cells resid-
ing in the adrenal medulla. The remaining 15–20% 
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Table 21.1 WHO Classification of gastrointestinal neuroendocrine neoplasmsa

Histology Grade Ki-67% MR/2 mm2

Well-differentiated NET G1 (low) <3 0–1 Grow slowly
NET G2 (intermediate) 3–20 2–20 Moderate growth rate
NET G3 (high) >20 >20 Grow quickly

Poorly differentiated NEC (always high) n/a >20 n/a >20 Highly proliferative
aFrom Gonzalez [4]

of these tumors are extra-adrenal. These extra-
adrenal lesions which  arise from the autonomic 
neural ganglia are termed paraganglioma (PGL) or 
sometimes called extra-adrenal PCC [8]. The clin-
ical symptoms of the disease are common between 
the adrenal and extra-adrenal forms and are deter-
mined by excess secretion of catecholamines (nor-
epinephrine, epinephrine, serotonin, and 
dopamine). Hypertension is a critical and often 
dramatic feature of PCC/PGL and its most preva-
lent reported symptom [8].

Neuroblastoma is the most common extracra-
nial solid tumor of childhood and represents a 
neoplastic expansion of neural crest cells in the 
developing sympathetic nervous system. The pri-
mary tumor originates anywhere along the sym-
pathetic chain but, most frequently, arises from 
the adrenal gland. The prognosis for neuroblas-
toma varies widely, from tumors that spontane-
ously regress and require no intervention to those 
that present widely metastatic and resistant to 
therapy with resulting high mortality [9]. 
Neuroblastoma tumor cells show varying degrees 
of differentiation that help predict patient prog-
nosis. While neuroblastoma primarily contains 
immature cells, some have a component of fully 
mature ganglion cells that are typically found in a 
ganglioneuroma. A tumor with both elements of 
mature and immature cells is called a ganglioneu-
roblastoma [9].

21.1.1  Carcinoid Syndrome

The pathologist Oberndorfer is credited with the 
description of small bowel tumors, which he 
termed “karzinoide,” meaning carcinoma-like. 
His publication in 1907, was the first to distin-
guish the slower growing tumors from true carci-
nomas [10]. Approximately 30–40% of patients 

with well-differentiated neuroendocrine tumors 
present with carcinoid syndrome (CS), which is a 
paraneoplastic syndrome associated with the 
secretion of several humoral factors, such as poly-
peptides (such as somatostatin, gastrin, vasoactive 
intestinal peptide, neurotensin) vasoactive amines 
(such as serotonin, norepinephrine), and prosta-
glandins [10, 11]. The main symptoms of CS are 
episodic facial flushing that may be accompanied 
by hypotension and tachycardia, diarrhea, bron-
choconstriction, venous telangiectasia, dyspnea, 
and ultimately fibrotic complications, such as 
mesenteric and retroperitoneal fibroses and carci-
noid heart disease (CHD). CS is predominantly 
associated with NETs that arise from the midgut 
in the setting of extensive liver metastases but, 
may be present in patients with bronchial carci-
noids and, more rarely, in patients with pancreatic 
NETs. Approximately 30–40% of patients with 
well-differentiated NETs present with carcinoid 
syndrome, which significantly and negatively 
affects patients’ quality of life; increases costs 
compared with the costs of nonfunctioning NETs. 
For several decades, patients with NETs and car-
cinoid syndrome have been treated with ST ana-
logues (octreotide and lanreotide) as the first-line 
treatment. While these agents provide significant 
relief from carcinoid syndrome symptoms, there 
is inevitable clinical progression, and new thera-
peutic interventions are needed [11].

The presence of carcinoid syndrome that 
results from the hypersecretion of amines and 
peptides often facilitates diagnosis of a 
NET. Confirmation of the diagnosis is based on 
the measurement of urinary 5-hydroxyindole 
acetic acid (5-HIAA), a serotonin metabolite 
(Fig 21.1), and serum chromogranin A (CgA), a 
glycoprotein that is secreted with serotonin [11]. 
Serum CgA is a more sensitive and broadly appli-
cable marker and is preferred over 5-HIAA for 
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Fig. 21.1 Synthesis and metabolism of serotonin (a) and dopamine (b)

bronchial and rectal tumors, which do not gener-
ally secrete serotonin.

21.1.2  Therapeutic Modalities

Surgical extirpation or cytoreduction of NETs, 
if feasible, continues to be the treatment of 
choice and is associated with the best long-term 

overall survival and control of symptoms. 
Recurrence after resection is common and addi-
tional therapeutic modalities are therefore indis-
pensable. Several therapeutic options exist for 
treating progressive metastatic/advanced NENs. 
The following schema (Fig.  21.2) represents a 
partial approach to the various therapeutic 
modalities [10].

 21.1 Introduction
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Fig. 21.2 Carcinoid and neuroendocrine tumors: cancer management and treatment options of care. (Figure modified 
from O’Dorisio et al. [10])

21.2  Theranostics in NETs

Molecular imaging and targeted radionuclide 
therapy (TRT) approaches have been utilized in 
the management of NETs since the 1980s, with 
promising results. The radio-theranostic concept 
of using a molecular marker (or the targeting 
vehicle) for both imaging and treatment has 
shown great promise in the personalized treat-
ment of patients with NETs and serves as a model 
for developing targeted probes for several other 
cancers.

Theranostics refers to the pairing of diagnos-
tic biomarkers with therapeutic agents that share 
a specific biological target in diseased cells or tis-
sues. Therefore, theranostics describes a close 
connection between diagnostics and consequent 
therapy [5, 12–14] In nuclear medicine, the term 
theranostics is increasingly being used, specifi-
cally, for imaging and therapy with the same 
molecular marker (ligand or vector) but, labeled 
with different radionuclides appropriate for 
imaging and TRT, respectively. Diagnostic and 
therapeutic radiopharmaceuticals that access the 
same cellular structure and biologic process—

that is, that share the same biological target—are 
called theranostic pairs. Table 21.2 provides a list 
of both approved and investigational target- 
specific radiopharmaceuticals for imaging and 
TRT.

Since patients often present with nonspecific 
symptoms, it is very important to make the diag-
nosis of NET and identify the primary and meta-
static sites. Sites of NETs can be small and can be 
difficult to characterize with conventional ana-
tomic imaging (CT and MRI). Targeted molecu-
lar imaging techniques greatly improve the 
specificity for diagnosing and the PET/CT or 
PET/MRI imaging is very sensitive for detecting 
small NETs. Over the years,  peptide receptor 
radionuclide therapy (PRRT) has evolved as an 
important modality in the therapeutic armamen-
tarium of advanced, metastatic, or inoperable, 
progressive NENs. Selection of an appropriate 
therapeutic radionuclide is the key to the success-
ful development of a therapeutic radiopharma-
ceutical. Figure  21.3 shows the schema of a 
theranostic radiopharmaceutical composed of a 
targeting molecule (peptide such as octreotate) 
that recognizes a targeted cell surface receptor 

21 Theranostics in Neuroendocrine Tumors



613

Ta
bl

e 
21

.2
 

R
ad

io
ph

ar
m

ac
eu

tic
al

s 
fo

r 
m

ol
ec

ul
ar

 im
ag

in
g 

an
d 

ta
rg

et
ed

 th
er

ap
y 

in
 n

eu
ro

en
do

cr
in

e 
tu

m
or

s

B
io

lo
gi

ca
l t

ar
ge

t
R

ad
io

ph
ar

m
ac

eu
tic

al
T

ra
de

 n
am

e
In

di
ca

tio
n

FD
A

 s
ta

tu
s

So
m

at
os

ta
tin

 r
ec

ep
to

r
11

1 I
n-

D
T

PA
-o

ct
re

ot
id

e
O

ct
re

os
ca

n
SP

E
C

T
A

pp
ro

ve
d 

19
94

(S
ST

R
-2

) A
go

ni
st

68
G

a-
D

O
TA

-T
A

T
E

N
et

Sp
ot

PE
T

A
pp

ro
ve

d 
20

16
64

C
u-

D
O

TA
-T

A
T

E
D

et
ec

tN
et

PE
T

A
pp

ro
ve

d 
20

20
N

et
m

ed
ix

17
7 L

u-
D

O
TA

-T
A

T
E

L
ut

at
he

ra
T

R
T

A
pp

ro
ve

d 
20

18
17

7 L
u-

D
O

TA
-E

B
-T

A
T

E
T

R
T

IN
D

21
2 P

b-
D

O
TA

M
-T

A
T

E
A

lp
ha

M
ed

ix
™

T
R

T
IN

D
68

G
a-

D
O

TA
-T

O
C

PE
T

A
pp

ro
ve

d 
20

19
17

7 L
u-

D
O

TA
-T

O
C

T
R

T
A

pp
ro

ve
da

90
Y

-D
O

TA
-T

O
C

T
R

T
A

pp
ro

ve
da

22
5 A

c-
D

O
TA

-T
O

C
T

R
T

IN
D

68
G

a-
D

O
TA

N
O

C
PE

T
IN

D
SS

T
R

-2
 a

nt
ag

on
is

t
68

G
a-

N
O

D
A

G
A

-J
R

11
 (

O
PS

20
2)

 o
r 

68
G

a-
Sa

to
re

ot
id

e
PE

T
IN

D
64

C
u-

N
O

D
A

G
A

-J
R

11
PE

T
IN

D
17

7 L
u-

D
O

TA
-J

R
11

 (
O

PS
20

1)
T

R
T

IN
D

17
7 L

u-
D

O
TA

-L
M

3
T

R
T

IN
D

N
or

ep
in

ep
hr

in
e 

tr
an

sp
or

te
r 

(N
E

T
)

12
3 I

-I
ob

en
gu

an
e 

(M
IB

G
)

A
dr

ev
ie

w
SP

E
C

T
A

pp
ro

ve
d

13
1 I

-I
ob

en
gu

an
e 

(M
IB

G
)

A
ze

dr
a

T
R

T
A

pp
ro

ve
d

[18
F]

m
FB

G
PE

T
IN

D
[11

C
]H

yd
ro

xy
ep

he
dr

in
e 

(H
E

D
)

PE
T

IN
D

B
7-

H
3 

an
tig

en
 in

 n
eu

ro
bl

as
to

m
a

13
1 I

-O
m

bu
rt

am
ab

 m
A

b
T

R
T

IN
D

G
lu

co
se

 tr
an

sp
or

te
r 

(G
lu

t-
1)

[18
F]

Fl
uo

ro
de

ox
yg

lu
co

se
 (

FD
G

)
PE

T
A

pp
ro

ve
d 

20
02

D
op

am
in

e 
pr

ec
ur

so
r

[18
F]

FD
O

PA
PE

T
IN

D
Se

ro
to

ni
n 

pr
ec

ur
so

r
[11

C
]5

-H
yd

ro
xy

tr
op

to
ph

an
 (

5-
H

T
P)

PE
T

IN
D

G
L

P-
1 

re
ce

pt
or

68
G

a-
E

xe
nd

in
-4

PE
T

IN
D

C
ho

le
cy

st
ok

in
in

-2
 r

ec
ep

to
r 

(C
C

K
2R

)
68

G
a-

M
G

48
 m

in
ig

as
tr

in
PE

T
IN

D
17

7 L
u-

PP
-F

11
N

T
R

T
IN

D
C

he
m

ok
in

e 
re

ce
pt

or
-4

 (
C

X
C

R
-4

)
68

G
a-

Pe
nt

ix
af

or
PE

T
IN

D
17

7 L
u-

Pe
nt

ix
af

or
T

R
T

IN
D

Fi
br

ob
la

st
 a

ct
iv

at
in

g 
pr

ot
ei

n 
(F

A
P)

68
G

a-
FA

P 
in

hi
bi

to
r

PE
T

IN
D

C
ap

ill
ar

y 
bl

oc
ka

de
 (

em
bo

liz
at

io
n)

90
Y

-G
la

ss
 M

ic
ro

sp
he

re
s

T
he

ra
Sp

he
re

™
L

iv
er

A
pp

ro
ve

d
90

Y
-R

es
in

 M
ic

ro
sp

he
re

s
SI

R
-S

ph
er

es
®

M
et

s.
A

pp
ro

ve
d

a A
pp

ro
ve

d 
in

 E
ur

op
e

21.2 Theranostics in NETs



614

(such as SSTR), a spacer/linker (e.g., aminohexa-
noic acid [Ahx]) which links the peptide ligand to 
the chelator (e.g., DTPA, DOTA, etc.), which in 
turn is able to complex and stabilize the radionu-
clide for imaging or therapy. This chapter will 
discuss various biological targets, radionuclides, 
radiolabeling techniques and clinical  applications 
of targeted radiopharmaceuticals listed in 
Table 21.2.

21.2.1  Biological Targets

The most characteristic feature of NENs is the 
homogeneous overexpression of specific 
G-protein coupled peptide hormone receptors 

(PHRs) on the tumor cell surface [15, 16]. The 
PHRs control hormone secretion and cell prolif-
eration in NENs and  they represent molecular 
targets for the development of diagnostic and 
therapeutic radiopharmaceuticals. Somatostatin 
receptors (SSTRs) are the best- known and well-
studied PHRs in NENs. The other promising 
receptors in NETs are glucagon- like peptide 1 
(GLP-1) receptors, C-X-C motif chemokine 
receptor-4 (CXCR4), glucose- dependent insuli-
notropic polypeptide receptor (GIPR), neuroten-
sin receptors and cholecystokinin- 2 (CCK2) 
receptors (Table 21.3).

In addition to PHRs, several other bio-
logical  targets (such as glucose transporters 
and amino acid transporters) were also utilized 
in the development of targeted radiopharma-
ceuticals (Table  21.2). Since catecholamines 
play an important role in NETs, radiotracers 
based on norepinephrine (such as MIBG) were 
developed, which can be transported into the 
tumor cells via norepinephrine transporter 
(NET).

21.2.2  Radionuclides for Imaging 
and Therapy

The most common radionuclides used for PET/
SPECT imaging and therapy of NETs are sum-
marized in Table 21.4. The radionuclide preferred 
for SPECT imaging studies is 111In, since it has 

Table 21.3 Peptide hormone receptor (PHR) expression in human tumors

PHRs
Receptor 
sub-type

Natural peptide 
ligand Human tumors

Somatostatin receptors SSTR1–5 Somatostatin NETs, GEP tumors, carcinoids, paragangliomas, 
non-Hodgkin’s lymphoma (NHL), melanoma, breast, 
brain, small cell lung cancer (SCLC)

Cholecystokinin B/
gastrin receptor

CCK2/
CCK-B

Cholecystokinin, 
gastrin

Medullary thyroid cancer (MTC), SCLC, 
gastrointestinal stromal cancer, stromal ovarian cancer, 
astrocytomas

Glucagon-like 
peptide-1 receptor 
(GLP-1)

GLP-1 Exendin Insulinomas, gastrinomas, phaeochromocytomas, 
paragangliomas and MTC

Neurotensin receptor NTR-1 Neurotensin Small cell lung cancer, colon, exocrine pancreatic 
cancer, Ewing’s sarcoma, breast, prostate

Chemokine receptor 4 
(CXCR4)

CXCR-4 Lymphatic system, lung, breast and prostate cancer

Modified from Fani and Mackae (2012)

RP for TRT

BT TV SP LN

BT: Biological Target (Peptide Receptor)
TV: Targeting Vehicle (Peptide)
SP: Spacer
LN: Linker
RM: Radiometal

RM

Chelator

131I or 211At

177Lu, 
225Ac, 

68Ga, 
64Cu

Fig. 21.3 The schema of a theranostic radiopharmaceuti-
cal for imaging and therapy
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relatively longer half-life and high γ-photon 
abundance. Also, as a trivalent metal, 111In is a 
chemical and biological surrogate for other triva-
lent metal labeled metals such as 90Y, 177u, and 
225Ac. Compared to SPECT imaging studies, PET 
scans provide higher resolution (4–5  mm), and 
quantitative information (such as SUVmax or 
SUVmean) regarding the uptake of radiopharma-
ceutical in the target tumor lesions, and normal 
tissues. The most common PET radionuclides 
used for the development of PET radiopharma-
ceuticals are 18F, 68Ga, and 64Cu.

For TRT, the particle kinetic energy (MeV) 
determines the amount of energy absorbed (Gy) 
in the target tissue. The quantity of linear energy 
transfer (LET) is the amount of energy deposited 
by the radiation per unit length of the path (KeV/
μm). Low LET radiation (X-rays, γ-rays, elec-
trons) deposits relatively a small quantity of 
energy, while high LET radiation (protons, neu-
trons, and α particles) deposits higher energy in 
the targeted areas. The higher the LET of a spe-

cific radionuclide, the greater is the relative bio-
logical effectiveness (RBE) [17]. The β− particles, 
Auger electrons, and conversion electrons have 
the same mass but, different kinetic energy and 
different ranges (0.1–3.0 mm) in tissue. All elec-
trons have low LET values (0.2  keV/μm) and 
their RBE is unity. In contrast, α particles are 
8000 times heavier and have very high LET val-
ues (40–100  keV/μm) and, therefore, the RBE 
values can be 5–10 depending on the tissue.

Radiation damage to the cell can be caused by 
the direct or indirect action on biological mole-
cules [17]. In the direct action, the radiation hits 
the DNA molecule directly, causing single- 
stranded breaks (SSB) or double stranded breaks 
(DSB), disrupting the molecular structure 
(Fig. 21.4). Such structural change leads to cell 
damage or even cell death. This process becomes 
predominant with high-LET radiations, such as 
α-particles and neutrons, and high radiation 
doses. In the indirect action, the radiation hits the 
water molecules generating reactive oxygen spe-

Fig. 21.4 Radiation damage to DNA. In the direct action, 
the radiation hits the DNA molecule directly, causing 
single-stranded breaks (SSB) or double stranded breaks 

(DSB), disrupting the molecular structure. Alpha (α) par-
ticles are more likely to induce DSBs compared to beta (β) 
particles

21 Theranostics in Neuroendocrine Tumors
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Fig. 21.5 Chelates used 
for metal conjugation

cies (ROS), such as hydrogen peroxide (H2O2) 
and free radicals (characterized by an unpaired 
electron), such as the hydroxyl (HO•) group. In 
addition, indirect effects of radiation may also 
involve reactive nitrogen species (RNS). All the 
reactive molecules are toxic and can have many 
effects, including the oxidation of biological 
macromolecules and activation of intracellular 
signaling pathways leading to apoptosis, necro-
sis, and cell death.

21.2.3  Radiolabeling Methods

Among the radionuclides listed in Table 21.4, 18F 
and 211At belong to the halogen family (Group 
17 in the periodic table). 211At, however, is also 
regarded as a metalloid since it also shares cer-
tain chemical properties with metals. All other 
radioisotopes listed in Table 21.4 are metals. The 
radionuclide production and  the chemistry of 
halogens and radiometals are discussed in greater 
detail in Chaps. 8 and 18 of this book and in sev-
eral review articles [18, 19].

The labeling of peptides with radionuclides 
can be performed by direct labeling, with the 
addition of a prosthetic group. Direct labeling is 
the method used to label peptides without using 
intermediates, such as BFCs. Direct labeling 
techniques are generally used for radioiodination 

and, in some cases, labeling with Tc-99m. 
Prosthetic groups are small molecules able to 
bind with radionuclides in one site of the struc-
ture and, simultaneously, with a peptide at a sec-
ond site. Prosthetic groups are bifunctional 
agents that consist of a suitable site for radioio-
dination or fluorination and functional groups to 
allow covalent attachment of the peptide. 
Radiometals specifically require bifunctional 
chelating agents (BFC or BFCA) to obtain the 
best conjugation of radiometal with peptides. The 
bifunctional nature of the chelators means that 
they can coordinate (form a complex) a metal ion 
and can, also, be attached to the peptide. The 
most common chelating agents used for the 
development of radiolabeled small molecules, 
peptides, and proteins are shown in Fig. 21.5. The 
design and development of radiolabeled peptides 
is discussed in greater detail in Chap. 20.

21.3  Somatostatin Receptors 
and SST Analogs

Most of the NETs are characterized by the 
expression of SSTRs on the cell membrane, and 
five different G-protein-coupled SSTR subtypes 
(SSTR 1–5) have been identified [20]. However, 
SSTR-2 is the most common receptor subtype 
expressed in approximately 90% of GEP-NENs. 

21.3 Somatostatin Receptors and SST Analogs
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SSTR-2 is the only receptor subtype which has 
two isoforms, SSTR-2a and SSTR-2b, produced 
by alternate splicing. The expression of SSTRs is 
less frequent and in lower density is more poorly 
differentiated than in well-differentiated sub-
types. Lung NENs also express SST, with the 
subtypes 2, 3, and 5 being the most common. 
Lower expression of SSTRs has been shown in 
pheochromocytoma, medullary thyroid cancer 
(MTC), and benign insulinomas.

The natural ligand somatostatin (SST), a neu-
ropeptide, also known as somatotropin release- 
inhibiting factor (SRIF), was originally 
discovered in 1973 as a hypothalamic neuropep-
tide based on its ability to inhibit growth hor-
mone (GH) release from the anterior pituitary 
[21]. SST occurs in two forms, SST-14 (with 14 
amino acids), and SST-28 (with 28 amino acids), 
with broad antisecretory activity on many hor-
mones, including GH, insulin, glucagon, gastrin, 
cholecystokinin (CCK), and ghrelin. SST is 
secreted in the GI tract and the brain and regu-
lates multiple physiological functions, such as 
neurotransmission, GI motility, hormone secre-
tion, cell proliferation and apoptosis, and immune 
system modulation [20].

The clinical utility of native human SST-14 
is limited by its short half-life (<3 min). Shortly 
after the discovery of SST, investigators at 
Sandoz (now Novartis) synthesized the first ago-
nist analog octreotide (SMS 201-995, 
Sandostatin), a longer acting fragment of the 
eight amino acid ring of the native SST [22]. 
Subsequently, two other SRIF agonist analogs 
(lanreotide and pasireotide) with prolonged half- 
life were also developed for clinical use. The 
amino acid sequence of SST and its analogs is 
shown in Fig.  21.6. The amino acid, lysine, 
within the ringed portion is considered to be the 
primary peptide binding site of SST, octreotide, 
and lanreotide to the SSTR-2A, the most preva-
lent receptor of the five SSTR subtypes on neuro-
endocrine cells and their NETs. Also, to prevent 
enzyme degradation, the natural L-Trp amino 
acid in the ring was replaced with the D-Trp. 
These synthetic octapeptide SST analogs (SSAs) 
have a similar STTR binding profile, with high 

SSTR2 and moderate SSTR5 affinity (Table 21.5). 
Pasireotide, a synthetic long-acting cyclic hexa-
peptide with SST-like activity, was also synthe-
sized. Pasireotide activates a broad spectrum of 
SSTRs, exhibiting a much higher binding affinity 
for SSTR-1, 3, and 5 than octreotide in vitro, as 
well as a comparable binding affinity for SSTR- 
2. Both octreotide and lanreotide are very effec-
tive FDA-approved drugs for hormonal syndrome 
control in functioning tumors and exert an antip-
roliferative effect by inducing cell cycle arrest 
and apoptosis, and through immunomodulatory 
effects and angiogenesis inhibition [23]. The 
high-level expression of SSTRs 2 and 5 on the 
tumor cell surface in most neuroendocrine tumors 
(NETs) provides the basis not only for sensitive 
functional imaging but, also, for a tumor-targeted 
therapy with commonly “cold,” as well as radio-
isotope-labeled “hot” somatostatin analogs.

To develop radiopharmaceuticals for imaging 
and therapy, SST analogs (Fig. 21.6) were syn-
thesized by introducing structural modifications 
in the octreotide (OC) molecule, and/or by the 
conjugation of chelating agents to facilitate 
radiometal labeling [25]. The goal was to develop 
SST analogs with nanomolar affinity to SSTR 
and appropriate pharmacokinetics suitable for 
clinical studies.

• The replacement of Phe3 in octreotide by Tyr3 
leads to an analog, Tyr3-octreotide (TOC 
derivative) with improved SSTR-2 affinity, 
but the SSTR-3 and DDTR-5 affinity is 
reduced. The presence of tyrosine in the pep-
tide sequence, however, facilitates radioiodin-
ation of the peptide molecule.

• The C-terminal introduction of Thr for Thr(ol) 
(TOC) results in a SSTR-2 selective ligand, 
[Tyr3, Thr8]octreotide (TATE derivative) with 
a sevenfold improvement of SSTR-2 affinity 
(Table 21.5).

• Replacement of Tyr3 in the TOC peptide with 
an unnatural amino acid, 1-Nal3 (1-naphthyl 
alanine) results in an analog with affinity to 
SSTR-2, 3, and 5.

• Conjugation of acyclic chelator DTPA to the 
D-Phe1 in the octreotide results in DTPA- 

21 Theranostics in Neuroendocrine Tumors
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Table 21.5 Somatostatin analogs: affinity profiles (IC50)a for the somatostatin receptor (SSTR) subtypes

Peptide SSTR1 SSTR2 SSTR3 SSTR4 SSTR5
Somatostatin 5.2 2.7 7.7 5.6 4.0
Octreotide >1000 0.4 4.4 >1000 5.6
Lanreotide 2129 0.75 98 1826 5.2
Pasireotide 9.3 1 1.5 >100 0.16
BFC-peptide conjugates
DTPA-octreotide >10,000 12 376 >1000 299
DOTA-TOC >10,000 14 880 >1000 393
DOTA-TATE >10,000 1.5 >1000 433 >1000
DOTA-NOC >10,000 1.9 40 260 7.2
In-DTPA-octreotide >10,000 22 182 >1000 237
In-DOTA-TOC >10,000 4.6 120 230 130
Y-DOTA-TOC >10,000 11 389 >1000 114
Ga-DOTA-TOC >10,000 2.5 613 >1000 60
Ga-DOTA-TATE >10,000 0.2 <1000 300 377
Lu-DOTA-TATE >1000 2.0 162 >1000 1000
Ga-DOTA-NOC >1000 1.9 40 260 7.2
Lu-DOTA-NOC >1000 3.4 12.0 747 14.0
In-DOTA-BASS >1000 9.4 >1000 380 >1000
In-DOTA-JR11 >1000 3.8 >1000 >1000 >1000
Ga-DOTA-JR11 (Ga-OPS201) >1000 29 >1000 >1000 >1000
Lu-DOTA-JR11 (Lu-OPS201) >1000 0.73 >1000 >1000 >1000
Ga-NODAGA-JR11 (Ga-OPS202) >1000 1.2 >1000 >1000 >1000

aIC50 values expressed in nanomoles [20, 24]
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Fig. 21.6 The amino acid sequence of somatostatin (SST) and SST analogs
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octreotide (pentetreotide), suitable for label-
ing with 111In.

• For stable labeling with 90Y and radiolan-
thanides, DTPA was replaced by macrocyclic 
chelator DOTA, which is a better choice as it 
forms thermodynamically and kinetically 
 stable complexes with trivalent metals with 3+ 
charge.

• With DOTA chelator, three successful SST 
analogs, DOTA-TOC, DOTA-TATE, and 
DOTA-NOC were developed. Among these 
analogs, DOTA-TATE has the highest affinity 
for SSTR-2 (Table 21.5). However, all these 
SST agonist analogs trigger SSTR-2 
internalization.

• Interestingly, radiometal complexation pro-
foundly influence receptor affinity 
(Table  21.5), as all Ga-DOTA conjugates of 
these analogs have improved SSTR-2 affinity 
compared to the corresponding Y/Lu/In- 
DOTA conjugates.

21.3.1  Imaging SSTR-Positive NETs 
Radiolabeled SST Agonist 
Analogs for Imaging

Several NENs express SSTRs. The expression 
profile and coexpression of various SSTR sub-
types, however, differ according to the NEN loca-
tion, histological differentiation, and tumor 
grade. However, SSTR 2 expression predomi-
nance is generally found in more than 80% of the 
endocrine pancreatic and endocrine GI tract 
tumors [26]. It has been reported recently that G1 
and G2 NETs were more common SSTR2- 
positive in comparison with G3 carcinomas [27]. 
Neuroendocrine carcinomas had significantly 
lower SSTR2 and SSTR5 expression compared 
with well-differentiated NETs. In addition, the 
SSTR2 expression in the early tumor stages was 
100%, more often than in advanced stages 
(55.6%).

Following the discovery of octreotide in 1982 
at the Sandoz Research Institute in Basel, 
Switzerland, Jean Claude Reubi and colleagues 

had demonstrated, for the first time, based on 
autoradiography, the presence of SSTR receptors 
on the surface of intestinal NET cells using 
125I-octreotide [28]. Subsequently, the investiga-
tors at the Erasmus University Medical Center 
(EUMC), Rotterdam in the Netherlands devel-
oped [123I-Tyr3]octreotide as an imaging agent to 
localize NETs [29]. Due to biliary excretion and 
intestinal accumulation of I-123 activity, [123I- 
Tyr3]octreotide was not ideal for the detection of 
lesions in the abdomen.

21.3.1.1  SSTR Agonists
Octreotide and other SST synthetic analogs are 
potent agonists and selectively bind to SSTR-2, 
and 5 receptor subtypes. The binding of agonists 
leads to receptor-mediated internalization and 
intracellular trapping of the radionuclide provid-
ing adequate time for imaging studies. In con-
trast, the SSTR antagonist is not internalized but, 
may offer the possibility to bind to more receptor 
sites and with a longer retention time [30]. The 
following SSTR agonist peptide radiopharma-
ceuticals are in clinical use.

111In-DTPA-Octreotide (OctreoScan™)
Since 111In is an ideal radiometal for imaging 
studies, the investigators at EUMC developed the 
DTPA conjugated derivative of octreotide (SDZ 
215-811), as a precursor for 111In labeling [31]. 
Dr. Krenning’s team at EUMC performed planar 
and SPECT imaging studies with [111In-DTPA- 
D-Phe1]octreotide (also known as 
111In-pentetreotide) in more than 1000 patients 
with NETs [32]. In 1994, the FDA approved 
111In-pentetreotide (OctreoScan, Mallinckrodt) as 
an agent for the scintigraphic localization of pri-
mary and metastatic neuroendocrine tumors 
bearing somatostatin receptors. The recom-
mended dose for planar imaging is 111  MBq 
(3.0 mCi), and for SPECT imaging is 222 MBq 
(6.0 mCi).

OctreoScan was studied in nine unblinded 
clinical studies in a total of 365 patients. The 
most common tumors were carcinoids (132 of 
309 evaluable patients). Scintigraphic results 
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were compared to results of conventional local-
ization procedures (CT, ultrasound, MRI, angi-
ography, surgery, and/or biopsy). OctreoScan 
results were consistent with the final diagnosis 
(success) in 86.4% of evaluable patients 
(OctreoScan, package insert, 12/2018). 
OctreoScan was the first peptide-based radio-
pharmaceutical ever approved for peptide recep-
tor scintigraphy (PRS) for localization of primary 
and metastatic NETs bearing SSTRs.

OctreoScan™ is a kit for the preparation of 
indium 111In-pentetreotide, consisting of two 
components:

 (a) A 10-mL Octreoscan reaction vial which 
contains a lyophilized mixture of:
• 10 μg pentetreotide (octreotide-DTPA).
• 2.0  mg gentisic acid [2, 

5- dihydroxybenzoic acid],
• 4.9 mg trisodium citrate, anhydrous,
• 0.37 mg citric acid, anhydrous, and
• 10.0 mg inositol.

 (b) A 10-mL vial of 111In chloride sterile solu-
tion, which contains:
• 1.1 mL of 111In chloride (3.0 mCi/mL or 

111  MBq/mL) in 0.02N HCl at time of 
calibration.

• The vial also contains ferric chloride at a 
concentration of 3.5 μg/mL.

Procedure for the preparation of 111In- 
pentetreotide is as follows:

• Transfer 111In chloride sterile solution into 
the Octreoscan reaction vial.
 – Mix the contents well and incubate for 

30 min at RT.
 – Determine the radiolabeling yield or 

radiochemical purity (RCP) using Sep- 
Pak cartridge as per the instructions in 
the package insert. RCP must be >90% 
for clinical use (Curium US LLC, 
12/2018).

68Ga-DOTA-TOC
In the late 1990s, several octreotide analogs con-
jugated with DOTA chelator were introduced in 
order to develop 90Y-labeled SST analog for 

PRRT.  Among these SST analogs, DOTATOC 
was shown to be suitable for labeling with either 
90Y or 67Ga [33, 34]. DOTATOC exhibits high 
affinity (IC50) for human SSTR-2 (14 ± 2.6 nM) 
with much lower binding affinity for all other 
human SSTRs (Table 21.5). A marked improve-
ment of SSTR-2 affinity was found for 
Ga-DOTATOC (2.5  nM) compared with the 
Y-DOTATOC (11 nM) and OctreoScan (22 nM) 
[35]. In addition, it was also noted that changing 
the central atom in the chelator complex from 
In3+ to Ga3+ may induce an alteration of the com-
plex conformation towards a lower hydrophobic-
ity, with a resultant decrease in protein binding 
and increase in renal elimination. In 2001, it was 
reported that 68Ga-DOTATOC-PET results in 
high tumor to non-tumor contrast and low kidney 
accumulation and yields higher detection rates 
(>30% more lesions) as compared with 
OctreoScan scintigraphy [36]. Since its introduc-
tion, 68Ga-DOTATOC has been extensively used 
in Europe for the last two decades. A systematic 
review and meta-analysis concluded that 
68Ga-DOTATOC is useful for evaluating the pres-
ence and extent in disease for staging and restag-
ing, and for assisting in the treatment 
decision-making for patients with NETs [37].

68Ga-DOTA-TOC was approved in several 
European countries in 2016 (IASOtoc®), and in 
2018 (TOCscan®). Also, in Europe, a kit prepara-
tion for 68Ga-labeling of DOTA-TOC (SomaKit 
TOC®) was approved by the European Medicines 
Agency (EMA) in September 2016. Use of this 
kit along with an authorized 68Ge/68Ga-generator 
enables on-site preparation of 68Ga-DOTA- 
TOC.  In the United States, the  FDA approved 
the  ready-to-use 68Ga-DOTA-TOC in August 
2019. The  holder of the NDA (New Drug 
Application) or marketing authorization is the 
UIHC–PET Imaging Center (University of Iowa 
Health Care [UIHC]), in Iowa, USA [38]. It is 
indicated for use with PET for the localization of 
SSTR-positive NETs in adult and pediatric 
patients. The recommended dose is 111–
185 MBq (3–5 mCi).
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The safety and efficacy of 68Ga-DOTATOC 
Injection were established in two single-center, 
open-label studies in which 282 patients with 
known or suspected SSTR-positive NETs 
received a single dose. A total of 238 of the 282 
patients (84%) had a history of neoplasm at the 
time of Ga-68 DOTATOC imaging.
Ga 68 DOTATOC Injection is supplied in a 

multiple- dose, capped 30 mL glass vial con-
taining 68Ga-DOTATOC at calibration time in 
approximately 14 mL. It is a sterile, pyrogen 
free, clear, colorless, buffered solution, with a 
pH between 4 and 8. It contains.
• 3.6 μg/mL (DOTA-0-Phe1-Tyr3) octreotide,
• 18.5–148  MBq/mL (0.5–4  mCi/mL) of 

68Ga-DOTATOC at calibration time,
• Ethanol (10% v/v) in sodium chloride 

(9 mg/mL) solution (~14 mL).

68Ga-DOTATATE
DOTATATE is an SST analog and an SSTR 
agonist that closely simulates DOTATOC, in 
which the C-terminal threoninol (an amino 
alcohol) is replaced by threonine (Fig.  21.7). 
This chemical modification resulted in a nine-
fold higher affinity (1.5 nM) for the SSTR-2 as 
compared with DOTA-TOC (14 nM). Also, the 
affinity of Ga-DOTATATE (0.2 nM) for SSTR-2 
is 12 times higher compared to that of 

Ga-DOTATOC (2.5 nM) [35]. Preclinical stud-
ies in animal models demonstrated that 
DOTATATE may be a better SST analog for the 
development of radiotracers for imaging and 
targeted therapy compared to DOTATOC [39, 
40]. No human data, however, was available at 
that time to support the preclinical 
observations.

A direct comparison of pharmacokinetics and 
dosimetry of 111In-DOTATOC and 
111In-DOTATATE in patients with metastatic 
NETs indicated that the two peptides appear to 
be nearly equivalent, except with minor advan-
tages for 111In-DOTATOC [41]. Similarly, based 
on direct comparison of PET/CT studies with 
68Ga-DOTATOC and 68Ga-DOTATATE, it was 
concluded that both these radiotracers possess a 
comparable diagnostic accuracy for the detec-
tion of NET lesions, with 68GaDOTATOC having 
a potential advantage. The approximately ten-
fold higher affinity for the SSTR-2 of 
68Ga-DOTATATE does not prove to be clinically 
relevant. Also, the study found that the SUVmax 
of 68Ga-DOTATOC scans tended to be higher 
than their 68Ga-DOTATATE counterparts [42].

In June 2016, the  FDA approved 
68Ga-DOTATATE (NETSPOT™) (Fig.  21.7) for 
the localization of SSTR positive NETs in adult 
and pediatric patients. NETSPOT™ is the new 
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Table 21.6 Clinical studies to determine efficacy and safety of 68Ga-DOTATATE

Study n

Reference standard (RS) 68Ga-DOTATATE

N Positive (+ve) Negative (−ve)
A 97 78, RS-scansa 48/50 RS-scan +ve 26/28 RS-scan −ve

96% 93%
B 104 104, RS-HP 29/36 RS-HP +ve 61/68 RS-HP −ve

81% 90%
C 63 63, RS-HP 22–23/29 RS-HP +ve 29–32/34 RS-HP −ve

79% 94%

The data is from Octreoscan package insert (06/2016)
aRS-scans: CT, MRI, and Octreoscan; RS-HP Histopathology

market name for Somakit-TATE (a kit for the prep-
aration of 68Ga-dotatate injection using 68Ga chlo-
ride from the GalliaPharm 68Ga/68Ga generator 
from Eckert & Ziegler). 68Ga-dotatate received 
Orphan Drug Designation from both the FDA and 
the European Medicines Agency (EMA) in March 
of  2014. The efficacy of NETSPOT was estab-
lished in three open label single center studies 
(Study A–C) in patients with known or suspected 
NETs (Table 21.6). NETSPOT is indicated for use 
with PET for the localization of SSTR- positive 
NETs in adult and pediatric patients. The recom-
mended dose is 2 MBq/kg (0.054 mCi/kg) up to 
200 MBq (5.4 mCi).

The NETSPOT is a kit for the preparation of 
68Ga-DOTATATE injection. The NETSPOT kit 
allows for direct preparation of 68Ga-DOTATATE 
injection with the eluate from an Eckert & Ziegler 
GalliaPharm 68Ge/68Ga generator.

NETSPOT is supplied as a single dose kit 
containing.

• Vial 1 (reaction vial with lyophilized powder) 
containing 40  μg of Dotatate, 5  μg of 1,10 
phenanthroline, 6 μg gentisic acid and 20 mg 
d-mannitol.

• Vial 2 (buffer vial) containing 1 mL of reac-
tion buffer solution containing 60 mg formic 
acid, 56.5 mg sodium hydroxide.

• An accessory cartridge containing 660  mg 
porous silica.

Drug Preparation: Prepare the drug product 
under aseptic conditions according to the pro-
cedure described in the  NETSPOT package 
insert.

• Use 5 mL of 0.1 N HCl solution (supplied by 
generator manufacturer) to elute the 
generator.

• To the reaction vial-1 with lyophilized pow-
der, first add the reaction buffer solution (0.1–
0.5 mL) from the buffer vial-2 based on the 
volume of 68Ga chloride eluate from the gen-
erator to be used (1–5 mL).

• Add 68Ga chloride solution (<50  mCi in 
1–5 mL) via the conditioned accessory car-
tridge into the reaction vial-1 with the 
buffer.

• Incubate for 7–10 min at 95 °C and then cool 
it for 10 min.

• Assay the whole vial containing the 68Ga- 
dotatate injection for total radioactivity 
concentration.

• Perform QC tests (such as visual inspection, 
pH, RCP by ITLC) in order to check compli-
ance with the specifications. The drug product 
must be colorless and particulate free with a 
pH of 3.2–3.8. The RCP ≥  92%, and Other 
Ga-68 species ≤5%.

68Ga-DOTA-NOC
[DOTA0,1-Nal3]-octreotide (DOTA-NOC) is a 
peptide that has the potential to target a broader 
range of SSTR subtypes, including SSTR-2, 3, 
and 5 [43]. The affinity for SSTR-2, 3, and 5 
are 1.9, 40, and 7.2  nM, respectively 
(Table  21.5). Direct comparison with 
68Ga-DOTA-TOC and 68Ga-DOTA-TATE PET 
studies in patients with NETs indicated that 
68Ga-DOTA-NOC detects more metastases 
than do SSTR-2 specific tracers [44, 45]. Based 
on a retrospective study of patients with NETs 
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(n  =  445) who underwent 68Ga-DOTA-NOC 
PET/CT, it was concluded that 68Ga-DOTA-
NOC PET/CT is a highly sensitive and specific 
study for the diagnosis and follow- up of 
patients with NETs [46]. The sensitivity, speci-
ficity, negative-predictive value, and positive- 
predictive value of 68Ga-DOTA- NOC were 87, 
98, 80, 99%, respectively.

64Cu-DOTATATE (DetectNet)
The relatively longer half-life and low positron 
energy (T½ = 12.7 h; 0.653 β+) of 64Cu is appro-
priate for PET imaging. The initial studies with 
64Cu-TETA-octreotide showed high rate of lesion 
detection, sensitivity, and favorable dosimetry 
and pharmacokinetics [47]. Since 64Cu 
forms a more stable complex with DOTA chela-
tor, 64Cu-DOTATATE has been studied as a 
potential PET radiotracer for SSTR-based imag-
ing. The first human study clearly supports the 
clinical use of 64Cu-DOTATATE for PET studies 
with excellent imaging quality, reduced radiation 
burden, and increased lesion detection rate when 
compared with OctreoScan [48, 49].

In a head-to-head comparison with 
68Ga-DOTATOC-PET in patients with NETs, 
64Cu-DOTATATE-PET scans detected more 
lesions although patient-based sensitivity was the 
same for both agents [50]. Recently, in a prospec-
tive trial in patients with Known or Suspected 
SSTR positive NETs, PET/CT scan with 
64Cu-DOTATATE was considered a safe imaging 
technique that provides high-quality and accurate 
images at a dose of 148 MBq (4.0 mCi) for the 
detection of SSTR expressing NETs [51]. The 
lower positron energy of 64Cu compared to that of 
68Ga (0.65 vs. 1.90  MeV), which translates to 
lower positron range (0.56 vs. 3.5 mm), is thought 
to explain the anticipated improved spatial reso-
lution and diagnostic performance of 
64Cu-DOTATATE (Fig.  21.8) Additionally, the 
longer physical half-life of 64Cu (12.7  h) may 

increase the shelf-life of 64Cu-DOTATATE, and 
provide a more flexible scanning window, mak-
ing it attractive for routine clinical imaging.

In September 2020, the FDA approved 
64Cu-DOTATATE injection (DetectNet) for the 
localization of SSTR–positive NETs. Two single- 
center, open-label studies confirmed the efficacy 
of the diagnostic agent. The results of the study-1 
(n  =  63) showed that the percent reader agree-
ment for positive detection was 91% and negative 
detection was 80–95%. Study-2 was a retrospec-
tive analysis in which investigators examined 
published findings collected from 112 patients 
and the results demonstrated similar performance 
as study-1 (Detectnet, package insert 2020).

DetectNet is a sterile, clear, colorless to yellow 
solution for intravenous use. Each 10  mL 
single- dose vial contains 148 MBq (4 mCi) of 
copper Cu 64 dotatate at calibration date and 
time in 4  mL solution volume. Additionally, 
each mL of the solution contains 40 mg ascor-
bic acid, 0.05 mL of dehydrated alcohol, USP 
(ethanol) in sterile water for injection, USP. The 
pH is adjusted with sodium hydroxide, hydro-
chloric acid, and is between 5.5 and 7.5.

21.3.1.2  SSTR Antagonists
While the agonists activate SSTRs and internal-
ize into tumor cells, the antagonists interact with 
SSTRs and block or reduce the physiological 
effect of an agonist [52]. It has been shown that 
potent SSTR antagonists, known to poorly inter-
nalize into tumor cells, may be as good as, or 
even superior to, agonists for developing radio-
pharmaceuticals for imaging and therapy, and 
some antagonist analogs show rapid blood clear-
ance, poor kidney retention, and better accumula-
tion in the tumor tissue [24, 30].

In 1996, it was reported that the inversion of 
chirality at positions 1 and 2 of the octapeptide 
(octreotide family) converted an agonist into a 
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Fig. 21.8 Comparison of 64Cu-DOTATE-PET and 111In-DTPA-Octreotide (OctreoScan) in the same patient with NETs 
with multiple bone and soft tissue metastases. (From Pfeifer et al. [49])

potent antagonist [53]. The first radiolabeled 
SSTR antagonists were based on the SSTR-2- 
selective analog sst2-ANT or BASS [53]. The 
first proof of the concept clinical study with 
111In-DOTA-BASS demonstrated better accumu-
lation of the tracer in the tumor and better visual-
ization compared to that of OctreoScan® [45].

The second generation of antagonists include 
LM3, JR10, and JR11. The amino acid sequence 
of these antagonists is shown in Fig. 21.9. The 
chelate (DOTA, NODAGA) and the radiometal 
(In, Ga, Cu, Y, or Lu) make a significant differ-
ence in the affinity (Table 21.5) and pharmaco-
kinetics of the radiolabeled SSTR-2 antagonists 
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Octreotide:

DOTA-TOC

DOTA-TATE:

SSTR Antagonists

SSTR Agonists

D-Phe1-Cys2-Phe3-D-Trp4-Lys5-Thr6-Cys7Thr(ol)8

D-Phe1-Cys2-Tyr3-D-Trp4-Lys5-Thr6-Cys7Thr(ol)8

D-Phe1-Cys2-Tyr3-D-Trp4-Lys5-Thr6-Cys7Thr8

SSTR-2-ANT (BASS):

LM3

JR10

JR11 (Satoreotide)

p-NO2-Phe1-D-Cys2-Tyr3-D-Trp4-Lys5-Thr6-Cys7-D-Tyr8-NH2

p-Cl-Phe1-D-Cys2-Tyr3-D-Aph4(Cbm)-Lys5-Thr6-Cys7-D-Tyr8-NH2

p-NO2-Phe1-D-Cys2-Tyr3-D-Aph4(Cbm)-Lys5-Thr6-Cys7-D-Tyr8-NH2

p-Cl-Phe1-D-Cys2-Aph3(Hor)-D-Aph4(Cbm)-Lys5-Thr6-Cys7-D-Tyr8-NH2

Fig. 21.9 The amino acid sequences in somatostatin receptor (SSTR) agonists and antagonists

[24]. The Ga-DOTA analogs had lower affinity 
for SSTR-2 than the respective Y, Lu, or 
In-DOTA counterparts. Interestingly, however, 
substitution of DOTA by the NODAGA chela-
tor was able to substantially increase the bind-
ing affinity of the Ga-NODAGA analogs, 
compared with the Ga-DOTA analogs. 
Surprisingly, even a low- affinity antagonist was 
shown to be slightly superior to a high-affinity 
agonist, outweighing the affinity differences. 
More specifically, 68Ga-DOTA-JR11, having a 
dramatically lower affinity for SSTR-2 (~150-
fold) than 68Ga-DOTATATE, showed a tumor 
uptake that was 1.3-fold higher, and 
68Ga-NODAGA-JR11, having a sixfold lower 
affinity than 68Ga-DOTATATE, showed a tumor 
uptake that was up to 1.7-fold higher [54].

Among the radiolabeled SSTR-2 antagonists 
investigated, the analog JR11 performed the best 
in preclinical settings. PET/CT with 
68Ga-NODAGA-JR11 (or 68Ga-OPS202) detected 
significantly more metastases with higher tumor- 
to- background ratios than the SSTR agonist 
68Ga-DOTATOC [55] (Fig.  21.10). 
Lu-DOTA-JR11 (Lu-OPS201, or 

177Lu-satoreotide tetraxetan) with affinity of only 
0.73  nM demonstrated a favorable biodistribu-
tion profile and increased tumor dose compared 
with the agonist 177Lu-DOTATATE [56]. A phase 
I study with 177Lu-JR11 was performed in 20 
patients with NETs (2  cycles, 3  months apart, 
7.4 GBq/cycle). Preliminary data are promising 
and additional studies are on-going to determine 
optimal therapeutic dose/schedule [57].

Since the SSTR-2 affinity of 
68Ga-NODAGA-LM3 was tenfold higher than 
that of 68Ga-DOTA-LM3, a phase 1 study com-
pared the biodistribution of these two agents 
[58]. Both tracers showed favorable biodistribu-
tion, high tumor uptake, and good tumor reten-
tion, resulting in high image contrast, good 
tumor uptake, and retention. The first human 
studies of PRRT with 177Lu-DOTA-LM3 were 
performed in 51 patients with metastatic NENs 
to assess safety, efficacy, and dosimetry. Patients 
received 2.8–7.1 GBq/cycle. Higher uptake and 
a longer effective half-life of 177Lu-DOTA-LM3 
was found for whole-body as well as kidneys, 
spleen, and metastases, resulting in higher mean 
absorbed organ and tumor doses as compared to 
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a b

c d

Fig. 21.10 [68Ga]Ga-OPS202 PET/CT (a, b) and [68Ga]
Ga-DOTATOC PET/C.T (c, d) images of a patient with 
ileal neuroendocrine tumors, showing bilobar liver metas-
tases (dashed lines indicate level of transaxial slices). 
Studies were performed on the same scanner within 2 

months. With the antagonist, OPS-202, the background 
activity was lower in liver, intestine, and thyroid than with 
agonist DOTATOC, allowing better identification of the 
lesions in the liver which are confirmed by subsequent 
MRI. (Figure modified from Nicolas et al. [55])

the agonist 177Lu-DOTA-TOC.  The study con-
cludes that 177Lu-DOTA-LM3 appears to be very 
promising for PRRT, provides favorable biodis-
tribution and higher tumor radiation doses than 
SSTR agonists [59].

21.3.2  Therapy of SSTR-2-Positive 
NETs

The acronyms PRS (peptide receptor scintigra-
phy) and PRRT (peptide receptor radionuclide 
therapy) were originally coined in the 1980s by 
the investigators at the Erasmus University 
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Medical Center, Rotterdam in the Netherlands. 
Since 111In decays by electron capture (EC) and 
emits low energy Auger and conversion elec-
trons, Dr. Krenning’s group evaluated the poten-
tial of 111In-pentetreotide for targeted therapy of 
SSTR positive NETs and introduced the concept 
of PRRT.  A total of 50 patients received many 
cycles of 111In-pentetreotide within about 5 years. 
Three of the six patients who received more than 
100  GBq (2700  mCi) cumulatively developed 
myelodysplastic syndrome or leukemia at a mean 
bone marrow dose of about 3  Gy [60]. Further 
PRRT studies with 111In-pentetreotide were dis-
continued since it became clear that radiometals 
decaying by β− emission (such as 90Y or 177Lu) 
might be better suited for radionuclide therapy 
than 111In, because the short tissue range of low 
energy Auger electrons resulted in relatively 
modest tumor shrinkage, as shown by CT/MRI 
imaging.

21.3.2.1  90Y-DOTA-TOC
Following the development of DOTA conjugated 
octreotide analogs in the early 1990s, a clinical 
study with 90Y-DOTATOC was started in Basel in 
June 1996, but soon became a multi-center study. 
In 1998, the first results of 90Y-DOTATOC in 
patients with SSTR-positive tumors were 
reported [61]. The results of a phase 2 study 
(n = 41) demonstrated an overall response rate of 
24% and a significant reduction in carcinoid syn-
drome in 83% of the patients [62].

In 1997, Novartis launched a PRRT study with 
90Y-DOTATOC (edotreotide, or OctreoTher). A 
separate protocol was designed to study pharma-
cokinetics and biodistribution based on a PET 
imaging study with 86Y-DOTATOC or a planar/
SPECT study with 111In-DOTATOC (as a chemi-
cal and biological surrogate for 90Y-DOTATOC), 
to estimate maximum tolerated individual patient 
therapy doses of 90Y-DOTATOC.  The clinical 
experience of PRRT with 90Y-DOTATOC treat-
ment was published in two major reports. A study 
that included 1109 patients (treated with 3.7 GBq/
m2; 1–10  cycles) demonstrated a morphologic 
response rate in 34% of patients but, 9.2% of 
patients had severe grade 4 or 5 permanent neph-
rotoxicity [63]. A second report showed 74.4% of 

patients with metastatic carcinoid refractory to 
octreotide had stable disease following treatment 
with three cycles of 4.4  GBq (120  mCi) each, 
once every 6 weeks [64].

The primary observed disadvantage of PRRT 
with 90Y-DOTATOC was renal toxicity. Renal 
failure was observed in patients when 
90Y-DOTATOC was administered without kidney 
protection, although some renal toxicity was still 
observed even with the administration of amino 
acids for kidney protection [65]. The investiga-
tors at EUMC started preclinical and clinical 
investigations to optimize kidney protection with 
the amino acids, lysine, and arginine during 
PRRT with somatostatin analogs. It was sug-
gested that renal retention of radiometal labeled 
peptides is confined to proximal tubules in the 
kidney, in which megalin-(a multiligand scaven-
ger receptor in renal proximal tubules)mediated 
endocytosis may play an important part [66]. The 
uptake of radiolabeled peptides can be inhibited 
by the administration of the positively charged 
amino acids lysine and arginine, which compete 
for negatively charged binding sites at the proxi-
mal tubule cell surface [67].

21.3.2.2  177Lu-DOTATOC
In order to decide which SST analog labeled with 
177Lu should be preferred for PRRT, the biodistri-
bution and tissue distribution of 177Lu-DOTATOC 
and 177Lu-DOTATATE were compared in patients 
with SSRT-2 positive NETs [68]. The study con-
cluded that octreotate was a better peptide for 
PRRT since 177Lu-DOTATATE had a longer 
tumor residence time (τ) despite a longer resi-
dence time also in kidneys. A subsequent com-
parative clinical study [69] demonstrated that 
177Lu-DOTATOC delivers the lowest doses to 
healthy organs and has a more advantageous 
ratio—in terms of absorbed dose—between 
tumor and kidney (therapeutic index), compared 
to 177Lu-DOTATATE and 177Lu-DOTANOC 
(Table 21.7).

A phase 2 study evaluated the efficacy and 
safety profile of 177Lu-DOTATOC in patients with 
advanced NETs who received various cycles 
(1–4) of 177Lu-DOTATOC, with a median activity 
per cycle of 7.0  GBq and with intervals of 3 
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Table 21.7 Relative beneficial therapeutic index of 177Lu-DOTATOC compared to 177Lu-DOTATATE or 
177Lu-DOTANOC

SST analog
Radiation dose (mGy/MBq)

T/K ratioTumor (T) Kidneys (K)
177Lu-DOTATOC 4.9 (0.3–39.7) 0.5 (0.3–1.6) 8.16
177Lu-DOTATATE 5.2 (0.1–89.6) 0.8 (0.3–2.6) 6.50
177Lu-DOTANOC 2.0 (0.5–31.7) 1.1 (0.6–1.5) 1.82

Table modified from Uccelli et al. [70]

months between one cycle and the next [71]. The 
results of this study confirmed that 
177Lu-DOTATOC treatment provides an objective 
response and survival times comparable to those 
obtained using 177Lu-DOTATATE.  The study 
results also showed an absence of significant side 
effects, especially affecting the renal paren-
chyma. Several clinical studies also showed a 
high percentage of objective responses and high 
survival times. Furthermore, the safety profile is 
also favorable, with bone marrow toxicity per-
centages comparable (and in some cases lower) 
to those reported in the PRRT studies with 
177Lu-DOTATATE [70].

Most of the clinical trials evaluating therapeu-
tic radiopharmaceuticals showed that 90Y radio-
pharmaceuticals are more effective on large 
lesions, while those with 177Lu are more effective 
on smaller lesions. It may be appropriate to 
devise protocols in which patients with NETs 
could be treated with combined regimens of both 
90Y- and 177Lu-labeled SST analogs. 
90Y-DOTATOC and 177Lu-DOTATOC are desig-
nated as orphan drugs but, have not yet received 
marketing authorization and FDA approval. 
Several phase II and III clinical trials continue to 
evaluate the efficacy of 177Lu-DOTATOC for TRT 
in patients with NETs.

21.3.2.3  177Lu-DOTATATE 
(LUTATHERA®)

Based on preclinical studies in animal models, 
investigators at ESMU, Rotterdam demonstrated 
that DOTTATE may be a better SST analog for the 
development of radiotracers for imaging and tar-
geted therapy compared to DOTATOC [39]. The 
research group at Mallinckrodt Medical first 
reported that [177Lu-DOTA0-Tyr3]octreotate 
(LuTate) was very successful as a therapeutic 

agent based on tumor regression and animal sur-
vival in a rat model [72]. Lu-DOTATATE has five-
fold increase in affinity (2 nM) to SSTR-2 subtype 
compared to that of Y-DOTATOC (11  nM) 
(Table 21.5). In addition, with 177Lu-DOTATATE, 
it is possible to perform dosimetry and therapy 
with the same compound while PET or SPECT 
scans with other radionuclides is not needed. The 
tissue penetration range of 177Lu (~2 mm) is more 
favorable than that of 90Y (~12 mm), especially for 
smaller tumors. The first clinical studies with 
177Lu-DOTATATE confirmed the relative advan-
tage of 177Lu-DOTATATE over 111In-DTPA-
Octreotide or 90Y-DOTATOC [40].

Over the years, ESMU has performed PRRT 
in >1500 patients with 177Lu-DOTA-TATE, even 
though the 177Lu-DOTA-TATE has not yet been 
approved by regulatory authorities. After more 
than 15 years of experience with up to 29.6 GBq 
(800 mCi) of cumulative administered doses of 
177Lu-DOTA-TATE (usually in four treatment 
cycles with treatment intervals of 6–10 weeks), 
the safety, efficacy, and toxicity were well docu-
mented [73–76].

In 2001, BioSynthema Inc. was founded in St. 
Louis, Missouri to discover and develop pharma-
ceuticals targeting cell surface receptors overex-
pressed in cancer cells. In 2007, Covidien and 
BioSynthema Inc. signed exclusive agreements 
to develop cancer therapy with 177Lu-DOTA- 
TATE. In 2010, BioSynthema Inc. was acquired 
by Advanced Accelerator Applications, S.A. 
(AAA), Saint-Genis-Pouilly, France. 
Subsequently, a regulatory pathway was negoti-
ated with the FDA and the European Medicines 
Agency, and a pivotal multinational phase 3 study 
(NETTER-1) was conducted at 41 global sites 
[77]. By 2015, the NETTER-1 study had met its 
primary endpoint of assessing progression-free 
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survival, (PFS) demonstrating that LUTATHERA 
significantly improved PFS compared with 
octreotide acetate injection (Sandostatin LAR; 
Novartis; 60 mg) [78]. LUTATHERA® received 
regulatory registration for clinical use by 
the  European Medical Association (EMA) in 
2017 and the FDA approval in January 2018 [79].

A phase III randomized study (NETTER-1) 
evaluated 229 patients assigned to 177Lu-DOTATATE 
or high-dose octreotide. Patients treated with PRRT 
showed significant improvement in PFS (28 vs. 
8.4  months) with objective imaging response 
observed in 18% of patients [78]. A subsequent 
study including 610 patients with metastatic GEP 
and bronchial NETs showed PFS and overall sur-
vival for all patients of 29 months and 63 months, 
respectively [80]. LUTATHERA is indicated for 
the treatment of SSTR-positive GEP-NETs, includ-
ing foregut, midgut, and hindgut NETs in adults. 
Important aspects of NETTER-1 study design 
were as follows:

• 229 patients with progressive SSTR-positive 
midgut carcinoid tumors were randomized 
(1:1) to receive either LUTATHERA injection 
intravenously (study drug) or high-dose long- 
acting octreotide 60 mg intramuscular injec-
tion every 4 weeks (control arm).

• Randomization was stratified by OctreoScan 
tumor uptake score (Grade 2, 3, or 4) and the 
length of time that patients had been on the 
most recent constant dose of octreotide prior 
to randomization (≤6 or >6 months).

• LUTATHERA 7.4 GBq (200 mCi) was admin-
istered every eight to 16 weeks concurrently 
with the recommended amino acid solution 
and with long-acting octreotide (30 mg admin-
istered by intramuscular injection within 24 h 
of each LUTATHERA dose) (n = 111).

• High-dose octreotide was administered every 
4 weeks (n = 112).

• Among patients receiving LUTATHERA with 
octreotide, 79% received a cumulative dose 
>22.2 GBq (>600 mCi) and 76% of patients 
received all four planned doses.

• The median duration of follow-up was 
24 months for patients receiving LUTATHERA 

with octreotide and 20  months for patients 
receiving high-dose octreotide.

Dose and administration: Recommended 
doses are 7.4 GBq (200 mCi/) every 8 weeks for 
a total of four doses. Amino acid solution 
(described in the package insert) must be started 
30 min before LUTATHERA infusion and con-
tinued for 3 h after LUTATHERA infusion. Also 
recommended is the administration of long- 
acting octreotide 30 mg intramuscularly 4–24 h 
after each LUTATHERA dose and short-acting 
octreotide for symptomatic management. 
Continue long-acting octreotide 30 mg intramus-
cularly every 4 weeks after completing 
LUTATHERA until disease progression or for up 
to 18 months following treatment initiation.
LUTATHERA Injection containing 370  MBq/

mL (10 mCi/mL) of lutetium; Lu 177 dotatate 
is a sterile, preservative-free, and clear, color-
less to slightly yellow solution (pH  4.5–6.0) 
supplied in a 30 mL single-dose vial contain-
ing 7.4 GBq (200 mCi) ± 10% at the time of 
injection. The solution volume in the vial is 
adjusted from 20.5 to 25 mL to provide a total 
of 7.4 GBq (200 mCi/~200 μg of dotatate pep-
tide) (Fig.  21.11). Each single-dose vial 
contains:
• Acetic acid (0.48 mg/mL),
• Sodium acetate (0.66 mg/mL),
• Gentisic acid (0.63 mg/mL),
• Sodium hydroxide (0.65 mg/mL),
• Ascorbic acid (2.8 mg/mL),
• Diethylenetriamine pentaacetic acid 

(0.05 mg/mL),
• Sodium chloride (6.85 mg/mL), and
• Water for injection (ad 1 mL).

21.3.2.4  177Lu-DOTA-EB-TATE
Evans Blue (EB) dye binds reversibly to serum 
albumin with moderate affinity and has a rela-
tively long half-life compared to small peptide 
molecules. Coupling of EB derivatives to small 
molecule peptide drug molecules would increase 
the peptide’s residence time in blood, potentially 
allowing more therapeutic peptide to be absorbed 
into the target tissue during PRRT [82].
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Fig. 21.11 177Lu-Dotatate (Lutathera) treatment of 
patients with NETs. Whole body 177Lu images obtained 
after the administration of therapy dose at different treat-

ment cycles. Pretreatment tumor burden was documented 
with 68Ga-Dotatate-PET. (From Hope et  al. [81]). Post 
treatment scans with 177Lu-dotatate show partial response 
to therapy

In 2018, it was reported that EB modification 
of octreotate that uses endogenous albumin as a 
reversible carrier effectively extends the half-life 
in the blood and, substantially, increases accumu-
lation, and retention of 86Y/90Y-DOTA-EB-TATE 
in the tumors, leading to highly effective eradica-
tion of SSTR2 positive tumors in multiple xeno-
graft models [83, 84]. The first-in-human study 
showed remarkably higher tumor uptake and 
retention of 177Lu-DOTA-EB-TATE over 
177Lu-DOTATATE [85].

A recent study aimed to evaluate the safety 
and efficacy of three cycles of 177Lu-DOTA-EB- 
TATE therapy at escalating doses in neuroendo-
crine tumors NETs [86]. This preliminary study 
concluded that dose escalations of up to 
3.97  GBq/cycle seem to be well tolerated for 
177Lu-DOTA-EB-TATE and doses of 1.89 and 
3.97 GBq/cycle were effective in tumor control 
and more effective than 1.17  GBq/cycle. The 
maximum tolerated dose (MTD), however, has 
not been determined. A study designed to esti-
mate dosimetry of 177Lu-DOTA-EB-TATE 
showed remarkably higher uptake and retention 
in the tracer in tumor, as well as significantly 

increased accumulation in the kidneys and red 
marrow. As a result, the radiation dose to kidneys 
and marrow was also increased (3.2 and 18.2- 
fold, respectively) in patients receiving 
177Lu-DOTA-EB-TATE compared with those 
receiving 177Lu-DOTATATE [87]. Another study, 
with intra-individual comparison with 
177Lu-DOTATOC showed that tumor doses per 
administered activity were higher for 
177Lu-DOTA-EB-TATE in 4/5 patients but, the 
therapeutic index (tumor to critical organs 
absorbed dose ratios) was higher (or more favor-
able) after 177Lu-DOTATOC in 4/5 patients [88]. 
Therefore, to determine the potential advantages 
of 177Lu-DOTA-EB-TATE pharmacokinetics on 
the overall safety and efficacy, well designed 
clinical trials need to be performed.

21.3.2.5  Therapy with SSTR 
Antagonists

As mentioned in Sect. 21.3.1.2, among the 
radiolabeled SSTR-2 antagonists investigated, 
68Ga-NODAGA-JR11 targeted metastatic 
lesions in patients with NETs with higher 
tumor-to- background ratios. 177Lu-DOTA-JR11 
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(Lu-OPS201, or 177Lu-satoreotide tetraxetan) 
with an affinity of only 0.73  nM to SSTR-2 
(Table 21.5) demonstrated a favorable biodis-
tribution profile and increased tumor dose 
compared with the agonist 177Lu-DOTATATE 
[56, 89]. A phase I study with 177Lu-JR11 was 
performed in 20 patients with NETs (two 
cycles, 3 months apart, 7.4  GBq/cycle). 
Preliminary data are promising, and additional 
studies are on-going to determine optimal ther-
apeutic dose/schedule [57].

Since the SSTR-2 affinity of 
68Ga-NODAGA-LM3 was tenfold higher than 
that of 68Ga-DOTA-LM3, the first human studies 
of PRRT with 177Lu-DOTA-LM3 were performed 
in 51 patients with metastatic NENs to assess 
safety, efficacy, and dosimetry (Fig.  21.12). 
Patients received 2.8–7.1  GBq/cycle. Higher 
uptake and a longer effective half-life of 
177Lu-DOTA-LM3 was found for whole-body, as 
well as kidneys, spleen, and metastases, resulting 

in higher mean absorbed organ and tumor doses 
as compared to the agonist 177Lu-DOTA- 
TOC. The study concludes that 177Lu-DOTA-LM3 
appears to be very promising for PRRT, provides 
favorable biodistribution and higher tumor radia-
tion doses than SSTR agonists [59].

21.3.3  Therapy with Alpha Particles

Alpha particles have much higher kinetic energy, 
higher LET, and cause more double strand DNA 
breaks than beta particles. Furthermore, the short 
range of alpha particles preserves the surround-
ing non-tumor tissue [90, 91].  Targeted alpha 
therapy can be applied to enhance the anti-
tumor-effect and to overcome beta radiation 
resistance in SSTR- positive NETs after PRRT 
with 90Y or 177Lu radionuclides. Preliminary 
studies with 225Ac-DOTA-TATE in relapsed 
NETs after beta PRRT revealed 63% objective 

F i g .   2 1 . 1 2  6 8 G a - N O D A G A - L M 3 - P E T   a n d 
177Lu-NODAGA-LM3 therapy in a patient with well- 
differentiated, non-functioning metastatic pancreatic 
NEN (Ki-67, 13%). Dotatate-PET showed very weak 
SSTR-avid small volume lesions in the liver and lymph 
nodes with extremely low uptake (left), which did not 
exhibit significant FDG uptake. 68Ga-NODAGA-LM3 

PET/CT then showed disseminated bilobar liver metasta-
ses, demonstrating very intense SSTR antagonist (LM3) 
uptake in the liver and lymph node metastases. Patient 
was treated with four cycles of 177Lu-DOTA-LM3 PRRT 
(total 25.7  GBq). Restaging 68Ga-NODAGA-LM3 PET/
CT scans showed excellent response to PRRT with partial 
remission of the disease. (From Baum et al. [59])
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response and 100% clinical benefit with no tox-
icity [92]. Alpha therapy was also reported with 
255Ac-DOTATOC [93].

212Pb decays (T½  =  10.6  h) by emitting low 
energy beta particles to 212Bi, which decays 
(T½  =  60.6  m) by emitting alpha particles. 
212Pb-DOTAMTATE (AlphaMedix™) is in phase 
I/II clinical studies for the assessment of the 
safety and efficacy in PRRT-naïve patients with 
SSTR-positive NETs. In a phase I dose escalation 
trial, a cohort of ten subjects received at least 
three cycles of 212Pb-DOTAMTATE at the highest 
dose level of 67.6  μCi/kg/cycle. Dramatic 
improvement in tumor burden and a positive 
impact on quality of life were seen in all of the 
PRRT naïve subjects at the highest dose tested.

21.4  Norepinephrine Transporter 
(NET): Imaging and Therapy 
Agents

Neuroblastoma and other cancers of sympathetic 
neuronal precursors express the norepinephrine 
(NE) transporter (NET), a 12 domain, transmem-
brane protein which functions to shuttle norepi-
nephrine across the cell membrane. NET has very 
high affinity and specificity for norepinephrine 
and its analogs. NET actively transports NE pri-
marily into adrenal chromaffin cells and pre- 
synaptic terminals by an ATP-dependent and 

specific process known as Uptake-1 [94, 95]. 
Uptake-1 transportation, however, is saturable and 
dependent upon serum sodium and chloride, tem-
perature, pH, oxygen, and vascularity. 
Norepinephrine is also brought into cells by pas-
sive, nonspecific diffusion (a process known as 
Uptake-2) that is energy independent, unsaturable, 
and results in low-level norepinephrine accumula-
tion in most tissues. Cells store norepinephrine 
within numerous neurosecretory vesicles via the 
vesicular monoamine transporter (VMAT) [95]. 
The expression NET in NENPs, specifically neu-
roblastoma, provides the basis and rationale for 
the use of radiolabeled NE analogs for targeted 
imaging and treatment of neuroblastoma.

21.4.1  MIBG Analogs for Imaging

In the 1980s, Dr. Wieland and his colleagues at 
the University of Michigan developed an analog 
of NE, known as 131I-meta-iodobenzylguanidine 
(MIBG), a diagnostic tracer to allow imaging of 
the adrenal medulla [96, 97]. MIBG was devel-
oped by linking the benzyl portion of bretylium 
with the guanidine group of guanethidine 
(Fig.  21.13). Among the three isomers of iodo-
benzylguanidines, the meta isomer (MIBG) has 
less in vivo deiodination and liver uptake than the 
other two isomers. MIBG accumulates both in 
normal sympathetically innervated tissues, such 
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as the heart and salivary glands but, also, in 
tumors that express NET, specifically those of 
neural crest and neuroendocrine origin. With 
MIBG the primary uptake in cancer cells is by 
active transport (Uptake-1), which is approxi-
mately 50 times more efficient than passive trans-
port [95, 98]. NE analogs can inhibit Uptake-1 
and any decrease in the activity of the Na/K- -
ATPase leads to reduced uptake, and increased 
outward transport of NR, and its analogs [95].

The potential use of MIBG to image pheo-
chromocytoma and neuroblastoma was also 
reported in the early 1980s [99, 100]. In 1984, the 
first therapy with MIBG was described in patients 
with pheochromocytoma [101]. In the same 
period, the first reports appeared on the use of 
MIBG in patients with neuroblastoma [102] and 
neuroendocrine carcinomas [103]. In the last four 
decades, several studies in many countries dem-
onstrated the clinical utility of 123/131I-MIBG 
imaging and targeted therapy in patients with 
neuroblastoma, pheochromocytoma and neuro-
endocrine tumors [95, 104].

In 1994, [131I]MIBG also known as ioben-
guane sulfate I-131 intravenous (low SA (LSA) 
formulation), received FDA approval as an imag-
ing agent for the localization of specific sites of 
pheochromocytomas and neuroblastomas [105]. 
In 2008, [123I]MIBG or iobenguane I-123 injec-
tion was also approved by the FDA as a tumor 
imaging agent (Adreview; GE Healthcare). The 
commercial formulations of low specific activity 
[131I]MIBG are prepared on the basis of radioio-
dide exchange reaction with unlabeled MIBG as 
a precursor and contain large mass amounts of 
unlabeled MIBG, or “cold carrier,” molecules, 
which are not ideal for targeted radionuclide ther-
apy with MIBG because the cold MIBG mole-
cules competitively inhibit the uptake of 
radiolabeled MIBG molecules by adrenergic, and 
neuroendocrine cells expressing NET.

21.4.1.1  [18F]MFBG and [18F]FIBG
Although the MIBG is an established substrate for 
NET, [123I/131I]MIBG-SPECT/or planar imaging has 
several clinical limitations for diagnostic imaging. 
To develop derivatives of MIBG for PET studies, 
two methods have been used to introduce the 18F 

atom directly onto the benzylguanidine core struc-
ture: first, replace the iodine with fluorine directly to 
obtain 18F-meta- and para-fluorobenzylguanidine, 
[18F]MFBG and [18F]PFBG [106] or add an addi-
tional fluorine to the MIBG structure to get 18F-(4-
fuoro-3- iodobenzyl)guanidine ([18F]FIBG) [107]. 
Pre- clinical PET studies demonstrated higher [18F]
MFBG tumor uptake and tumor/normal ratios com-
pared to [123I]MIBG [108]. Based on an iodonium 
salt as a precursor for the electron-rich benzene 
ring, GMP manufacturing has been optimized for 
clinical studies. The first clinical study with [18F]
MFBG showed excellent in vivo stability and safety, 
as well as a favorable biodistribution with good tar-
geting of lesions in patients with NETs. MFBG-
PET/CT demonstrated high promise for imaging in 
patients, especially for children with neuroblastoma 
[109].

Preclinical studies with [18F]FIBG demon-
strated excellent tumor detectability and uptake 
comparable to MIBG.  Moreover, [131I]FIBG 
showed a greater therapeutic effect in malig-
nant PCC than did [131I]-MIBG [110]. These 
results support the potential usefulness of FIBG 
as a theranostic agent since both, 18F and 131I 
can be labeled to the same targeting molecule 
FIBG.

21.4.1.2  Norepinephrine Analogs

6-[18F]Fluorodopamine (FDA)
FDA, a sympathoneural imaging agent developed 
at  the National Institutes of Health (NIH), is an 
analog of dopamine and a metabolite of FDOPA. In 
catecholamine-synthesizing cells, FDA is trans-
ported actively and avidly by both, the plasma 
membrane NET and the intracellular vesicular 
monoamine transporter. It has also been shown 
that FDA (Fig. 21.13) is a better substrate for the 
cell membrane NET system when compared with 
most amines, including NE and MIBG [111]. In 
2001, the first clinical results using FDA-PET 
scanning for the diagnostic localization of PCC 
were reported [112]. In patients with known dis-
ease, FDA-PET scanning localized PCC with high 
sensitivity. In patients for whom the diagnosis of 
PCC is considered but, excluded because of nega-
tive plasma metanephrine results, FDA-PET scans 
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were consistently negative. Also, FDA-PET was 
found to show more promising results when com-
pared with [123/131I]MIBG scintigraphy in the diag-
nostic localization of VHL-related adrenal PCC, 
with a 100% rate of localization [111]. In a head-
to-head comparison between FDA and FDG, 
FDOPA, and MIBG scintigraphy, nonmetastatic 
paragangliomas (PGLs) were equally well local-
ized by these techniques. For the detection of 
metastases seen on CT, however, FDA was supe-
rior to both FDOPA and MIBG scanning [113].

[11C]Hydroxyephedrine (HED)
HED is a norepinephrine analog (Fig. 21.13) that 
binds to the NET and, from  a structural point of 
view, HED is derived from metaraminol, which is 
biologically stable against MAO due to its ephed-
rine structure, where the α- and N-methyl groups 
can prevent/slow down the possible enzymatic oxi-
dation/deamination [114]. HED-PET has shown 
high diagnostic potential in patients with PCC/PGL 
and neuroblastoma [115–117]. HED- PET can be 
used as an accurate tool for the diagnosis/ruling out 
of PCC and PGL in complex clinical scenarios, in 
contrast to CT/MRI characterization. In a major 
study, HED PET/CT was performed in a cohort of 
102 patients, where 19 patients were correctly iden-
tified as having PCC, six with PGL, and 75 success-
fully excluded from having either [118]. Sensitivity, 
specificity, positive and negative predictive values 
of HED-PET/CT for PCC/PGL diagnosis was 96%, 
99%, 96%, and 99%, respectively.

21.4.2  Therapy with MIBG (Azedra®)

In July 2018, the FDA approved a new high SA 
(HSA) formulation of iobenguane I-131 
(AZEDRA®, Progenics Pharmaceuticals, Inc.). 

The three FDA-approved MIBG formulations are 
compared in Table 21.8. No-carrier-added (n.c.a.) 
radioiodinated HSA MIBG preparations have 
been developed on the basis of electrophilic 
radioiodination reaction and solid-phase technol-
ogy using dibutylstanyl benzylguanidine precur-
sor linked to polymers [98].

With LSA [131I]MIBG preparations, more than 
99% of the MIBG molecules are not labeled with 
131I atoms, resulting in products with very LSA 
(3.3  mCi/mg; 123.3  MBq/mg). This, in turn, 
results in the administration of large doses of 
unlabeled cold MIBG, which compete for NET 
binding sites and disrupt the norepinephrine- 
reuptake mechanism. The resulting increase in 
circulating catecholamines can lead to life- 
threatening side effects, such as acute hyperten-
sive crisis during or shortly after drug 
administration [119]. In contrast, HSA [131I]
MIBG (2500 mCi/mg; 92,500 MBq/mg) is a tar-
geted therapeutic that consists almost entirely of 
I-131-labeled MIBG molecules [98, 120]. In 
clinical studies, no patients had drug-related 
acute hypertensive events during or after the 
administration of HSA [131I]MIBG [120, 121].

The efficacy of AZEDRA was determined 
based on open-label, single-arm, multicenter 
clinical studies in patients with iobenguane scan- 
positive, unresectable, locally advanced, or meta-
static PPGL who are at least 12 years of age and 
were ineligible for curative therapy. Other eligi-
bility criteria required patients’ tumors to have 
definitive iobenguane avidity; at least one tumor 
site identified by CT, MRI, or MIBG scan. 
Following dosimetry, 68 patients received at least 
one therapeutic dose and 50 patients received two 
therapeutic doses. After the final 12-month 
assessment, patients entered into long-term fol-
low- up for up to four additional years. Among 64 

Table 21.8 Comparison of FDA-approved MIBG radiopharmaceuticals

Components [123I]MIBG (Adreview) [131I]MIBG Sulfate (LSA) [131I]MIBG, (HSA) (AZEDRA®)
I-131 activitya 74 MBq/mL

2.0 mCi/mL
85.1 MBq/mL
2.3 mCi/mL

555 MBq/mL or 15 mCi/mL

Iobenguane sulfate 0.08 mg/mL 0.69 mg/mL 0.006 mg/mL (Iobenguane)
pH 5.0–6.5 – 5.4–5.5
Specific activity ~25 mCi/mg ~3.33 mCi/mg ~2500 mCi/mg

LSA low specific activity, HSA high specific activity
aAt the time of calibration
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patients with evaluable disease, 92% had a partial 
response or stable disease as the best objective 
response within 12 months. The median OS was 
36.7 months. No patients had drug-related acute 
hypertensive events during or after the adminis-
tration of AZEDRA® [121].

AZEDRA is indicated for the treatment of adult 
and pediatric patients 12  years and older with 
iobenguane scan positive, unresectable, locally 
advanced, or metastatic pheochromocytoma or 
paraganglioma who require systemic anticancer 
therapy (Fig. 21.14). The recommended dosimetric 
dose in patients >50  kg is 185–222  MBq (5 or 
6  mCi), and in patients <50  kg is 3.7  MBq/kg 
(0.1 mCi/kg). AZEDRA therapeutic dose is based 
on body weight and reduced, if necessary, based on 

the dosimetry data. A total of two therapeutic doses 
(minimum of 90 days apart) must be administered. 
Therapeutic dose/cycle in patients weighing 
>62.5 kg is 18,500 MBq (500 mCi), and for patients 
weighing <62.5 kg is 296 MBq/kg (8 mCi/kg).

AZEDRA® (iobenguane I 131) injection supplied 
in dosimetric (30 mCi/2 mL) and therapeutic 
(337.7 mCi/22.5 mL) presentations at calibra-
tion time. Each milliliter of AZEDRA injec-
tion, contains:
• 555 MBq/mL (15 mCi/mL) of iobenguane 

I-131,
• 0.006 mg/mL of iobenguane,
• sodium ascorbate (58 mg/mL), and.
• sodium gentisate (23 mg/mL).

a b c

Fig. 21.14 131I-MIBG diagnostic scan in a patient with 
metastatic paraganglioma show multiple metastases (a) 
that increase in contrast over time (b). Three days after 
131I-MIBG therapy (c), imaging revealed robust retention 

in sites of disease, including some not visible on dosimet-
ric images. (Figure modified from Carrasquillo et  al. 
[122])
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21.5  Glucose Transporters (GLUT)

The transport of glucose into cells is mainly 
through facilitated diffusion, also called carrier- 
mediated diffusion since the carrier facilitates the 
transport of glucose into the cell. Six isoforms of 
glucose transporters (GLUT) have been identi-
fied, which differ in kinetic properties, tissue loca-
tion, etc. It has been shown that the overexpression 
of GLUT-1, GLUT-3, and GLUT-5 play a major 
role in the increased transport of glucose by tumor 
cells [123, 124]. In the cytosol, glucose is phos-
phorylated by the enzyme hexokinase to glucose 
6-phosphate, which subsequently is metabolized 
to carbon dioxide and water. However, with FDG, 
FDG-6-phosphate does not undergo further 
metabolism and is trapped within the cell.

As discussed in Sect. 21.1, NENs form a het-
erogeneous group of tumors classified based on 
morphology (differentiation) and proliferation 
index (grade, and K1 index). They include well- 

differentiated NETs (G1 and G2) with a low pro-
liferation index, while poorly differentiated NETs 
show aggressive features, such as a high prolifera-
tion index (often of grade 3) or recurrence after 
resection and, in most cases, require chemother-
apy-based treatments [125]. Increased FDG 
implies high glucose uptake, which is an indica-
tion of the glycolytic switch. It provides informa-
tion about the pathologic differentiation and 
precise staging of tumors, predicts treatment 
response, and gives an indication of overall prog-
nosis. A positive FDG PET/CT scan is a prognos-
tic factor for poor outcome [126]. The flip-flop 
phenomenon of increasing FDG uptake with 
increasing tumor dedifferentiation and loss of 
SSTR expression is well described in NEMs, as 
shown in Fig. 21.15 [127]. FDG-PET imaging has 
been shown to be correlated with K1-67 and 
mitotic index, which reflect NENs aggressive-
ness. The presence of increased glucose in NENs 
highlights an increased propensity for invasion 

a b dc

Fig. 21.15 Patterns of 68Ga-Dotatate-PET and [18]FDG- 
PET in NETs. In the first patient (a, b) with grade 1 (Ki- 
67 < 1%) well differentiated NET, the scans demonstrate 
SSTR-positive and FDG-negative phenotype, while in the 

second patient (c, d) with a poorly differentiated grade 3 
NET (Ki-67, 70%), the scans demonstrate SSTR-negative 
and FDG-positive phenotype. (From Pattison et al. [127])
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and metastasis, and FDG-PET accordingly has 
higher sensitivity, especially in aggressive and 
high-grade tumors [127].

It was reported that FDG-PET/CT had no 
clinical impact on G1 NETs, and a moderate 
impact on G2 NETs. However, in poorly differ-
entiated NETs, FDG-PET/CT plays a significant 
clinical role in combination with SSTR-PET/CT 
imaging. Recent reviews conclude that FDG-
PET and SSTR-PET should be considered com-
plementary in patients with NETs. They should 
be both performed in the initial staging and dur-
ing follow-up, with a specific selection of 
patients and in a multidisciplinary vision [128, 
129].

21.6  Amino Acid Transporters 
(AATs)

In cancer cells, AATs on the plasma membrane 
are upregulated since large numbers of amino 
acids are needed for rapid growth and continuous 
proliferation. System L is a major transport 
 system providing cells with large neutral amino 
acids, including branched or aromatic amino 
acids [130]. The large amino acid transporter, 
LAT1 has been found in many malignant cells, 
while LAT2 functions in the epithelium of the 
kidney proximal tubules and digestive tract. LAT1 
can transport large neutral amino acids, such as 
leucine, isoleucine, valine, phenylalanine, tyro-
sine, tryptophan, methionine, and histidine. 
Previous studies have reported that LAT1 can 
regulate multiple biological processes, including 
cell growth, invasion, and angiogenesis, that pri-
marily characterize malignant tumors [130].

Carcinoids, together with the endocrine pan-
creatic tumors (EPTs), for example, gas- trinomas, 
insulinomas, and glucagonomas, have been 
regarded as APUDomas characterized by their 
capacity for amine precursor uptake and decar-
boxylation. Amine precursors, such as 5-hydroxy-

l-tryptophan (5-HTP) and 
l-dihydroxy-phenylalanine (l-dopa), are taken up 
by the tumor cells. Subsequently, through the 
action of AADC, these precursors become decar-
boxylated and converted to the corresponding 
amines, serotonin, and dopamine (Fig. 21.1). The 
resulting amines are then stored within the cell 
and, in response to stimuli, are released into the 
circulation through exocytosis. Based on the bio-
chemical mechanism described above, 11C-labeled 
amine precursors L-dopa and 5-HTP were first 
developed for PET imaging of NETs [131–133]. 
18F labeled l-DOPA (FDOPA), developed ini-
tially for imaging the dopamine metabolism in the 
brain, is also useful for imaging NETs [134, 135]. 
Following cellular uptake, decarboxylation of 
[11C]5-HTP and [18F]FDOPA, by the AADC leads 
to the formation of [11C]serotonin and [18F]dopa-
mine, which are then stored subsequently in intra-
cellular vesicles through vesicular transporters 
(VMATs).

Following intravenous administration, both 
[11C]5-HTP and [18F]FDOPA undergo extensive 
metabolism [136, 137]. [11C]5-HTP is rapidly 
decarboxylated to [11C]5-Hydroxytryptamine 
(serotonin) by the enzyme aromatic amino acid 
decarboxylase (AADC). Subsequently, [11C]
serotonin is further metabolized to [11C]5- 
hydroxy indole acetic acid (HIAA) by the enzyme 
monoamine oxidase (MAO). Both of these C-11 
metabolites are excreted into the urine.

[18F]FDOPA is converted to [18F]
Fluorodopamine (FDA), which can be oxidized 
by the enzyme MAO to l-3,4-dihydroxy-6-[18F]
fluorophenyl-acetic acid ([18F] FDOPAC), which 
subsequently is O-methylated by catechol 
O-methyl transferase (COMT) to 6-[18F]fluoro- 
homovanillic acid ([18F]FHVA). Both, AAAD and 
COMT are present in peripheral tissues, such as 
liver, kidneys, and lungs. Further, both the decar-
boxylation of the radiolabeled amino acid precur-
sors and the release of radiometabolites into the 
blood can be reduced with carbidopa, a decarbox-
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ylase inhibitor. Carbidopa pretreatment improves 
overall image quality, image interpretation, and 
may help detection of more lesions [138].

21.6.1  [11C]-5-HTP

[11C]-5-HTP was developed in Uppsala, Sweden, 
during the 1980s [131]. The multi-step enzyme 
synthesis of this tracer is difficult and only a few 
centers worldwide can produce this tracer. 
Although difficult to produce, this tracer has 
proven itself clinically useful for the detection of 
GEP NETs. Based on several clinical studies, it 
has been documented that [11C]5-HTP-PET is 
clinically useful for the detection of NETs [139, 
140]. The imaging technique is sensitive for 
imaging small NET-lesions, such as primary 
tumors, and in most cases, 5-HTP-PET scan 
image shows  significantly more tumor lesions 
than somatostatin receptor imaging using 
OctreoScan or CT scans [141]. Pretreatment with 
carbidopa (200 mg) would significantly improve 
the image quality by reducing the urinary excre-
tion of the tracer. 5-HTP-PET can also be helpful 
for evaluating the metabolic effects of treatment, 
which are not obtained with other imaging 
modalities. This functional approach to imaging, 
however, may yield false-negative results in 
detecting undifferentiated carcinoids. However, 
5-HTP-PET can be universally applied in carci-
noid and pancreatic islet-cell tumor patients, and 
also in patients without elevated 5-HIAA excre-
tion in urine, as long as the tumor is not highly 
proliferating and/or dedifferentiating [141]. It has 
been recently reported that whole-body MRI, 
including DWI and dedicated liver-specific con-
trast agent-enhanced imaging, did not detect all 
NET lesions detected with whole-body 5-HTP 
PET/CT [142].

21.6.2  [18F]FDOPA

Since dopamine deficiency in the nigrostriatal 
system is a characteristic of Parkinson’s disease, 
FDOPA was first developed in the 1980s to image 
basal ganglia in the human brain [143]. The abil-
ity of NETs to accumulate and decarboxylate 
l-DOPA is well known and increased activity of 
l-DOPA decarboxylase was found to be a hall-
mark of NETs [144]. Encouraging results with 
FDOPA-PET have been reported in NETs, med-
ullary thyroid carcinomas, and phaeochromocy-
tomas. In order to assess lung and liver 
involvement in patients with NETs, FDOPA-PET 
is regarded as being more accurate than conven-
tional SSTR-SPECT based on OctreoScan [145, 
146] (Fig. 21.16). Since different types of malig-
nant and nonmalignant lesions may show vari-
able expression of SSTRs, it may be helpful to 
use FDOPA as a tracer for catecholamine meta-
bolic pathways when characterizing medullary 
thyroid cancer, midgut NENs, pheochromocyto-
mas, neuroblastomas, and paragangliomas. The 
strength of the FDOPA-PET lies in its ability to 
detect well-differentiated and serotonin- secreting 
tumors in NENs [147, 148]. Based on intra-indi-
vidual comparison of FDOPA and Ga-DOTA-
TOC PET/CT studies, it has been suggested that 
[18F]FDOPA PET/CT seems not inferior to SSTR 
imaging for the delineation of metastatic spread 
of ileal NETs, and FDOPA- PET should be con-
sidered as a valid clinical diagnostic option for 
exhaustive metastatic assessment in patients with 
ileal NETs [149].

Based on results of a clinical trial (con-
ducted by the Feinstein Institute for Medical 
Research, Long Island, NY) involving patients 
(n  =  56) suspected of having a Parkinsonian 
syndrome, the FDA approved, in October 2019, 
Fluorodopa F18 (F-Dopa) for PET to help in 

21.6 Amino Acid Transporters (AATs)
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a b c

Fig. 21.16 Comparison of 111In-Octreoscan (a) with [18F]
FDOPA (b, c) in a patient with carcinoid syndrome of a 
NET of unknown origin. FDOPA-PET/CT showed lymph 
nodes and liver metastases as well as a small bowel tumor 
(red arrow) corresponding to a low-grade well- 

differentiated grade-1 NET. The moderate left cervical 
focal 18F-FDOPA uptake corresponds to an enlarged 
lymph node of the left parotid hilus. (From Lussey- 
Lepoutre et al. [135])

the diagnosis of PD and other Parkinsonian 
syndromes [150]. FDOPA-PET, however, was 
not approved for diagnostic studies in patients 
with NETs.

21.7  Glucagon-Like Peptide 1 
Receptor (GLP-IR)

GLP-1 is a neuropeptide hormone composed of 36 
AAs and stimulates insulin secretion from beta 
cells after nutrient intake through the GLP-1 recep-
tor. The corresponding receptor (GLP-1R) is a 
member of the G protein-coupled receptor family 
and was found to be overexpressed in insulinoma, 
an unusually benign insulin-secreting NET of the 

pancreas. Gastrinomas, pheochromocytoma, PGL, 
and MT carcinomas also express GLP-1Rs but, 
with lower density and/or incidence. The native 
ligand GLP-1 has a short half-life (≤2  min) in 
humans owing to rapid degradation by dipeptidyl- 
peptidase- 4 (DPP4). However, GLP-1 stable ana-
logs (containing 39 AAs) have been synthesized 
for the GLP-1R targeting, from which exendin-4 
(agonist) and exendin-3 (antagonist) have been 
widely studied [151]. Exendin-4 (Fig. 21.17) has 
been radiolabeled with several radionuclides 
(99mTc, 111In, and 68Ga) to develop radiopharmaceu-
ticals for imaging insulinoma [152, 153]. The first 
exendin-4–based imaging tracer that was devel-
oped is the [Lys40(Ahx-DTPA-[111In]In)NH2]-
exendin-4 [154].
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In a proof-of-principle study 68Ga-DOTA- 
exendin-4 PET/CT showed better performance 
(Fig. 21.18) compared with 111In-DOTA- exendin-4 
SPECT/CT [155]. The diagnostic accuracy of 
68Ga-DOTA-exendin-4 PET/CT was evaluated in a 
prospective crossover imaging study in patients 
(n = with occult insulinomas) [156]. In this prospec-
tive study the accuracy of 68Ga-DOTA-exendin-4 
PET/CT was 93.9%, which was significantly higher 
than for 111In-DOTA-exendin SPECT/CT (67.5%) 
and MRI (67.6%). Another study with 68Ga-NOTA- 
exendin-4 PET/CT reported an excellent sensitivity 
of more than 97% [157].

Exendin-4

68Ga-DOTA-exendin-4

(111In-DOTA-exendin-4)

His-Gly-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-Gln-
Met14-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-Trp-Leu-
Lys-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser-NH2

[NIe14,LyS40 (Ahx-DOTA-68Ga)NH2]exendin-4

[NIe14,LyS40 (Ahx-DOTA-111In)NH2]exendin-4

Ahx = aminohexanoic acid

Fig. 21.17 Amino acid sequence of Exendin-4 and 
radiolabeled analogs

dc

a b

Fig. 21.18 68Ga-exendin PET (a, b) vs. 111In-exendin 
SPECT (c, d). The arrows in PET/CT images (at 2.5 h) 
show focal uptake in distal pancreatic tail consistent with 

surgically removed insulinoma. SPECT/CT images (at 
72 h) did not show the insulinoma. (Figure modified from 
Antwi et al. [155])

21.7 Glucagon-Like Peptide 1 Receptor (GLP-IR)
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21.8  Cholecystokinin-2 Receptor 
(CCK2R)

Cholecystokinin receptor (CCK2R or CCKBR) is 
a biological target of high interest since MTC and 
SCLC have been reported to express the CCK2R 
with high incidence, and density [14]. The natural 
ligands for CCK2R are the hormones, cholecysto-
kinin (CCK) and gastrin. The main functions of 
CCK in the  GI tract are stimulation of bicarb 
secretion, gall bladder emptying, and inhibiting 
gut motility. Gastrin stimulates secretion of  gastric 
acid (HCl) and aids in gastric motility. While CCK 
was shown to be present in more biologically 
active forms, the CCK octapeptide CCK8, and 
minigastrin (MG) are the two important molecules 
(Fig. 21.19) evaluated for CCK2 receptors [151]. 
In the C-terminal sequence, the amino acids, Trp-
Met-Asp-Phe-NH2, are known to be essential for 
receptor binding.

The first-generation MG-based radioligands 
showed higher affinity for the CCK2 receptor 
but, their clinical use has been hampered by the 
unfavorable high retention in the kidneys. After 
several modifications, several DOTA conjugated 
MG analogs were developed which have the 
C-terminal receptor-binding tetrapeptide 
sequence in common. Two of the most promising 
new compounds (Fig.  21.19) are DOTA-PP- 

F11N and DOTA-MGS5, which can be labeled 
with both 68Ga and 177Lu for theranostic studies 
[158, 159]. The first-in-humans results show that 
177Lu-PP-F11N has promising biodistribution, a 
low kidney uptake and accumulates specifically 
in MTC at a dose that is sufficient for a therapeu-
tic approach.

21.9  Neurotensin Receptor 1 
(NTR1)

The neurotensin (NT) is a 13 amino acid peptide 
hormone and neurotransmitter. Neurotensin 
receptors (NTRs) mediate the effects of the neu-
ropeptide hormone neurotensin (NT), which acts 
as neuromodulator and peripherally as para- and 
endocrine factor in the gastrointestinal system. 
Physiologically, NTRs are mainly expressed in 
the central nervous as well as intestinal and 
hepatic system. Of the three known NTR sub-
types, NTR1 is the primary mediator of NT 
 signaling because of its sub nanomolar affinity to 
its natural ligand [160]. NTR1 is highly expressed 
in ductal pancreatic adenocarcinoma but, not in 
normal pancreatic tissue or chronic pancreatitis. 
Furthermore, the incidence of NTR1expression 
and receptor density increases with higher malig-
nancy of the pancreatic lesion, and hepatic metas-

CCK-8:

Mini gastrin

177Lu-DOTA-PP-F11N

177Lu-DOTA-MG11

177Lu-DOTA-(D-Glu)6-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH2

177Lu-DOTA-D-Glu-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2

Leu-(Glu)5-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2

Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH2Fig. 21.19 Cholecy-
stokinin and minigastrin 
analogs
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tases express NTR1 at an intensity like that of the 
primary tumor. The restricted expression in nor-
mal tissues (CNS and intestinal tract) makes 
NTR1 a promising target for the development of 
radiopharmaceuticals. A novel NT derivative, 
di-DOTA-α,ε-Lys-NT, a di-DOTA analog with 
three unnatural amino acids was synthesized. 
Preclinical studies demonstrate the potential ther-
anostic potential when radiolabeled with 68Ga 
and 225Ac radionuclides [161].

SR-142948 is a non-peptide NTR antago-
nist that binds with high affinity. By attaching 
linker- chelator moieties to this known antago-
nist, novel diarylpyrazole-based NTR1 antag-

onists (3BP- 227, 3BP228, 3BP-483) were 
synthesized [162]. Conjugation of DOTA che-
lator facilitated the development of precursors 
for complexation with trivalent radiometals. 
Among these, 177Lu-3BP-227 (also known as 
177Lu-IPN01087) with favorable biodistribu-
tion has demonstrated anti-tumor activity in 
preclinical studies [163]. The first clinical 
results in patients with confirmed ductal pan-
creatic adenocarcinoma who were treated wit. 
In patients with confirmed ductal pancreatic 
adenocarcinoma, 177Lu-3BP-227 (5.1–7.5 
GBq) treatment showed clinical evidence of 
the feasibility of TRT (Fig. 21.20) [160].

a b dc

Fig. 21.20 177Lu-3BP-227 planar/SPECT/CT scans of 
two patients with very advanced pancreatic adenocarci-
noma with extensive metastases. Patient 1 (a, b) shows 

liver lesions and primary tumor. Patient 2 (c, d) shows 
large spinal lesion. (Figure modified from Baum et  al. 
[160])

21.9 Neurotensin Receptor 1 (NTR1)
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21.10  Chemokine Receptor-4 
(CXCR-4)

Chemokines and their receptors were originally 
identified as mediators of inflammatory diseases 
and it has been increasingly recognized that they 
serve as critical communication bridges between 
tumor cells and stromal cells to create a favorable 
microenvironment for tumor growth, and metas-
tasis [164]. Chemokine receptors with seven 
transmembrane domains are found on the surface 
of certain cells that interact with a type of cyto-
kine called a chemokine. There have been 20 dis-
tinct chemokine receptors discovered in humans 
which are divided into four different families (C, 
CC, CXC, CX3C) [165]. Chemokine receptor 4 
(CXCR4) is a member of G-protein coupled 
receptors which is involved in several physiologi-
cal functions, such as cell migration, alteration of 
gene expression, and cell skeleton rearrangement 
via interaction with its ligand, CXCL12, also 
known as stromal cell-derived factor-1α 
(SDF-1α). The interactions between CXCL12 
and CXCR4 comprise a biological axis that 
affects the growth, angiogenesis, and metastasis 
of cancer [166]. Overexpression of CXCR4 have 
been reported in a variety of malignancies. 
Therefore, CXCR4 is an ideal target for tumor 
imaging and therapy.

In the last decade, several radiolabeled pep-
tides for targeting CXCR4 receptor have been 
developed. Among several antagonists evalu-
ated, the cyclic pentapeptide analogue cyclo(d-
T y r 1 - d - [ N M e ] O r n 2 ( A M B S - [ 6 8 G a ]
DOTA)-Arg3-Nal4- Gly5) (68Ga-PentixaFor) 
(Fig. 21.21) showed high affinity and selectivity 
for human CXCR4, and rapid renal excretion 

[167]. In patients with small cell lung cancer 
(SCLC), 68Ga-Pentixafor was positive in 8/10 
patients and revealed more lesions with signifi-
cantly higher tumor-to- background ratios than 
SSTR-PET [168]. In a study involving 12 
patients with GEP NENs, SSTR- PET was 
clearly superior compared to FDG-PET and 
68Ga-Pentixafor, respectively. While CXCR4 
was negative in all grade 1 patients, 50% of 
grade 2 patients  and  80% of grade 3 patients 
showed 68Ga-Pentixafor-positive lesions [169]. 
In poorly differentiated neuroendocrine carci-
nomas, 68Ga-Pentixafor PET/CT was inferior to 
FDG- PET/CT [170]. Based on a closely related 
alternative peptide backbone, [177Lu]
PentixaTher was also developed for targeted 
therapy [171]. 68Ga-pentixafor-PET is positive 
in a patient with SCLC compared to SSTR-PET 
with 68Ga-DOTATOC (Fig. 21.22) [168].

68Ga-PentixaFor
cyclo(D-Tyr1-D-[NMe]Orn2(AMBS-

[68Ga]DOTA)-Arg3-Nal4 -Gly5) 
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Fig. 21.21 68Ga-Pentixafor is an antagonist for molecu-
lar imaging of chemokine receptor (CXCR4)
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Fig. 21.22 68Ga-Pentixafor-PET is positive for chemo-
kine receptors in a patient with recurrent small cell lung 
cancer (SCLC) compared to SSTR imaging. Pentixafor- 

PET demonstrates intense tracer retention in mediastinal 
lymph nodes, bone, and pleural lesions [168]

21.10 Chemokine Receptor-4 (CXCR-4)
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21.11  Tumor Antigens and RIT

Neuroblastoma (NB) is commonly diagnosed in 
the abdomen but, the incidence of metastatic dis-
ease to the CNS and of recurrence is increasing. 
Among the immune surface targets for NB, disi-
aloganglioside GD2 is one of the most often stud-
ied clinically. It belongs to a unique class of 
carbohydrate antigens expressed at high density 
on all primary or metastatic tumors. Anti-GD2 
IgG mAbs and anti-GD2 radioimmunoconju-
gates have shown successes in preclinical and 
clinical studies [172]. Compartmental RIT with 
antiGD2 131I-8H9 mAb has contributed to major 

survival improvements in patients with CNS 
relapsed NB [173].

B7-H3 (CD276) is a type I transmembrane 
glycoprotein molecule homogeneously 
expressed in both primary and metastatic NBs, 
and many pediatric, and adult solid cancers, 
including primary and metastatic brain cancers. 
The mAb 8H9 (omburtamab) is specific for 
4Ig-B7-H3, the long and principal form of 
B7-H3 [172]. PET imaging with 124I-omburtamab 
antibody administered intraventricularly shows 
specific uptake I the metastatic lesion 
(Fig. 21.23) and allows for noninvasive estima-
tion of radiation dosimetry [174].

a b

Fig. 21.23 Distribution of 131I-B7-H3 antibody 
(omburtamab) after injection intraventricularly via 
Ommaya reservoir (a). Coronary MRI (b) of patient with 
recurrent leptomeningeal neuroblastoma before (top) and 

after (bottom) combined treatment with resection, exter-
nal radiotherapy, and therapy with omburtamab. (Figure 
from Kramer et al. [173])
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The safety and efficacy of omburtamab were 
evaluated in the Phase 1 study and the pivotal 
Phase 2/3 study [175]. In the Phase 1 study, a 
dose escalation scheme was used to find the max-
imally tolerated dose of intrathecal 131I 
omburtamab (10–100  mCi). In 2019, it was 
reported that  evaluable patients (n  =  107) with 
CNS/leptomeningeal metastases from neuroblas-
toma received up to two doses of 131I-omburtamab 
and study results showed that patients had a 
median survival of 50.8  months, with the final 
median survival not yet being reached. A multi-
center phase 2/3 trial of the efficacy and safety of 
RIT using 131I-omburtamab for neuroblastoma 
CNS/LM is in progress. Patients will receive up 
to two cycles of the study drug; each treatment 
cycle consists of 2 mCi dosimetric dose, followed 
by 50 mCi therapy dose [175].

21.12  Embolization Therapy 
with 90Y-Microspheres

It has been postulated that NETs with large 
SSTR-positive target lesions (>3  cm diameter) 
had significantly shorter PFS than patients with 
small lesions [176]. Also, most of the patients 
with large lesions had large liver lesions, and 
high liver burden is associated with worse prog-
noses. 177Lu has a maximum tissue penetration of 
only 3  mm, which may be one reason for the 
worsened PFS of patients with large metastases. 
Such patients may need combined treatment with 
90Y-labeled SST analogs or liver-targeted treat-
ment, such as radioembolization with 90Y- or 
166Ho-labeled microspheres [177–179].

Two commercial preparations of 90Y-labeled 
microspheres (20–60  μm), Theraspheres® and 
Sir-Spheres® are available for therapy.

TheraSphere® consists of insoluble glass micro-
spheres where 90Y is an integral constituent of 
the glass. The mean sphere diameter ranges 
from 20 to 30 μm. Each milligram contains 
between 22,000 and 73,000 microspheres. 
TheraSphere® is supplied in 0.6 mL of sterile, 
pyrogen-free water contained in a 1.0 mL vial 
secured within a clear acrylic vial shield. 

TheraSphere® is available in six dose sizes, 
starting from 3 to 20 GBq (81–540 mCi).

SIR-Spheres® consist of biocompatible micro-
spheres containing 90Y with a size between 20 
and 60  μm in diameter. SIR-Spheres micro-
spheres are provided in a vial with water for 
injection. Each vial contains 3  GBq of 
Y-90 ± 10% (at the time of calibration) in a total 
of 5 cc water for injection. Each vial contains 
40–80 million microspheres. SIR- Spheres® 
microspheres are a permanent implant.

The embolic resin (SIRspheres) or glass 
(THERAspheres) microspheres (~30–60  ×  106) 
are deposited by catheterization into the hepatic 
arterial system to preferentially target the NETs, 
as normal hepatic parenchyma receives the 
majority of its blood supply from the portal 
venous system. The target pathway in radioem-
bolization, however, is not a specific molecular 
but, rather a mechanical pathway. Following 
release of the 90Y-labeled microspheres in the 
hepatic artery via a microcatheter, the micro-
spheres are permanently embedded in the termi-
nal arterioles of the tumor. After the 
radio-embolization, the particles block the blood 
vessels and deliver the radiation dose locally. The 
90Y-labeled particles do not directly bind to can-
cer cells. Recent data showed that radioemboliza-
tion of liver metastases is feasible in NET after 
initial PRRT.  The objective responses after 90Y 
and 166Ho radioembolization were 16% and 43%, 
respectively [180, 181]. In the setting of multiple 
or innumerable hepatic metastasis and preserved 
hepatic function, radioembolization can be a via-
ble option. It is important to note that these retro-
spective data are limited in patient number and 
need to be validated in larger series and prospec-
tive studies.

Since 99mTc-MAA particles have physical 
characteristics similar to those of microspheres, 
99mTc-MAA scintigraphy (planar and SPECT) 
following administration into the hepatic arterial 
system will provide the necessary data of biodis-
tribution and the extent of pulmonary emboliza-
tion (if any!) of particles to help estimate the 
patient specific dosimetry of embolization 
therapy.

21.12 Globalization Therapy with 90Y-Microspheres
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22Theranostics in Prostate Cancer

I think it is the general rule that the originator of a 
new idea is not the most suitable person to develop 
it, because his fears of something going wrong are 
really too strong. (Paul Dirac)

22.1  Prostate Cancer

Prostate cancer, adenocarcinoma in the prostate 
gland, is the second most common cancer, and 
the fifth leading cause of cancer-related death 
among men worldwide. The American Cancer 
Society’s estimated that the number of new cases 
of prostate cancer, in the Unites States, was 
248,530 in 2021. and the estimated deaths were 
34,130 [1]. For patients diagnosed with primary 
prostate cancer, 5-year survival rates exceed 
90%. However, for patients with advanced pros-
tate cancer with tumor cells present at distant 
sites outside of the prostate there are severe 
impacts on quality of life and a low (<30%) 
5-year survival rate. Upon metastasis to the bone, 
the 5-year survival rate falls to a dismal 3–5%, 
making the disease essentially incurable [2, 3].

The androgen receptor (AR), an intracellular 
DNA-binding, hormone-responsive transcription 
factor, is the key molecular driver for male organ 
development and is the oncological driver of 
prostate cancer. Following binding of androgens, 
such as testosterone, in the cytoplasm, the AR is 

activated and then translocates to the nucleus and 
stimulates the expression of genes involved in 
differentiation and proliferation [4, 5].

22.1.1  Screening and Diagnosis

The initial screening in men of 45–50 years is 
based on the serum prostate-specific antigen (PSA) 
test and digital rectal examination (DRE). The dis-
ease progression (Fig. 22.1) from the primary dis-
ease in the prostate gland to the metastatic 
castrate-resistant prostate cancer (mCRPC) is mon-
itored, generally, based on serum PSA levels. The 
diagnosis of prostate cancer is based on the micro-
scopic evaluation of prostate tissue obtained via 
needle biopsy. If the PSA level is ≥3 ng/mL, a 
biopsy of the prostate, under the guidance of tran-
srectal ultrasonography (TRUS), or MRI, is recom-
mended to obtain 10–12 tissue samples in a 
grid-like pattern. A pathologist examines these 
samples and issues a primary Gleason grade for 
the predominant histological pattern and a second-
ary grade for the highest pattern, both on a scale of 
1–5 based on the microscopic architecture, and 
appearance of the cells. As shown in Table 22.1, 
based on the sum of Gleason scores, PSA level, and 
clinical stage, the clinicians stratify the diagnosis of 
prostate cancer into low, intermediate, and high-
risk categories [7].
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Table 22.1 Prostate cancer risk stratification

Risk 
stratificationa

Clinical 
status

PSA level (ng/
mL)

Gleason score 
(GS) Comment

Very low risk T1c <10 6 or less With <3 biopsy cores with cancer
0.15 ng/mL/g Presence of 50% or less in each core

Low risk T1–T2a <10 6 or less
Intermediate 
risk

T2b–T2c 10–20 7

High risk T3a >20 8
Very high risk T3b–T4 >20 8–10 Primary Gleason pattern 5, or >4 biopsy cores 

with GS of 8–10
a National Comprehensive Cancer Network Risk Stratification from Litwin and Tan [7]
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Fig. 22.1 A schematic showing the disease progression 
in patients with prostate cancer. At this time, the radio-
pharmaceuticals in clinical use are only for the treatment 

of bone pain palliation or alpha therapy of bone metasta-
ses in mCRPC. (The figure modified from Abou et al. [6])

22.1.2  Treatment for Localized 
Prostate Cancer

For many low-risk patients with clinically local-
ized primary disease, “watchful waiting” and 
“active surveillance” to monitor indolent disease 

by serial biopsy and prostate-specific antigen 
(PSA) measures is an appropriate option. If 
treatment is desired for primary prostate cancer, 
standards of care may involve surgical resection 
(radical prostatectomy), external beam or proton 
radiotherapy, and brachytherapy [6, 7]. These 
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treatment options are often curative. In the case 
of recurrent disease or advanced-stage prostate 
cancer, the main therapy is androgen ablation 
using luteinizing hormone releasing hormone 
(LHRH) agonists and antagonists and/or anti-
AR drugs [8]. Although localized prostate cancer 
can be treated effectively by these therapies, 
almost all patients ultimately progress to 
mCRPC. Most patients with metastatic disease 
initially respond to androgen deprivation ther-
apy, taxane-based chemotherapies, immunother-
apy, or radium-223 but, each of these regimens 
provides only limited 2–4 months median sur-
vival benefit [9, 10]. The median survival for 
men with mCRPC ranges from 13 to 32 months 
with a 15%, 5-year survival rate. Most deaths 
from prostate cancer, however, are attributed to 
the incurable, late-stage cancer form [3, 11].

22.1.3  Role of Imaging in Prostate 
Cancer

Currently, imaging plays a key role in many 
aspects of prostate cancer but, its role is evolving 
to accurately answer key clinical questions at 
various phases of the disease in a cost-effective 
manner. The implementation of theranostic 
approaches to characterize and personalize 
patient management is beginning to be realized 
for prostate cancer patients. These clinical 
decision- making landmarks include:

• Accurate primary diagnosis,
• Characterization and staging of cancer at the 

time of initial presentation,
• Determination of local recurrence or distant 

disease at the time of biochemical recurrence 
of prostate cancer to select the most appropri-
ate therapy,

• Accurate assessment of therapy response to 
various treatment regimen under the new prac-
tice paradigm,

• Prediction of patient outcomes such as time- to- 
event endpoints (for example, time to hormone 
refractoriness in castrate-sensitive disease, 
time to progression, and overall survival).

The imaging techniques in prostate cancer can 
be classified into two different methods: struc-
tural imaging and molecular imaging. The struc-
tural imaging (TRUS, CT, MRI, and 
multiparametric MRI) provides details about the 
anatomy and anatomical relations such as size, 
local invasions, tumor borders, and anatomical 
distortions. In contrast, molecular imaging shows 
molecular content, biochemistry, physiological 
dynamics, and the biology of the tumor tissue, 
noninvasively. To make medicine “personalized,” 
the clinicians need to know both structural and 
molecular information about the tumor.

Theranostics refers to a combination of a pre-
dictive PET/SPECT biomarker with a therapeu-
tic radiopharmaceutical with similar PK and 
biodistribution as that of imaging biomarker. 
The identification of potential biological targets 
in advanced prostate cancer and androgen- 
independent disease is critical for improving the 
detection of metastatic tumor burden based on 
PET, and SPECT molecular imaging studies, 
and for the development of targeted radionuclide 
therapy. Ideally these targets are exclusively 
expressed in normal prostate tissue but, which 
are highly expressed in metastatic disease. 
Several cell surface proteins, glycoproteins, 
receptors, enzymes, and peptides have been 
tested as targets for molecular imaging and tar-
geted radionuclide therapy of prostate cancer. In 
recent years, significant advancements in the 
diagnostic molecular imaging studies and tar-
geted radionuclide therapeutic modalities for 
metastatic prostate cancer have revolutionized 
its management in daily practice [6, 12]. As 
shown in Fig. 22.2, the role of molecular imag-
ing may play a significant role in primary stag-
ing, secondary staging and, finally, in TRT.

22.1 Prostate Cancer
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Fig. 22.2 Role of PET radiopharmaceuticals for molecular imaging studies in prostate cancer

22.2  Biological Targets in mCRPC

Prostate cancer starts as localized prostate cancer 
when it is only found in the prostate gland and 
surgery, or radiation can be used to treat the can-
cer. As it advances, there may be a biochemical 
recurrence, which means a rise in the PSA level. 
It might also progress to become nonmetastatic 
castration-resistant prostate cancer (mCRPC), a 
form of advanced prostate cancer when the local-
ized prostate cancer no longer completely 
responds to treatments that lower testosterone. 
Metastatic hormone-sensitive prostate cancer 
(mHSPC) and metastatic castration-resistant 
prostate cancer (mCRPC) are advanced forms of 
the condition that do not respond to initial treat-
ments and have started to spread beyond the pros-
tate, such as the lymph nodes, bones, liver, or 
lungs. Both mHSPC and mCRPC refer to cases 
where the cancer cells have started to spread to 
other parts of the body. While mHSPC still 
responds to ADT, mCRPC does not respond to 
ADT and leads to very poor prognosis.

Several important biological targets (such as 
bone matrix, PSMA, and GRPR) have been identi-
fied to develop targeted radiopharmaceuticals for 

molecular imaging and therapy of mCRPC. Tables 
22.2 and 22.3 show both FDA-approved and inves-
tigational radiopharmaceuticals for imaging and 
therapy [13–18].

22.2.1  Bone Matrix

Bone is composed of three parts: compact bone, 
trabecular bone, and bone marrow. Compact bone 
is a hard, solid bone tissue and forms the outside 
layer of bone. Trabecular bone (or spongy bone) 
and bone marrow are found in the inside of bone. 
New bone is constantly being produced while old 
bone is broken down. The bone marrow is com-
posed of two distinct stem cell lineages, cells of 
hematopoietic origin and those of  mesenchymal 
origin. Hematopoietic stem cells (HSCs) give rise 
to all blood cell types, including macrophages 
that differentiate into osteoclasts, while mesen-
chymal stem cells (MSCs) are responsible for the 
generation of stromal cells, osteoblasts, and 
osteocytes. Bone is made up of an extracellular 
matrix (ECM) surrounding osteoclasts, osteo-
blasts, osteocytes, and bone marrow stromal cells 
(BMSC). The ECM contains both, an organic 
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Table 22.2 Radiopharmaceuticals for molecular imaging of prostate cancer

Biochemical target/mechanism Radiopharmaceutical FDA
1 Bone matrix 99mTc-MDP and 99mTc-HDP Approved

Bisphosphonate analogs: Binding to 
hydroxyapatite

111In-DOTAZol IND
68Ga-DOTAZol

Bone matrix 18F sodium fluoride Approved 1972
2 Glucose metabolism [18F]Fluorodeoxyglucose (FDG) Approved

FDG is a substrate for the enzyme 
hexokinase

3 Lipid metabolism [11C]Choline (CH) Approved 2012
[18F]Fluorocholine (FCH) IND
[18F]Fluoroethyl choline (FeCH) IND

4 Amino acid transport [18F]FACBC ([18F]Fluciclovine or Axumin®) Approved 2016
5 Androgen receptor (AR) [18F]FDHT IND

[18F]Enzalutamide (FEZT) IND
6 Anti-PSMA (prostate specific 

membrane antigen) mAbs

111In-capromab pendetide (ProstaScint™) Approved 10/1996
111In-DOTA-J591 mAb IND
177Lu-DOTA-J591 mAb IND
89Zr-DFO-J591 mAb IND
89Zr-DF-IAB2M (J591 minibody) IND

7 PSMA: Small-molecule PSMA 
inhibitors

68Ga-PSMA-HBED-CC Approved 12/2020
(PSMA-11) (gozetotide)
[18F]AlF-PSMA-11 IND
18F-DCFPyL (piflufolastat F 18) Pylarify® Approved 5/2021
[18F]DCFBC IND
[18F]PSMA-1007 IND
[18F]-rhPSMA-7.3 IND
[18F]JK-PSMA-7 IND
[18F]CTT1057 IND
68Ga-rhPSMA-7.3 IND
68Ga-PSMA-I&T IND
68Ga-PSMA-617 IND
152Tb-PSMA-617 IND
99mTc-MIP-1404 (Trofolastat™) IND
123/124I-MIP-1095 IND

8 Gastrin-releasing Peptide receptor 
(GRPR) antagonists

68Ga- BAY86-7548 (68Ga-RM2) IND
68Ga-SB3; 111In/177Lu-SB3 IND
68Ga-JMV4168; 177Lu-JMV4168 IND
68Ga-NeoBOMB1; 177Lu-NeoBOMB1 IND
[66Ga]Ga-NOTA-PEG2-RM26 IND
64Cu-CB-TE2A-AR06 IND

9 Poly (ADP-ribose) Polymerase-1 
(PARP-1)

18F-Olaparib IND
18F-WC-DW-F

component, formed by type I collagen, proteogly-
cans and glycoproteins, and inorganic ions (cal-
cium and phosphate) organized in hydroxyapatite 
crystals, a naturally occurring mineral form of 
calcium apatite, Ca5(PO4)3(OH).

In prostate cancer, bone is the most common 
and preferred site for metastatic involvement of 
cancer. The presence of bone metastases implies 
poorer prognosis, shortens survival, and is associ-
ated with a multitude of complications, including 
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Table 22.3 Radiopharmaceuticals for the targeted therapy of prostate cancer

Biochemical target/mechanism Radiopharmaceutical Indication FDA
1 Bone matrix (binding to 

hydroxyapatite)

89Sr dichloride Bone pain 
palliation

Approved 1993
153Sm-EDTMP (lexidronam) Approved 1997
177Lu-EDTMP or DOTMP
166Ho-DOTMP or EDTMP
177Lu-DOTAZol

2 Bone matrix (binding to 
hydroxyapatite)

223Ra chloride Therapy of 
mCRPC of bone

Approved 2013

3 Anti-PSMA (prostate-specific 
membrane antigen) mAbs

90Y-DOTA-huJ591 mAb Therapy of 
mCRPC

IND
177Lu-DOTA-huJ591 mAb IND
225Ac-DOTA-huJ591 mAb IND
177Lu-rosopatamab 
(TLX591, aka 177Lu-J591)

IND

227Th-PSMA-TTC (BAY 
2315497)

IND

4 Small-molecule PSMA 
inhibitors

177Lu-PSMA-617
Vipivotide tetraxetan 
(Pluvicto)

Therapy of 
mCRPC

Approved 
03/2022

225Ac-PSMA-617 IND
149Tb-PSMA-617 IND
177Lu-PSMA-I&T IND

5 GRPR antagonists 177Lu-RM2 IND

severe bone pain, pathological fracture, spinal 
cord compression, and hypercalcemia [19]. When 
tumor cells invade the bone, the cancer cells can 
stimulate osteoblasts and osteoclasts [20]. The 
activated osteoblasts stimulate bone formation, 
hardening the bone (osteoblastic or sclerotic pro-
cess), while the activated osteoclasts then dissolve 
the bone, weakening the bone (osteolytic phe-
nomenon). Bone metastases in prostate cancers 
are, typically characterized by an osteoblastic pic-
ture due to excess bone deposition [19]. 
Bisphosphonates inhibit osteoclast-mediated 
bone resorption by binding to bone mineral, inter-
fering with osteoclast activation. These agents 
also promote repair by stimulating osteoblast dif-
ferentiation and bone formation. Also, phosphate 
and diphosphonate molecules preferentially bind 
to calcium ions in the hydroxyapatite and accu-
mulate to a high concentration only in bones. As a 
result, these agents play an increasing role in the 
treatment of painful bone metastases.

While Fluoride ion (18F−) can replace the 
hydroxy group (OH−) in the hydroxyapatite, the 
divalent calcium analogs such as 89Sr and 223Ra 
substitute calcium or bind to hydroxyapatite in 

bones and deliver ionizing radiation to areas with 
increased osteoblastic activity [21]. Radiolabeled 
bisphosphonate analogs (Fig. 22.3) were devel-
oped for imaging studies to detect metastatic foci 
in bone and for the palliation of bone pain from 
osseous metastases.

22.2.2  Androgen Receptor (AR)

AR plays pivotal roles in prostate cancer, CRPC. 
The AR is the key driver of prostate differentia-
tion and PC progression. AR is a steroid receptor 
transcriptional factor consisting of four main 
domains, an N-terminal domain (NTD), a DNA-
binding domain (DBD), a hinge region (HR), and 
a ligand-binding domain (LBD) that binds andro-
gens, including testosterone (T) and dihydrotes-
tosterone (DHT) (Fig. 22.4). Upon steroid 
binding, the AR is activated and undergoes a con-
formational change and releases heat-shock pro-
teins (hsps). The AR translocates to the nucleus 
where dimerization, DNA binding and the recruit-
ment of coactivators occur. Target genes are tran-
scribed (mRNA) and translated into proteins [22]. 
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Fig. 22.3 Bisphosphonate analogs as radiopharmaceuticals for imaging and therapy of prostate cancer bone 
metastases

Fig. 22.4 PET 
radiopharmaceuticals for 
molecular imaging 
studies of androgen 
receptor (AR) in prostate 
cancer
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Prostate cancer growth and progression is stimu-
lated by androgens (testosterone), acting through 
the nuclear AR, which is a ligand-dependent tran-
scription activator involved in cellular prolifera-
tion and differentiation, and is present in all 
histologic types of prostate tumors, in recurrent 
carcinoma, and in tumor metastases [4, 23].

The effectiveness of repressing or inhibiting this 
central AR signaling by androgen deprivation ther-
apy (ADT) is the cornerstone of advanced PC treat-
ment. In PCa, AR signaling is perturbed by 
excessive androgen synthesis, AR amplification, 
mutation, or the formation of AR alternatively 
spliced variants (AR-V) that lack the LBD. Current 
therapies for advanced PCa include androgen syn-
thesis inhibitors that suppress T and/or DHT syn-
thesis, and AR inhibitors that prevent ligand binding 
at the LBD. AR expression can be heterogeneous 
within and between lesions, and can change over 
time, either spontaneously or as a result of treat-
ment; whole-body information about the AR status 
of all lesions in a patient would be advantageous for 
clinical management. Thus, imaging the expression 
levels of AR is a viable strategy to measure AR 
receptor density and the pharmacological response 
to antiandrogen therapies (such as abiraterone ace-
tate and enzalutamide), designed to block the AR 
signaling axis [24]. [18F]Fluoro-16β-5𝛼-
 dihydrotestosterone ([18F]FDHT), a ligand that tar-
gets the LBD of AR, was originally developed to 
assess AR occupancy [25–28]

22.2.3  Prostate-Specific Membrane 
Antigen (PSMA)

In 1987, PSMA was discovered as a novel anti-
genic marker in prostate cancer cells and in the 
serum of prostate cancer patients. PSMA, also 
known as glutamate carboxypeptidase II (GCPII), 
N-acetyl-l-aspartyl-l-glutamate peptidase I 
(NAALADase I) or N-acetyl-aspartyl-glutamate 
(NAAG) peptidase, is an enzyme that is encoded 
by the folate hydrolase (FOLH1) gene in humans 
[29]. PSMA/GCPII plays separate roles in differ-
ent tissues, such as the prostate, kidney, small 
intestine, central and peripheral nervous system 
and, thus, is recognized by different names. In the 

last two decades, PSMA has emerged as the pre- 
eminent prostate cancer target for developing 
both diagnostic and therapeutic agents in prostate 
cancer [30].

PSMA/GCPII was first characterized by the 
murine mAb 7E11, derived from mice immunized 
with partially purified, cell membrane fractions, 
isolated from the human prostate adenocarcinoma 
(LNCap) cell line. Immunohistochemical analysis 
revealed high expression of PSMA/GCPII in the 
epithelial cells of the prostate with an intense over-
expression in the cancer tissue, compared with 
normal or hyperplastic prostates. Other tissues 
have also shown to express lower amounts of 
PSMA/GCPII, for example epithelia of small 
bowel and the proximal tubules of the kidney [30].

PSMA is a class II transmembrane glycopro-
tein with a unique 3-part structure (Fig. 22.5a): a 
short N-terminal cytoplasmic tail of 1–18 AA, a 
single membrane-spanning helix of 19–43 AA, 
and an extracellular part, consisting of 44–750 
AA with an approximate molecular weight of 84 
kDa [30]. The bulk of PSMA protein is the extra-
cellular part, which is further divided into three 
domains, namely, the protease (57–116 aa and 
352–590 aa), apical (117–351 aa), and the 
C-terminal domain or the dimerization domain 
(591–750 aa) and collectively performs the sub-
strate/ligand recognition role [31]. In PCa, the 
expression of PSMA/GCPII is negatively regu-
lated by androgens [32]. PSMA expression on 
the cell surface increases with AR inhibition [33, 
34] and is favored by other growth factors, such 
as basic fibroblast growth factor, TGF, and EGF. 
Also, the degree of PSMA/GCPII expression is 
positively correlated with the Gleason score and 
disease progression.

PSMA is considered to be the most well- 
established target antigen in prostate cancer, 
since it is highly and specifically expressed at all 
tumor stages on the surface of prostate tumor 
cells [35, 36]. PSMA switches from a cytosoli-
cally located protein in the normal prostate to a 
membrane-bound protein in prostatic carcinoma. 
The majority of PSMA expression appears to be 
restricted to the prostate and the level of PSMA 
expression is increased with increased tumor 
dedifferentiation, and in metastatic and hormone- 
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Fig. 22.5 Schematic representation of PSMA/GCPII 
(also termed as NAAG hydrolase) transmembrane protein 
homodimer (a) (From Evans et al. [30]). Schematic repre-
sentation of the PSMA-binding cavity (b). Glu-Urea- 
based PSMA inhibitors should contain several structures 
for interaction between the ligand and the binding site. 

The pharmacophore (cyan) interacts with the arginine 
patch, glutamate pocket, and zinc active site, the linker 
(yellow) is positioned in the entrance funnel, the effector 
moiety (blue) interacts with the S1 accessory site and 
arene-binding site on the interior of the funnel. The orange 
spheres represent Zinc ions. (From Bařinka et al. [31])

a b c d

Fig. 22.6 Immunoelectron microscopy of internalized 
J591 mAb in LNCaP cells. Accumulation of gold particles 
in clathrin-coated vesicles (a, b), and in vesicles proximal 

to the plasma membrane (c). Confocal microscopy reveal-
ing internalization of J591 mAb (d). (From Lu et al. [40])

refractory cancers [37, 38]. In addition to expres-
sion by prostate cells, it can be expressed also by 
nonprostate tissues, such as small intestine, prox-
imal renal tubules, and salivary glands albeit at 
levels 100- to 1000-fold less than in prostate tis-
sue. PSMA expression was also found on the vas-
cular endothelium of solid tumors and sarcomas 
but, not in normal tissues [30]. The rapid inter-
nalization and recycling of PSMA means that 
high concentrations of a targeted drug can be 
accumulated in PSMA/GCPII positive cells.

22.2.3.1  Anti-PSMA mAbs
As mentioned earlier, 7E11-C5.3 was the first 
anti-PSMA mAb originally developed in 1987. It 
recognizes and binds to an intracellular or 

 cytoplasmic epitope of PSMA in the fixed cells 
and necrotic cells but, not the intact viable cells 
[39]. The 7E11-C5.3 antibody is of the IgG1, 
kappa subclass (IgG1κ) murine mAb. This anti-
body was radiolabeled with 111In and was com-
mercialized as an imaging agent, known as 
111In-capromab pendetide (ProstaScint™).

In 1997, Dr. Bander and his colleagues at 
Weill Cornell Medicine in New York reported the 
development of four mAbs (J591, J415, J533, 
and E99) to the extracellular domain of PSMA on 
viable tumor cells and demonstrated antibody 
induced internalization of PSMA (Fig. 22.6) [40, 
41]. Based on preclinical studies, J591 mAb was 
selected for the development of targeted radio-
pharmaceuticals for imaging and therapy [42].

22.2 Biological Targets in mCRPC
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22.2.3.2  Small-Molecule PSMA 
Inhibitors

The two distinct enzyme activities of PSMA 
include folate hydrolase and NAALADase 1. The 
role of these two enzymes is to release the termi-
nal glutamate residue from the substrate mole-
cule. In the intestine, PSMA binds with 
folate(poly)gamma glutamate in the intestine and 
releases the glutamate and folic acid. In the brain, 
PSMA hydrolyzes the N-acetyl-l-aspartyl-l- -
glutamate (NAAG) substrate to yield aspartate 
and glutamate (Fig. 22.7). NAALADase enzyme 
activity of PSMA has been explored for the 
development of radiopharmaceuticals. Studies of 
the NAALADase enzyme structure have revealed 
an ∼20 Å deep tunnel leading from the surface of 
the enzyme to the active site containing two zinc 
cations (Zn++) participating in the NAAG bind-
ing, called the “NAAG binding pocket” (Fig. 
22.5b), which is also the site for the binding of 
PSMA inhibitors [31].

PSMA or NAALADase enzyme inhibitors 
mimic the structure of the substrate (NAAG), bind 
to PSMA, and reduce the ability of the enzyme to 
convert the substrate NAAG into aspartate and 
glutamate. The enzyme inhibition capacity (IC50) 
is expressed in nanomoles (nM). The lower the 
IC50 value is, the greater the ability of the inhibitor 
to block the enzyme reaction. Since the 1990s, 
three different families of PSMA inhibitors have 
been developed [13, 43]. The chemical structures 

of different families of small- molecule PSMA 
inhibitors are shown in Fig. 22.8.

 (a) Phospho(i)nate and thiol-based analogs: Among 
these compounds, 2- Phosphonomethyl pen-
tanedioic acid (2-PMPA) has the most potent 
enzymatic activity (EC50 = 0.3 nM).

 (b) Glutamate-phosphoramidate analogs.
 (c) Glutamate-Ureido-based inhibitors.

The clinical success of radiolabeled PSMA 
inhibitors is based on a small motif binding to the 
catalytic NAAG hydrolyzing site in the PSMA 
molecule. This 2-[3-(1,3-dicarboxypropyl)-ureido]
pentanedioic acid (DUPA) motif was first described 
by Kozikowski et al. [44]. This class of inhibitors 
contain a urea bond (–NH–CO–NH–) formed by 
the conjugation of two amino acids (Glu and Asp). 
In 2002, Pomper et al. at John Hopkins School of 
Medicine in the USA reported the synthesis of the 
first radiolabeled PSMA inhibitor, [11C]DCMC, 
one of the potent urea- based PSMA inhibitors syn-
thesized (IC50 = 1.4 nM). Extensive structure–
activity studies suggested that the l-glutamic acid 
must remain intact without structural modification 
to maintain the desired biological function. Hence, 
a variety of PSMA inhibitors have been synthe-
sized based on DUPA motif (Fig. 22.8) and modifi-
cation at the aspartate end by replacing aspartic 
acid with other amino acids, such as lysine, glu-
tamic acid, or their derivatives [43].

Fig. 22.7 In the brain, PSMA or the NAALADase enzyme converts the substrate NAAG into aspartate and glutamate
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Fig. 22.8 Different families of small-molecule PSMA 
inhibitors. Phosphinate derivative 2-PMPA is one of the 
most potent PSMA inhibitors. Most of the radiolabeled 

PSMA inhibitors for imaging and therapy are urea-based 
glutamate derivatives containing two amino acids

22.2.4  Gastrin Releasing Peptide 
Receptor (GRPR)

GRPRs are G-protein coupled receptors of the 
bombesin family and are overexpressed in a 
majority of primary prostate cancers and more 
than 50% of lymph and bone metastases [45]. 
However, the expression of GRPR in prostate 
cancer is heterogeneous, dynamic, and dependent 
on the stage of the disease [46]. Overexpression 
of GRPR and GPRR-mediated signaling can 
stimulate the growth of both androgen- dependent, 
and androgen-independent prostate cancer cells 
[47], and indirectly promotes angiogenesis, and 
increase the invasive potential of prostate cancer 
[48]. Overexpression of the GRPR in prostate 
cancer but, not in the hyperplastic prostate, pro-
vides a promising target for staging and monitor-
ing of prostate cancer.

Gastrin-releasing peptide (GRP), a neuropep-
tide, is a regulatory molecule that has been 
implicated in several physiological and patho-
physiological processes. Bombesin (BBN) (Fig. 
22.9) is a 14-amino acid analog (isolated from 
the European frog Bombina bombina) of the 
human GRP that binds to the GRPR (also known 
as BB2R). A variety of radiolabeled GRPR ago-
nists and antagonists have been developed for 
targeting GRPR-positive tumors, and were eval-
uated in preclinical and clinical studies [49, 50]. 
Recent reports have shown that GRPR antago-
nists show properties superior to GRPR agonists, 
affording higher tumor uptake and lower accu-
mulation in physiologic GRPR- positive nontar-
get tissues. GRPR agonists activate the receptor 
and induce side effects. GRPR antagonists, how-
ever, are expected to have no adverse effects 
[49].

22.2 Biological Targets in mCRPC
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Fig. 22.9 Bombesin and radiolabeled analogs for theranostics of gastrin-releasing peptide receptor (GRPR) in prostate 
cancer

22.3  Radionuclides for Imaging 
and Therapy

Radionuclides useful for molecular imaging 
studies based on PET or SPECT decay either by 
positron (β+) emission, electron capture (EC), or 
isomeric transition (IT). The radionuclides that 
are used for therapy decay by emitting either β− 
particles or α particles. The decay characteristics 
of some of the important radionuclides routinely 
used for imaging and therapy are listed in Table 
22.4. Among the radionuclides listed in this table, 
radioisotopes of fluorine, iodine, and astatine are 
nonmetals and belong to the halogen (Group-7) 
family. All other radionuclides are metals differ-
ing in valency, oxidation state, and coordination 
chemistry. The γ-emissions of radionuclides 
decaying by IT or EC are useful for planar and 
SPECT imaging studies, while PET is based on 
the annihilation radiation (511 keV photons) 
from radionuclides decaying by positron (β+) 
emission.

It is also important to recognize that several 
radionuclides are also available as theranostic 
pair, ideal for both imaging and therapy. Isotopes 
of the same element (such as 123I, 124I, and 131I) 
have similar chemistry, and the in vivo behavior 
of radiotracers labeled with isotopes of the same 
element will be identical. This contrasts with non-
chemically identical matched pairs of isotopes 
(such as 111In/90Y and 68Ga/177Lu) which may have 

different biodistribution and PK. Therefore, 111In 
or 68Ga labeled diagnostic radiopharmaceuticals 
can only be regarded as chemical/biological sur-
rogates for 90Y, 177Lu, 225Ac, and other trivalent 
metal-labeled radiopharmaceuticals.

22.3.1  Beta vs. Alpha Dosimetry

Although numerous radionuclides have potential 
applications in radionuclide therapy, only a very 
few radionuclides possess favorable nuclear, 
physical, chemical, and biological characteris-
tics which would identify them as practical for 
clinical use. The ideal radionuclides for develop-
ing TRT are those with an abundance of nonpen-
etrating radiations, such as charged particles 
(α2+, β−, and Auger electrons) and lack of pene-
trating radiations (γ or X-rays). While penetrat-
ing radiation is not essential for TRT, a small 
amount or abundance with an appropriate energy 
(100–400 keV) may be useful for imaging stud-
ies to demonstrate tumor localization or altered 
biodistribution. Most of the radionuclides in rou-
tine clinical use are β− emitters (131I, 90Y, 177Lu, 
89Sr, and 153Sm) with a wide range of half-lives 
ranging from 1.95 to 59.5 days (Table 22.4). 
Depending on the kinetic energy, the average 
range of electrons in tissue can be between 0.1 
and 5.0 mm. As a result, beta particles can pass 
through several cells (10–1000), a useful prop-
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Table 22.4 The most common radionuclides used for imaging and therapy in prostate cancer

Radionuclide
T½ Decay mode Emax (MeV) Mean range 

(mm)
γ-Energy 
(keV) Produced byMode %

99mTc 6.0 hours IT 98 140 99Mo generator
111In 2.805 days EC 100 171 and 245 Cyclotron
18F 110 min β+ 97 0.634 0.6 Cyclotron
68Ga 68 min β+ 88.9 1.889 3.50 68Ge generator, 

Cyclotron
64Cu 12.7 hours β+ 17.9 0.653 0.7 Cyclotron
86Y 14.7 hours β+ 31.9 1.221 3.6 Cyclotron
89Zr 3.27 days β+ 22.8 0.902 1.1 908 Cyclotron
90Y 2.67 days β− 100 2.28 2.50 90Sr generator
177Lu 6.7 days β− 79 0.497 0.67 113 and 

208.4
Reactor

131I 8.025 days β− 100 0.606 0.91 364.5 Fission or reactor
90Sr 50.53 days β− 100 1.496 2.5 Fission
153Sm 1.938 days β− 100 0.811 1.20 70 and 103 Reactor
166Ho 1.12 days β− 100 1.85 3.2 80.6 Reactor
212Pb 10.6 hours β− 100 0.101 228Th/224Ra 

generator
211At 7.2 hours α 41.8 5.867 0.06 77–92 X-rays Cyclotron
213Bi 45.6 min α 100 5.9, 8.4 0.08 440 225Ac generator
223Ra 11.435 

days
α 100 5.78 0.06 690 227Th generator

225Ac 10 days α 100 5.80 0.06 218 and 440 229Th generator, 
accelerator

227Th 18.7 days α 100 5.90 0.06 236 227Ac generator

erty that has been termed “crossfire effect,” 
which ensures sufficient dose delivery to each 
cell in a large tissue mass. Beta particles may 
also cause repairable DNA lesions by inducing 
single- stranded DNA breaks (SSDB). The bio-
logical effect, however, may be sublethal. It is 
important to match the range of the radionuclide 
with the anticipated size of the tumor target. 
Small tumors are more effectively treated by a 
short-range β− emitter, while a higher cure rate 
could be obtained in larger tumors with a long-
range β− emitter [51].

Alpha (α) particles are naked helium (4He)2+ 
nuclei with two positive charges and consist of 
two protons and two neutrons, and are 7300 times 
heavier than electrons. Alpha particles are 
monoenergetic and have much higher kinetic 
energy (5–9 MeV) compared to beta particles. 

The range (<100μm) of α particles in tissue is 
equivalent to only a few cell diameters and this 
short range is ideally suited for the treatment of 
small volume cancer tissue. Compared to 
β-particle emitters, α-particle emitters offer sev-
eral important advantages for TRT. Alpha parti-
cles have higher LET in biological tissue. For 
example, 211At has a mean LET of 97 keV/μm, 
compared to the LET (0.22 keV/μm) of high 
energy (2.2 MeV) beta particle of 90Y. As a result 
of higher LET values, the probability of creating 
cytotoxic double-stranded breaks (DSBs) of DNA 
is much higher with α particles and the relative 
biological effect (RBE) is also significantly higher 
(3–5 times) compared to that of beta emitters 
[52]. In addition, cytotoxicity of alpha particles is 
nearly independent of dose rate and oxygenation 
status of the cells [53].

22.3 Radionuclides for Imaging and Therapy
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22.3.2  Radiolabeling Methods

The labeling of peptides and proteins with radio-
nuclides can be performed by direct labeling, with 
the addition of prosthetic groups. Direct labeling 
is the method used to label peptides without using 
intermediates, such as BFCs. The direct labeling 
technique is, generally, used mostly for radioio-
dination and in some cases labeling with Tc-99m. 
Prosthetic groups are small molecules able to bind 
with radionuclides in one site of the structure and, 
simultaneously, with a peptide at a second site. 
Prosthetic groups are bifunctional agents that con-
sist of a suitable site for radioiodination or fluori-
nation and functional groups to allow covalent 
attachment of the peptide. Radiometals specifi-

cally require bifunctional chelating agents (BFC 
or BFCA) to obtain the best conjugation of radio-
metal with peptides. The bifunctional nature of 
the chelators means that they can coordinate 
(form a complex) a metal ion and can also be 
attached to the peptide. The most common acyclic 
and cyclic chelators used for radiometal labeling 
are shown in Figs. 22.10 and 22.11. The choice of 
a chelator depends on the valency and coordina-
tion requirements of the radiometal. For all triva-
lent metals (such as 111In, 177Lu, and 225Ac), the 
macrocyclic chelator DOTA is, generally, used. 
One of the important requirements is the kinetic 
stability of the radiometal- chelate complex in 
vivo. The chemistry of radiolabeling methods is 
discussed in greater detail in Chaps. 9, 17, and 20.
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22.4  Radiopharmaceuticals for 
SPECT and PET

The complex and heterogeneous biology of pros-
tate cancer poses major challenges and opportuni-
ties for the development of radiopharmaceuticals 
for single photon emission computed tomography 
(SPECT) and positron emission tomography 
(PET). Molecular imaging based on SPECT/CT, 
PET/CT, and PET/MRI is the combined fusion 
imaging that can be obtained in a single imaging 
session. A summary of current, emerging, and 
future PET-based molecular imaging agents in 
development is discussed below. The 
mechanism(s) of tumor localization of several 
important radiopharmaceuticals, both FDA- 
approved, and investigational new drugs (IND) 
are summarized in Tables 22.2 and 22.3. In gen-
eral, the radioisotope-based molecular imaging 
technology has the following unique advantages 
compared to structural imaging techniques:

• Provides information that is unattainable with 
other imaging technologies or that would 
require more invasive procedures such as 
biopsy or surgery.

• Identifies disease in its earliest stages and 
determines the exact location of a tumor, 
often before symptoms occur or abnormali-
ties can be detected with other diagnostic 
tests.

• Determines the extent or severity of the dis-
ease, including whether it has spread else-
where in the body.

• Assesses disease progression and identifies 
recurrence of disease.

• Selects the most effective TRT based on the 
unique biologic characteristics of the patient 
and the molecular properties of a tumor or 
other disease.

• Accurately assesses the effectiveness of a 
treatment regimen and determines a patient’s 
response to specific drugs.

22.4 Radiopharmaceuticals for SPECT and PET
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22.4.1  Bone Matrix

22.4.1.1  99mTc-MDP and 99mTc-HDP
Prostate cancer most frequently metastasizes to 
the bone with a predominantly osteoblastic (scle-
rotic) pathogenesis. Bone scan is the oldest and 
well-known imaging modality to investigate bone 
metastases in prostate cancer. 99mTc-labeled 
bisphosphonates (Fig. 22.3), such as methylene 
diphosphonate (MDP), hydroxyl diphosphonate 
(HDP), and hydroxyethylidene diphosphonate 
(EHDP), have been used to evaluate bone metas-
tases since the 1980s [54]. The uptake mecha-
nism of bone radiopharmaceuticals in metastatic 
sites depends on blood flow and osteoblastic 
activity [55]. The binding of radiotracer to bone 
is due to physicochemical adsorption (chemi-
sorption) to the hydroxyapatite structure of bone 
tissue. Bone scan is used for initial staging of 
intermediate to high-risk disease and for restag-
ing after PSA relapse. It has high sensitivity and 
the ability to survey the entire skeleton with a 
simple planar scan. However, it has limited speci-
ficity and is not sensitive enough to detect micro-
metastases. SPECT and SPECT/CT have been 
shown to improve the sensitivity and reduce the 
number of equivocal reports for detection of bone 
metastases in prostate cancer [56]. Besides meta-
static lesions, infectious lesions, traumatic and 
degenerative changes also show increased uptake 
of bone agents. A quantitative parameter known 
as the Bone Scan Index (BSI) has been shown to 
be prognostic for survival and was proposed for 
stratifying patients entering tumor protocols to 
measure the extent of tumor involvement of bone 
and for the assessment of tumor response [57].

68Ga-DOTAZOL
Zoledronic acid, a last-generation bisphospho-
nate, has shown extremely high hydroxyapatite 
affinity and inhibition of the farnesyl diphosphate 
synthase. These properties render it an ideal can-
didate for theranostics, leading to the develop-
ment of DOTA-zoledronic acid (DOTA-ZOL) 
(Fig. 22.3). Preclinical and first clinical evalua-
tions revealed its high potential, and biodistribu-
tion and skeletal uptakes were found to be 
comparable to the 68Ga- or 177Lu-labeled 

 compounds [58–60]. Thus, 68Ga/177Lu-
DOTAZOL (or even 225Ac-DOTA-ZOL) provides 
a set of potential theranostic radiopharmaceuti-
cals, enabling patient-individual dosimetry and 
pre- and post- therapeutic evaluation.

22.4.1.2  Sodium [18F]Fluoride (NaF)
NaF is one of the early skeletal scintigraphy 
agents that was approved by the US FDA in 1972, 
before the introduction of PET imaging technol-
ogy; however, F-18 fluoride planar bone scan was 
displaced by the arrival of 99mTc-labeled diphos-
phonates, which provided better resolution. [18F]
NaF is a marker of bone perfusion and turnover 
in which 18F fluoride (F−) ions exchange with 
hydroxyl groups in the hydroxyapatite crystal of 
bone to form fluoroapatite with higher uptake in 
new bone, because of higher availability of bind-
ing sites [55, 61]. Na18F-PET/CT (Fig. 22.12) is a 
highly sensitive and specific modality for the 
detection of bone metastases in patients with 
high-risk prostate cancer. It is a more sensitive 
and specific imaging technique than planar and 
SPECT bone scan, and NaF-PET alone [61]. 
Dynamic bone scanning with 99mTc-MDP or 18F- 
NaF provides functional information sensitive for 
subtle changes in bone turnover and perfusion, 
which assists the clinical management of numer-
ous osseous pathologies.

22.4.2  Glucose Metabolism

22.4.2.1  [18F]Fluoro-2-Deoxyglucose 
(FDG)

Malignancy-induced glucose hypermetabolism is 
due to the overexpression of cellular membrane 
glucose transporters (mainly GLUT-1) and 
enhanced hexokinase enzymatic activity in 
tumors [62, 63]. The phosphorylation of glucose, 
an initial and crucial step in cellular metabolism, 
is catalyzed by the enzyme hexokinase (HK), 
which converts glucose to glucose- 6-phosphate, 
and helps to maintain the downhill gradient that 
results in the transport of glucose into cells 
through the facilitative glucose transporters. 
FDG, similar to glucose, enters the cells, converts 
to FDG-6-phosphate, and gets trapped in the cell. 
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a b c d e

Fig 22.12 [18F]NaF-PET (a) detects more bone metastatic lesions compared to 99mTc-MDP scan (b). In a different 
patient, 68Ga-PSMA-PET (e) identifies more metastatic lesions than 99mTc-MDP. (c, d) show Fluoride PET Bone scan

In vitro studies have shown that GLUT1 expres-
sion is higher in the poorly differentiated prostate 
cancer cell lines than in the well-differentiated 
hormone-sensitive cell lines, suggesting that the 
level of GLUT1 expression increases with pro-
gression of malignancy grade. GLUT1 expres-
sion in prostate tumor is also correlated directly 
to the Gleason score (GS) and androgen level 
[64]. Therefore, FDG uptake is lower in well-
differentiated, low GS and androgen- sensitive 
prostate cancer than poorly differentiated, high 
GS, and androgen-resistant tumors. It is well 
known that prostate cancer, especially, the more 
differentiated forms, do not exhibit a relevant 
Warburg effect, thus being characterized by 
absent or low [18F]FDG avidity. Nevertheless, 
when progressing to the state of mCRPC, pros-
tate tumors switch to glycolysis as a preferential 
pathway for producing energy. FDG may also 
show increased uptake in benign prostate hyper-
trophy or prostatitis.

FDG-PET/CT is not recommended in detect-
ing primary focus of the cancer and staging of 
the patients with clinically organ-confined pros-
tate cancer, because of its low sensitivity and 
specificity [65]. It also has relatively low uptake 
in the setting of biochemical recurrence or 

castrate- dependent disease. However, there is 
evidence that FDG-PET may be useful for 
restaging after PSA relapse and for assessment 
of treatment response in CRPC [66, 67]. In par-
ticular, FDG- PET is most useful for evaluating 
lymph node and bone metastases in patients 
with PSA >2.4 ng/mL and PSA velocity >1.3 
ng/mL/year. In summary, FDG-PET/CT has an 
extremely limited diagnostic value in well- 
differentiated, androgen-sensitive and low GS 
prostate cancer. FDG-PET may be useful in the 
staging of those patients with aggressive pri-
mary tumors and can localize the site of disease 
in a small fraction of men with biochemical fail-
ure and negative conventional imaging studies. 
FDG-PET may be quite useful in treatment 
response assessment and prognostication of 
patients with castrate- resistant metastatic pros-
tate cancer [68]. A recent review summarized 
that FDG-PET/CT has advantages in detecting 
local recurrence, visceral and lymph node 
metastases compared to 68Ga-PSMA in partial 
progressive prostate cancer and castration- 
resistant prostate cancer patients and empha-
sized that FDG-PET/CT can compensate for the 
weakness of PSMA-PET/CT in progressive 
prostate cancer [69].
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22.4.3  Lipid Metabolism

22.4.3.1  [11C]Choline (CH) and [18F]
Fluorocholine (FCH)

Prostate cancer cells rely more on fatty acid 
metabolism than glycolysis with upregulation 
and increased activity of lipogenic enzymes, cho-
line kinase and fatty acid synthase [70].

Choline is the fundamental precursor for the 
synthesis of phosphatidylcholine, which is the 
essential component of the cell membrane. 
Choline enters the cell via choline transporters 
and is used for the biosynthesis of phosphatidyl-
choline in the tumor cell membrane by choline 
kinase.

[11C]choline was initially developed in Japan 
for imaging brain tumors [71]. The short half-life 
of 11C limits the use of CH only to clinical centers 
with an on-site cyclotron. However, in 2012, the 
Mayo Clinic in the USA received FDA approval 
for [11C]Choline-PET to help detect recurrent 
prostate cancer. Two 18F-labeled choline deriva-
tives, [18F]methyl-Fluorocholine (FCH) and [18F]
ethyl-Fluorocholine (eFCH), are currently used 
in clinical practice. PET/CT with radiolabeled 
choline is a well-established diagnostic approach 
for the diagnosis of recurrent prostate cancer 
after surgery/radiotherapy [50]. Both, CH and 
FCH (Fig. 22.13) have rapid cancer cell uptake, 

rapid blood clearance, relatively minimal excre-
tion in the urine, and high diffuse liver uptake. 
FCH, however, shows more urinary excretion and 
intense bladder activity compared to CH.

The diagnostic potential of both, CH and 
FCH in detecting and staging or restaging of 
prostate cancer has been reviewed extensively 
[72, 73]. These two radiotracers are not ideal for 
initial staging due to false positives in prostatitis 
and BPH and false negatives in small (<5 mm) or 
necrotic tumors [74]. However, they have shown 
promise for restaging after PSA relapse, with 
high sensitivity for local recurrence, nodal 
metastases, and bone metastases. The current 
recommendation is to consider CH-PET/CT as 
the first-line diagnostic procedure in patients 
with biochemical relapse showing PSA levels 
greater than 1 ng/mL, PSA velocity higher than 
1 ng/mL/year, or PSA doubling time <6 months 
[75, 76]. Overall, there is limited but, promising 
evidence for the use of choline PET/CT to stage 
patients with untreated, high-risk prostate can-
cer. Recent studies with 68Ga-PSMA-PET indi-
cate that PSMA-PET is superior to Choline-PET 
(Fig. 22.14) in primary staging as well as in sec-
ondary staging [78]. FCH-PET, however, may be 
superior in some bone lesions and in a few 
hormone- resistant high-risk PC patients [77].
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Fig. 22.14 Comparison of FCH-PET and Ga-PSMA- 
PET in prostate cancer recurrence: FCH-PET (a, c) 
revealed multiple bone metastases (arrows) in the left 
ilium and T10 vertebra corresponding with the sclerotic 
changes on CT. Ga-PSMA-PET (b, d) detected additional 

small bone metastasis on T9 vertebra (red arrows) without 
relevant morphological changes on CT. PSMA-PET 
detected small skeletal metastases (GS = 8, PSA: 0.7 ng/
mL). (Figure from Paymani et al. [77])

22.4.4  Amino Acid (AA) Transport

Since amino acids are essential to cell metabo-
lism and growth, AA transporter systems are 
overexpressed in prostate cancer, specifically, 
large neutral amino acid transporters (system L: 
LAT1, LAT3, and LAT4) and alanine-serine- 
cysteine transporters (system ASC: ASCT1 and 
ASCT2). Of these, LAT3, ASCT1, and ASCT2 
are upregulated with androgen simulation and 
LAT1 and ASCT2 are associated with a more 
aggressive tumor phenotype [79, 80]. Prostate 
cancer may be imaged using both radiolabeled 
natural and synthetic amino acids. [11C]methio-
nine has shown potential for initial evaluation of 
low- and high-grade primary prostate tumors 
[81]; however, it is not optimal because of the 
accumulation of metabolites in nontarget organs.

22.4.4.1  [18F]Fluciclovine (Axumin)
Fluciclovine (18F), also known as anti- 1-amino-3-
18F- fluorocyclobutane-1-carboxylic acid (anti- 
3[18F] FACBC) (Fig. 22.13), is a synthetic 
nonmetabolized, l-leucine analog that can accu-
mulate in prostate cancer via overexpression of 
the ASC transporters [82]. Although it is 

 transported by the AA transporter system, it does 
not undergo terminally incorporative metabolism 
within the body [83]. The distribution of the 
tracer in the body differs from choline and FDG, 
as kidney uptake of FACBC is negligible, and no 
activity is found in the urinary tract. There is low 
native brain uptake compared to FDG, which 
may enhance detection of brain metastases or pri-
mary brain tumors. The more intense native liver 
and pancreatic uptake seen with this agent would 
be expected to limit disease detection in those 
organs. FACBC-PET has shown early clinical 
success in imaging primary and recurrent disease 
in the prostate, pelvic lymph nodes, and bone, 
with relatively high tumor uptake with little uri-
nary excretion, and improved sensitivity com-
pared to ProstaScint™ imaging [84].

In 2016, [18F]fluciclovine was FDA approved 
for the localization of recurrent prostate cancer 
in patients with elevated PSA levels. 
Comprehensive clinical data demonstrate that 
18F-fluciclovine is beneficial in the identification 
of the site of suspected recurrent disease. [18F]
fluciclovine demonstrates improved accuracy 
when compared with conventional imaging 
modalities for whole- body staging. The detec-
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tion of biochemical recurrence using [18F]
Fluciclovine-PET was compared to 68Ga-PSMA-
PET [85, 86]. These early reports indicate 
improved detection rates for PSMA-PET when 
compared with fluciclovine-PET in patients with 
recurrent PCa. Figure 22.15 shows comparison 
of Fluciclovine-PET to Ga-PSMA- PET. 
However, further studies are needed to compare 
[18F]fluciclovine-PET studies with PSMA radio-
tracers, and to characterize the patterns of bone 
uptake more completely, and also the uptake by 
other malignant tissues [79, 87].

22.4.5  Androgen Receptor

22.4.5.1  [18F]FDHT
Prostate cancer growth and progression is stimu-
lated by androgens. Since the AR is the key driver 
of prostate differentiation and PC progression 
[22], inhibiting the central AR signaling by ADT 
it is the cornerstone of advanced PC treatment. 
[18F]Fluoro-16β-5𝛼-dihydrotestosterone ([18F]
FDHT) (Fig. 22.4), a ligand that targets the ligand-
binding domain of AR, was originally developed 
to assess AR occupancy [25–27]. FDHT-PET can 
be used to evaluate the AR expression levels and 

Fig. 22.15 In a patient with prostate cancer 
68Ga-PSMA-11 PET indicates (arrows) intense uptake in 
pelvic, abdominal, thoracic, and supraclavicular lymph 

nodes (LNs). Corresponding LNs on 18F-fluciclovine-PET 
show no uptake [85]
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receptor occupancy, and enables detection of 
AR-positive metastatic lesions as indicated by 
increased AR concentrations. Following treat-
ment with AR antagonists, a decrease in FDHT 
uptake in the metastatic lesions is indicative of 
treatment response [88]. [18F]FDHT-PET scans in 
CRPC patients treated with MDV3100 
(AR-mediated drug) found that tumors in nearly 
all patients showed a decrease in [18F]FDHT bind-
ing, indicating that MDV3100 can occupy the AR 
ligand-binding domain and preclude radiotracer 
binding. However, these [18F]FDHT-PET 
“responses” did not correlate with declines in 
serum PSA or tumor response [88, 89]. A recent 
study reported that baseline [18F]FDHT-PET/CT 
using SUVpeak of all metastatic lesions predicts 
treatment response in patients with mCRPC 
treated with enzalutamide [90].

Direct comparison of FDHT-PET scans with 
FDG-PET studies has suggested that there may 
be diverse metabolic phenotypes (Fig. 22.16) of 
castrate-resistant cancers (androgen receptor 
predominant, glycolysis-predominant, or andro-
gen receptor/glycolysis-concordant) and that 
18F-FDHT is probably suited as a pharmacody-
namic response marker, rather than a treatment 
response marker [91]. Therefore, PET studies to 
study AR expression (with FDHT) and glycoly-
sis (with FDG) have the ability to determine het-
erogeneity of imaging phenotypes, which may 
be useful in distinguishing patients who will 
benefit from AR inhibitors from those who need 
alternative treatments [24].

Preclinical studies suggest that androgen 
blockade appears to increase expression of PSMA 
in both hormone-sensitive and castrate- resistant 

a b

Fig. 22.16 [18F]FDHT vs. [18F]FDG phenotypes in 
CRPC patient with multiple osteoblastic metastases. The 
scans in (a) show uptake in bone lesions consistent with a 
“Glycolysis/AR Concordant” phenotype. While scans in 

(b) demonstrate intense FDHT uptake and relatively low 
level FDG uptake, consistent with an “AR Predominant” 
phenotype. (From Fox et al. [91])
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xenotypes. Recently, Ga-PSMA-PET studies 
demonstrated higher tumor uptake suggesting 
enhanced PSMA expression following treatment 
with enzalutamide [92]. Since PSMA expression 
is influenced by AR signaling, further investiga-
tions should help to clarify the relative value of 
FDHT-PET vs. PSMA-PET imaging in guiding 
therapies for prostate cancer. It appears that the 
three molecular imaging modalities based on 
FDHT, FDG, and PSMA will have distinct and 
complementary roles to play in the management 
of patients with mCRPC.

22.4.5.2  [18F]Enzalutamide (FEZT)
FDHT shows high specific binding to the AR but, 
is rapidly metabolized in humans [93]. The circu-
lating radiolabeled metabolites show high back-
ground activity in blood and are cleared via the 
kidneys into the urine. Enzalutamide (Xtandi®) is a 
pure AR antagonist that possesses an AR affinity 
similar to that of dihydrotestosterone and is cur-
rently used in androgen therapy. Enzalutamide and 
its primary metabolite N-desmethylenzalutamide 
have an AR affinity comparable to that of FDHT 
but, are excreted mainly via the hepatic route [94]. 
It has been recently reported that FEZT (Fig. 22.4) 
may have more favorable properties for imaging of 
AR density with PET than FDHT [94]. Preclinical 
studies in AR-positive LnCaP xenograft model 
showed about three times higher tumor uptake for 
FEZT than for FDHT. Also, at 1 h after tracer 
injection, 93% of FEZT in plasma was still intact, 
compared with only 3% of FDHT.

22.4.6  Radiolabeled Antibodies

22.4.6.1  111In-Capromab Pendetide 
(ProstaScint™)

The mAb 7E11-C5.3 was the first anti-PSMA mAb 
originally developed with a type of prostate cancer 
cell line known as LNCaP cells [35]. This murine 
mAb was later conjugated to the linker- chelator, 
glycyl-tyrosyl-(N,ε- diethylenetriaminepentaacetic 
acid) lysine hydrochloride (GYK-DTPA-HCl), 
radiolabeled with 111In and was commercialized as 
an imaging agent, known as 111In capromab pen-
detide (ProstaScint™) [95]. Since it recognizes and 

binds to an intracellular epitope of PSMA, only the 
fixed cells and necrotic cells but not the intact viable 
cells, bind to the 7E11 mAb. The FDA in 1996, 
however, approved ProStacint™ as a staging agent 
indicated for the detection of recurrent prostate can-
cer in post-prostatectomy patients with a rising PSA 
and negative or equivocal standard metastatic evalu-
ation, in whom there is high clinical suspicion of 
occult metastatic disease, and for newly diagnosed 
patients with biopsy- proven prostate cancer thought 
to be at high risk for lymph node metastasis. In 
patients with prostate carcinoma who are at high 
risk for metastatic disease, the sensitivity was 77% 
and the specificity was 86% [96]. Subsequent pub-
lications have revealed wide variance in the effi-
cacy; such as sensitivity of 67% for disease detection 
in prostate bed, but a sensitivity of only 10% for 
extraprostatic disease detection. This agent repeat-
edly failed in the clinical setting, likely due to poor 
pharmacokinetics and failure to reach its target epi-
tope on the intracellular portion of PSMA [97].

22.4.6.2  177In-huJ591 and 
177Lu-huJ591 mAb

J591 mAb targets the extracellular portion of 
PSMA and, therefore, binds to the viable tumor 
cells [41, 98]. The bifunctional DOTA chelator 
was conjugated to humanized J591 mAb. The 
DOTA-J591 mAb (5–6 DOTAs/IgG) was labeled 
with 111In for imaging studies and 90Y or 177Lu for 
RIT [99]. Saturation binding studies demon-
strated that J591 mAb binds to PSMA with 
extremely high affinity (Kd = 1.83 ± 1.21 nM). 
Based on 131I-J591 mAb, it was estimated that 
LNCaP tumor cells express approximately a mil-
lion PSMA-binding sites/cell [42].

Planar and SPECT imaging studies with 111In 
and/or 177Lu DOTA-huJ591 (Fig. 22.17) have 
shown accurate detection of prostate cancer bone 
and soft tissue metastases, as well as uptake in 
the tumor neovasculature of many solid tumors 
[100–104]. In a phase I study with 53 patients, 
111In- J591 accurately targeted bone and/or soft 
tissue lesions in 98% of the eligible patients. In a 
phase I dose escalation study with 177Lu-J591, the 
planar/SPECT imaging detected almost 100% of 
the lesions identified by conventional imaging 
studies. These imaging studies indicated that 
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Fig. 22.17 J591 mAb targeting of PSMA in patients with 
prostate cancer. Panel on left shows comparison of 111In- 
J591 with bone scan and panel on right shows comparison 

of 177Lu-J591 with bone scan. (Images provided by Dr. 
Tagawa at Weill Cornell Medicine, NY)

J591 imaging of PSMA expression is a prognos-
tic tool in patients with mCRPC.

22.4.6.3  89Zr-huJ591 mAb
89Zr decays in two ways (23% β+ and 77% EC) 
with a half-life (T½ = 3.3 days) and ideal for 
PET/CT imaging with 89Zr-labeled antibodies. 
Also, the 89Zr has a relatively short positron range 
(shorter than 18F) by emitting low energy β+ par-
ticles (Emean = 396 keV), which facilitates high- 
resolution PET imaging. Compared to [18F]FDG 
and CT, patients generally receive higher radia-
tion from 89Zr-labeled mAb PET (~20–40 mSv 
for 37–74 MBq) [105].

89Zr-huJ591 mAb was used for PET imaging 
studies to detect PSMA-positive prostate cancer. 
Early studies have shown inconsistent results for 
the diagnostic performance of primary prostate 
cancers [106]. However, in patients with meta-
static prostate cancers (n = 10), the sensitivity for 
detecting primary tumors increased to 100%. In 
patients (n = 50) with mCRPC 89Zr-J591-PET 
had a higher sensitivity for bone metastasis than 
conventional imaging methods, while conven-
tional imaging methods were more sensitive for 
soft tissue lesions [107, 108].

While imaging with radiolabeled whole IgG 
mAb approach is highly promising the optimal 
time for patient imaging after injection in terms 
of achieving adequate tumor to background ratios 
was 7 ± 1 days. Although radiolabeled antibodies 
offer the potential for tumor targeting, their effec-
tiveness as diagnostic radiopharmaceutical is 

limited by a long plasma half-life, poor tumor 
penetrability, and the nonspecific localization 
exhibited with immunoglobulins.

22.4.6.4  89Zr-Df-IAB2M Minibody
IAB2M is an 80-kDa minibody genetically engi-
neered from the parent J591 mAb. 89Zr-IAB2M 
showed rapid accumulation in tumors and a fast 
clearance from the blood within 24 h in a prostate 
cancer model [109]. The 89Zr-IAB2M uptake of 
bone and lymph node metastases was discernible 
in as little as 24 h and lasted up to 120 h in patients 
with prostate cancer [110]. The 89Zr-IAB2M 
uptake correlated with PSMA expression [111]. 
With 89Zr, the advantage of minibody is signifi-
cant reduction of effective dose (0.41–0.68 mSv/
MBq) compared to whole IgG. Figure 22.18 
shows the 89Zr-IAB2M PSMA targeting more 
metastatic prostate cancer lesions compared to 
bone scan, and FDG-PET [111].

22.4.6.5  89Zr-DFO-MSTP2109A, 
Anti- STEP- 1 Antibody

The 6-transmembrane epithelial antigen of the 
prostate (STEAP) family is comprised of four 
novel cell surface markers (STEAP 1–4) highly 
expressed in prostate cancer [112]. It is also pres-
ent in other cancers but, has little cross-reactivity 
with other normal tissues. STEAP1 is composed 
of 339 amino acid cell surface markers. 
Functionally, it appears to be an ion channel or 
transporter protein and may have roles in multiple 
biological processes, including cell adhesion, pro-
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Fig. 22.18 89Zr-IAB2M-PET imaging in mCRPC. 
Targeting with IAB2M (minibody fragment from J591 
mAb). Comparison with bone scan and FDG-PET. 

89Zr-IAB2M scan shows more    images    than bone scan 
or FDG-PET. (From Pandit-Taskar et al. [111])

liferation and invasiveness, intracellular commu-
nication, and tumor growth inhibition, and iron 
metabolism. STEAP1 overexpression in prostate 
cancer and its bone metastases has been very well 
documented, showing correlation between 
increased expression and tumor aggressiveness.

89Zr-DFO-MSTP2109A mAb may have the 
potential to be used as a companion imaging agent 
for therapies that are being developed to target 
STEAP1. A phase 1 study evaluated the safety, bio-
distribution, and tumor targeting in patients with 
mCRPC [113]. There was no significant acute or 
subacute toxicity. Favorable biodistribution and 
enhanced lesion uptake (in both bone and soft tis-
sue) were observed. The best lesion discrimination 
was seen around 6 days post administration.

22.4.7  Small-Molecule PSMA 
Inhibitors

Small molecules that interact specifically with 
PSMA and carry appropriate radionuclides for 

PET and SPECT provide an ideal molecular 
imaging option for prostate cancer. Smaller 
molecular weight compounds with higher perme-
ability into solid tumors will likely have a defini-
tive advantage in obtaining higher percent uptake 
per gram of tumor tissue and a high percentage of 
specific binding. Smaller molecules will likely 
also display improved blood clearance and tissue 
distribution in normal tissues compared to intact 
immunoglobulins making lesion detection more 
conspicuous.

Several groups have reported on the develop-
ment of small-molecule inhibitors of PSMA 
based on the structural motifs of various 
NAALADASE inhibitors comprising two amino 
acids joined through their NH2 groups by a urea 
linkage (glutamate urea heterodimers). 
Glutamate-ureido (Glu-ureido) based inhibitors 
are by far the most explored and clinically used 
class of PSMA agents. The urea-based PSMA- 
binding motifs are present in three forms: 
glutamate- urea-glutamate (glu-urea-glu) also 
known as DUPA motif, glutamate-urea-cysteine 
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(glu-urea-cys), or glutamate-urea-lysine (glu- 
urea- lys). Many of the current radiolabeled 
PSMA inhibitors used in the clinic for imaging 
and therapy (Tables 22.2 and 22.3) are based on 
the urea-based motif or pharmacophore.

22.4.7.1  DCFBC and DCFPyl
In 2002, Dr. Pomper’s group at John Hopkins 
School of Medicine (JHSM) reported the synthe-
sis of the first radiolabeled PSMA inhibitor, [11C]
MeCys-C(O)-Glu ([11C]MCG or [11C]DCMC) 
(Fig. 22.19) which binds to PSMA with high 
potency (IC50 = 1.4 nM) [114]. Three years later, 
based on animal studies, [11C]DCMC was pro-
posed for imaging prostate cancer and the authors 
stated that [11C]DCMC is not a substrate for 
PSMA, but is bound to the active site of the 
enzyme electrostatically so that PSMA is 
 behaving like a receptor and not as an enzyme in 
this type of imaging studies [115].

[18F]DCFBC (Fig. 22.19) was the first 18F 
labeled PSMA inhibitor developed in 2008 at 

JHSM based on Cys-Urea-Glu pharmacophore 
and was successfully evaluated in several clini-
cal studies [116]. The major drawback of this 
tracer was slow blood clearance and high back-
ground activity. As a result, early imaging stud-
ies did not provide optimal sensitivity.

In a prospective study in patients (n = 68) with 
documented biochemical recurrence after pri-
mary local therapy (prostatectomy and/or post 
radiation therapy) with negative conventional 
imaging, [18F]DCFBC-PET was able to identify 
recurrence with PSA >0.78 ng/mL in 60.3% of 
patients, which led clinicians to change the treat-
ment strategy in 51% of patients [117].

[18F]DCFPyl (Pylarify™)
The next generation compound from JHSM is 
[18F]DCFPyl (Fig. 22.19), developed based on 
Lys-Urea-Glu motif, was hydrophilic, and showed 
faster renal excretion [118]. In patients with bio-
chemical recurrence, direct comparison of [18F]
DCFPyl with 68Ga-PSMA-11 indicated that [18F]

Fig. 22.19 Small-molecule PSMA inhibitors labeled with 18F, 99mTc, and 123/131I. Except for CTT-1057 ligand (phos-
phoramide derivative), all the other ligands share the urea-glutamate pharmacophore (shown in blue color)
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DCFPyL is noninferior to 68Ga-PSMA-11, and 
that imaging with [18F]DCFPyL-PET may even 
exhibit improved sensitivity in localizing relapsed 
tumors after prostatectomy for moderately 
increased PSA levels [119]. A pilot study compar-
ing [18F]DCFPyl to [18F]PSMA-1007 observed 
that excellent image quality was achieved with 
both agents, resulting in identical clinical find-
ings. Nonurinary excretion of 18F-PSMA-1007, 
however, might present some advantage with 
regard to delineation of local recurrence or pelvic 
lymph node metastasis in selected patients; the 
lower hepatic background might favor [18F]
DCFPyL in late stages, when rare cases of liver 
metastases can occur [120].

The FDA approval was based on data from 
two studies, the OSPREY and CONDOR trials, 
investigating the safety and diagnostic perfor-
mance of 18F-DCFPyL in prostate cancer. In the 
phase 2/3 OSPREY trial, improvements in the 

specificity (96–99%) and positive predictive 
value (78–91%) of the agent were observed when 
compared with conventional imaging for meta-
static prostate cancer. Eligible patients in the 
OSPREY trial were divided into two cohorts, 
with cohort A including patients with high-risk, 
locally advanced prostate cancer, and cohort B 
including patients with metastatic or recurrent 
disease. In the phase 3 CONDOR study, a median 
PSA level of 0.8 ng/mL was observed among the 
208 evaluable patients, with 68.8% having a PSA 
level of less than 2.0 ng/mL. The primary end 
point of correct localization rates (CLRs), identi-
fied by PyL–PET/CT and evaluated by 3 blinded 
independent central readers was observed at 
85.6% (95% CI, 78.8–92.3%), 87.0% (95% CI, 
80.4–93.6%), and 84.8% (95% CI, 77.8–91.9%) 
[121] (Fig. 22.20).

a b c

d

Fig. 22.20 [18F]DCFPyl vs. 18F-PSMA-1007 PET/CT in 
a patient with newly diagnosed prostate cancer with high 
PSA (95.43 ng/mL) and positive biopsy (GS = 8). 

DCFPyL (b, d) detects (SUVmax = 18.08) prostate cancer 
confined to prostate gland. PSMA-1007 (a, c) (SUVmax = 
11.77) also provides the same diagnosis [120]
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22.4.7.2  MIP-1095 and MIP-1404
In 2006, Dr. Babich’s group at Molecular Insight 
Pharmaceuticals (MIP) company (later acquired 
by Progenics Pharmaceuticals Inc) started a pro-
gram to design and synthesize a series of het-
erodimeric inhibitors of PSMA having 
Lys-urea-Glu pharmacophore that could be 
radiolabeled with different isotopes including 
halogens. They reported the development of two 
high-affinity radioiodinated PSMA inhibitors 
123I-PSMA-1072 (Ki = 5 nM) and 123I-PSMA-1095 
(Ki = 0.3 nM) for SPECT imaging studies [122]. 
The first human studies demonstrated that these 
tracers detect lesions in the prostate gland, soft 
tissue, lymph nodes, and distant metastases and 
clearly documented the potential utility of PSMA 
imaging at 4 h after injection based on planar and 
SPECT imaging studies [123]. Direct compari-
son with ProstaScint imaging clearly documented 
that 123I-MIP-1072 identified several metastatic 
lesions in the pelvic lymph nodes not detected by 
anti-PSMA antibody, ProstaScint imaging. Based 
on these early clinical results, MIP-1095 (Fig. 
22.19) was labeled with 131I (a radionuclide that 
emits a beta particle) for targeted therapy of met-
astatic prostate cancer. 124/131I-MIP-1095 was also 

developed for PET imaging studies and TRT of 
mCRPC [124].

99mTc-MIP-1404 (Trofolastat™)
Subsequently, in 2012, Dr. Babich’s group also 
reported the development of two high-affinity 
99mTc-labeled PSMA inhibitors, 99mTc-MIP-1404 
(Fig. 22.19) and 99mTc-MIP-1405, based on Glu- 
Urea- Glu and Glu-Urea-Lys pharmacophores 
and tricarbonyl core chemistry [125]. The first 
human studies in patients with mCRPC showed 
both 99mTc tracers localized to lesions in bone 
and soft tissue that correlated with radiologic 
evidence of metastatic disease identified by the 
bone scan [126, 127]. In a 71-year-old patient 
who had prior prostatectomy and with a rising 
PSA (1.37–8.9 ng/mL over a period of 4 months), 
PSMA imaging with 99mTc- MIP- 1404 (in March) 
detected more metastatic lesions earlier com-
pared to the two bone scans performed either 
before (in January) or after (in June) the PSMA 
scan (Fig. 22.21). Based on these results a pre-
liminary phase I study and a multicenter phase II 
study were conducted in high-risk prostate can-
cer patients scheduled for prostatectomy and 
extended pelvic node lymph node dissection. In 
all subjects with Gleason score > 7, 99mTc-

Fig. 22.21 99mTc-MIP-1404 planar whole-body images 
in a patient who had prior prostatectomy and with a rising 
PSA (1.37–8.9 ng/mL over a period of 4 months), PSMA 
imaging with 99mTc-MIP-1404 (in March) detected more 

metastatic lesions earlier compared to the two bone scans 
performed either before (in January) or after (in June) the 
PSMA scan [126, 127]
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Fig. 22.22 99mTc-MIP-1404 images in a high-risk pros-
tate cancer patient scheduled for prostatectomy and 
extended pelvic node lymph node dissection. 99mTc- 
MIP- 1404 SPECT clearly identified the prostate cancer 

foci (Gleason score > 7) in the prostate gland, confirmed 
by histopathology (Vallabhajosula et al. Weill Cornell 
Medicine, NY)

MIP-1404 SPECT clearly identified the PCa foci 
in the prostate gland, confirmed by histopathol-
ogy (Fig. 22.22), and PSMA staining [128]. 
Because 99mTc- MIP- 1404 (Trofolastat™) 
showed minimal urinary excretion, it had a dis-
tinct advantage for detecting prostate cancer in 
the gland and pelvis at initial stages of the dis-
ease and was selected for phase II/III studies to 
determine sensitivity, and specificity to detect 
prostate cancer in high- risk patients. 
Trofolastat™ has been investigated in several 
clinical trials resulting as the first PSMA imag-
ing agent to finalize phase 3 clinical trials [129]. 
It is therefore expected that 99mTc- MIP- 1404 
may be available as a “technetium instant kit” in 
the near future.

22.4.7.3  PSMA-11, PSMA-617, PSMA- 
1007, and PSMA-I&T

68Ga-PSMA-HBED-CC (or 68Ga-PSMA-11)
In 2012, the development of PSMA-HBED-CC 
(also known as PSMA-11 or DKFZ-PSMA-11) 
at the German Cancer Research Centre (GCRC) 
and the University Hospital at Heidelberg by Drs. 
Eder, Haberkorn, and Afshar-Oromieh should be 

regarded as a major milestone in the development 
of radiolabeled PSMA inhibitors for molecular 
imaging and targeted therapy.

PSMA-11 consists of a Glu-urea-Lys motif 
conjugated with the highly efficient and Ga-specific 
acyclic chelator HBED-CC (Fig. 22.10) via an 
aminohexanoic acid (Ahx) spacer [130]. The 
advantage of HBED-CC chelator is that it can 
form efficient 68Ga complex at room temperature 
with extremely high thermodynamic stability. In 
the first human studies, direct comparison to [18F]
FCH, 68Ga-PSMA- targeted PET imaging was able 
to detect lesions much earlier in patients with low 
PSA values and showed reduced background 
activity in healthy tissue [131]. Subsequently, sev-
eral clinical studies documented the clinical utility 
of 68Ga-PSMA-11 (Fig. 22.23) for molecular 
imaging of prostate cancer [132].

The FDA approval of 68Ga-PSMA-11 [133] 
was based on evidence from two clinical trials in 
patients with prostate cancer. The trials were con-
ducted at two different sites in the USA (FDA 
package insert). Trial-1 enrolled patients who 
were recently diagnosed with prostate cancer and 
were awaiting surgery for the removal of the pros-
tate and the nearby lymph nodes. Trial-2 enrolled 
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Fig. 22.23 Small-molecule PSMA inhibitors (PSMA- 
11, PSMA-617, and PSMA-I&T) were developed to com-
plex trivalent metals, such as 68Ga, 111In, 177Lu, and 225Ac. 
PSMA-11 is based on HBED-CC chelator, while PSMA- 

617 and PSMA-I&T are based on DOTA chelator. All the 
ligands share the urea-glutamate pharmacophore (shown 
in blue color)
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patients who were already treated for prostate 
cancer but, had rising PSA levels, suspicious for 
cancer spreading. In patients scheduled for radical 
prostatectomy, the positive predictive value was 
61% and the negative predictive value was 84%. 
The sensitivity was 47% and specificity was 90%. 
In patients with biochemical recurrence, the like-
lihood of identifying a 68Ga-PSMA-11 PET posi-
tive lesion generally increased with higher serum 
PSA level (36% at <0.5 ng/mL to 91% at >2.0 ng/
mL). 

PSMA-11, PSMA-617, PSMA-1007, and 
PSMA-I&T
In order to develop a theranostic PSMA inhibitor, 
the investigators at the GCRC in Heidelberg, con-
jugated the same Glu-Urea-Lys pharmacophore 
with DOTAGA chelator using a modified linker 
with D-amino acids and, thus, developed the first 
theranostic PSMA inhibitor, named PSMA-I&T, 
for imaging and therapy of prostate cancer [134, 

135]. The targeting of PSMA with 177Lu-PSMA- 
I&T was shown to be as good as that of 
68Ga-PSMA-11 (Fig. 22.24). Some clinical stud-
ies evaluated the potential of 68Ga-PSMA I&T for 
the detection of primary prostate cancer before 
prostatectomy [43].

The HBED-CC chelator used for developing 
68Ga-PSMA-11 is not appropriate for labeling 
therapeutic radiometals such as 177Lu, 90Y, and 
225Ac. To overcome this restraint, the investiga-
tors at the GCRC developed two high-affinity 
PSMA inhibitors, PSMA-617 and PSMA-I&T, 
based on Glu-Urea-Lys pharmacophore and 
DOTA or DOTAGA chelators (Fig. 22.23). In 
addition, the choice of linker/spacer has a signifi-
cant impact on tumor targeting, as well as on the 
pharmacokinetics. PSMA-617 was synthesized 
by conjugating DOTA chelator to the Glu-Urea- 
Lys motif by a naphthalic spacer [136]. PSMA-
I&T was synthesized by DOTAGA chelator to 
the same Glu-Urea-Lys scaffold by a spacer con-

Fig. 22.24 PSMA targeting with 68Ga and 177Lu labeled 
small-molecule PSMA inhibitors. 68Ga-PSMA-PET/CT 
showed intense tracer accumulation in mediastinal lymph 

node metastases. Correspondingly, these mediastinal 
lymph nodes demonstrated high 177Lu-PSMA-I&T uptake 
47 h after therapy with 5.7 GBq of 177Lu-PSMA-I&T [134]
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taining D-Phe-D-Phe-Lys amino acid residues. 
Further substitution of the d- Phenylalanine resi-
dues in the peptide linker by 3-iodo-d-tyrosine 
resulted in the final compound, DOTAGA-(I-y)-
fk-(Sub-kuE), named PSMA- I&T (for imaging 
and therapy) since it can be used to label with 
either 68Ga or 177Lu [134].

177Lu-PSMA-617 was quickly used as a thera-
peutic ligand because it has higher tumor uptake at 
later time points, lower spleen uptake, and highly 
efficient clearance from the kidneys  [136]. Some 
studies, however, showed lower tumor uptake 
compared to PSMA- 11 whereas the tissue distri-
bution pattern and kinetics of PSMA-I&T are 
comparable to PSMA- 11 [134]. 

The investigators at GCRC were also suc-
cessful in developing a 18F-labeled PSMA 
inhibitor [18F]PSMA-1007. PSMA-1007 
shares the same Glu-Urea-Lys motif and the 
naphthalene-based linker region as PSMA-
617. The only difference is the 18F radiolabel-
ing moiety. The pharmacophore conjugated 
with NaI but, the linker is replaced by 
4- carboxy- benzylamine residue followed by 
two glutamic acid residues and conjugated 
with 6-[18F]fluronicotinic acid [137, 138]. In a 
pilot clinical study, [18F]PSMA-1007 was 
directly compared to [18F]DCFPyl in patients 
with newly diagnosed prostate cancer (Fig. 

22.20). Excellent imaging quality was 
achieved with both tracers, resulting in identi-
cal clinical findings. With PSMA-1007, how-
ever, unlike the other PSMA inhibitors, 
excretion is mainly by hepatobiliary system 
and nonurinary excretion of [18F]PSMA-1007 
might present some advantage with regard to 
delineation of local recurrence or pelvic lymph 
node metastasis in selected patients [120].

22.4.7.4  rhPSMA-7.3
A unique and novel class of theranostic agents 
named radiohybrid (rh) PSMA inhibitors based on 
Glu-Urea-Lys pharmacophore were developed by 
Dr. Wester and colleagues at the Technical 
University of Munich, Garching, Germany 
(TUMG) [139, 140]. Radiohybrid concept repre-
sents a molecular species that offers two binding 
sites for radionuclides, a silicon- fluoride acceptor 
(SiFA) for 18F and a chelator (such as DOTA) for 
radiometallation. One of these binding sites is 
radiolabeled, the other one labeled with a stable 
nuclide, thus is silent. These pairs of compounds 
(Fig. 22.25), either pure imaging pairs (A) or ther-
anostic pairs (B), represent chemically identical 
species (monozygotic chemical twins) and thus 
exhibit identical in vivo characteristics (e.g., affin-
ity, lipophilicity, pharmacokinetics). The lead 
compound [18F]Ga-rhPSMA-7 with natGa- 
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Fig. 22.25 Diastereomeric mixture [18F,natGa]rhPSMA-7 
is composed of the four isomers [18F, natGa]rhPSMA-7.1 to 
7.4, differing in the stereoconfiguration of diaminopropi-

onic acid (D-/L-Dap) and DOTA-GA (R-/S-DOTAGA). 
The predominant species is [18F,natGa]rhPSMA-7.3 [139, 
140]
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DOTAGA complex was evaluated in patients with 
biochemical recurrence [141]. The biodistribution 
was found to be similar to that of established 
PSMA ligands, and [18F,natGa]rhPSMA-7 PET/CT 
demonstrated high detection rates in early bio-
chemical recurrence after radical prostatectomy, 
especially among patients with low PSA values. 
[18F]Ga-rhPSMA-7, however, represents a mixture 
of four stereoisomers (7.1, 7.2, 7.3, 7.4), differing 
in the stereo- configuration of the diaminopropi-
onic acid branching unit (D-Dap or L-Dap) and 
the glutamic acid pendant arm at the DOTA-GA-
chelator (R-DOTA-GA or S-DOTA-GA) [139, 
140]. Based on preclinical studies, [18F,natGa]
rhPSMA-7.3 was identified as the preferred iso-
mer since it showed high tumor accumulation, low 
uptake by the liver and kidney with low blood lev-
els. [18F]-rhPSMA-7.3 is currently in phase III tri-
als (sponsored by BlueEarth Diagnostics) for 
prostate cancer (PCa) imaging. In order to assess 
the role in primary staging, [18F]-rhPSMA-7.3 
PET/CT studies in patients (n = 279) with primary 
prostate cancer were evaluated [142]. 
[18F]-rhPSMA-7.3 offers superior diagnostic per-
formance to morphological  imaging for primary 
N-staging of newly diagnosed PCa, shows lower 
inter-reader variation, and offers good distinction 
between primary tumor and bladder background 
activity. In preclinical studies, the in vivo behavior 
of the therapeutic analog 177Lu-rhPSMA-7.3 was 
compared to [177Lu]PSMA-I&T [143]. Based on 
the results, 19F/177Lu-rhPSMA-7.3 can be consid-
ered a suitable candidate for clinical translation 
due to similar clearance kinetics and radiation 
dose to healthy organs but, superior tumor uptake 
and retention compared with 177Lu-PSMA-I&T.

22.4.7.5  Albumin-Binding PSMA 
Inhibitors

The plasma protein human serum albumin (HAS) 
has a long half-life of about 19 days and, because 
of its high molecular weight (67 kDa), it has low 
renal clearance making the protein a valuable 
candidate as a drug delivery system and a means 
to extend the half-life of peptides [144–146]. 
HSA is a widely recognized carrier for the pas-
sive targeting to solid tumors and has been fre-
quently used to develop drug conjugates for 

longer plasma half-life. The covalent or noncova-
lent attachment of peptides to albumin can reduce 
the glomerular filtration rate and extend the half- 
life of peptides by increasing the size of peptide- 
based drugs. Albumin is also found to specifically 
target tumor regions because of its enhanced per-
meability and retention (EPR) effect as well as 
albumin receptor binding, which is a unique 
advantage as the carrier for tumor-targeted drug 
delivery [145].

Albumin-binding ligands based on the lead 
structure 4-(p-iodophenyl)butyric acid (IPBA) 
have been identified by screening DNA-encoded 
chemical libraries [147]. The best derivative of 
IPBA, known as Albutag, was used to develop 
radiolabeled folate conjugates for imaging and 
therapy [148]. Albutag was also used to develop a 
novel class of trifunctional ligands, consisting of 
the high-affinity PSMA-binding domain, the 
Albutag, and the DOTA chelator, to facilitate the 
modification of the three moieties independently 
and ultimately enable the generation of spatial 
optimized conjugates PSMA conjugates for pros-
tate cancer theranostics [149]. Preclinical studies 
demonstrated that the trifunctional ligands had 
high and persistent tumor uptake with absorbed 
doses that were four times greater than those 
observed for a similar compound lacking the 
albumin-binding moiety. It was also reported that 
the tumor uptake of the lead compound 
177Lu-RPS-077 continues to increase up to 24 h 
after injection and that the washout by 96 h was 
not significant. The tumor AUC and tumor-to- 
kidney ratio of 177Lu-RPS-072 are significantly 
enhanced compared with any other small mole-
cule investigated in a LNCaP xenograft model. 
Therefore 177Lu-RPS-072 exhibits an increased 
therapeutic index, shows the potential to increase 
the dose delivered to tumors, and is a highly 
promising candidate for targeted radioligand ther-
apy [149]. Albutag was also used to develop albu-
min-binding PSMA-targeting PET radioligands 
based on NODAGA chelator [150].

Recently, a new class of PSMA radioligands 
comprising ibuprofen as an albumin-binding 
entity was reported [151]. The isobutylphenyl 
propionic acid, known under the name “ibupro-
fen,” is a nonsteroidal anti-inflammatory drug 
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(NSAID), which binds to plasma proteins. To 
develop radiometal-labeled PSMA inhibitors, 
several glutamate-urea-based PSMA ligands 
were synthesized with ibuprofen, conjugated via 
variable amino acid-based linker entities. The 
lead compound 177Lu-Ibu-DAB-PSMA, in which 
ibuprofen was conjugated via a positively charged 
diaminobutyric acid (DAB) entity, showed distin-
guished tumor uptake and the most favorable 
tumor-to-blood and tumor-to-kidney ratios [151].

The benefit of an enhanced tumor uptake of 
long-circulating PSMA radioligands is, however, 
compromised by an increased retention of activ-
ity in healthy organs and tissues including the 
kidneys, and bone marrow, which may limit the 
number of therapy cycles that can be applied. 
Albumin-binding properties have, thus, to be 
carefully balanced to achieve an increased tumor 
uptake while keeping background activity as low 
as possible [152].

22.4.8  Bombesin and GRPR Analogs

A variety of radiolabeled GRPR agonists (such as 
68Ga/177Lu-AMBA, 68Ga/177Lu-PESIN) have been 
developed for targeting GRPR-positive tumors 
and were evaluated in preclinical and clinical 
studies [49, 50, 153]. Several recent reports have 
shown that GRPR antagonists show properties 
superior to GRPR agonists, affording higher 
tumor uptake and lower accumulation in physio-
logic GRPR-positive nontarget tissues [154]. 
GRPR agonists activate the receptor and induce 
side effects. GRPR antagonists, however, are 
expected to have no adverse effects [49]. Several 
GRPR antagonists (such as 68Ga-RM26, 68Ga- 
RM2 (also referred to as 68Ga-BAY86-7548), 
64Cu-CB-TE2A-AR06, 68Ga-SB3) were evalu-
ated in clinical studies to assess the potential 
clinical utility to detect primary prostate cancer 
lesions. The amino acid sequence of bombesin 
and analogs is shown in Fig. 22.9.

RM26 with high affinity was discovered by 
peptide backbone modification of bombesin ana-

logs [155]. A pilot PET study with 
68Ga-NOTA-RM26 in 28 patients with newly diag-
nosed and post-therapy prostate cancer demon-
strated that RM26 can detect both primary prostate 
cancer and metastases with high efficiency. There 
was a significant positive correlation between 
SUV derived from 68Ga-RM26 PET and the 
expression level of GRPR [155]. Several pilot 
clinical studies with 68Ga-RM2 (68Ga-labeled 
DOTA-4-amino-1-carboxymethyl-piperidine-D- 
Phe- Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2) also 
showed GRPR-PET may have a potential clinical 
role in the molecular imaging and TRT of prostate 
cancer [156–158]. 68Ga-RM2 has the highest 
physiologic uptake in the pancreas followed by 
moderate uptake of the tracer in the liver, spleen, 
and urinary excretion [159]. It has garnered inter-
est as a target for prostate theranostics, especially, 
due to the lack of salivary gland uptake which is 
prominently seen in  68Ga-PSMA- PET. A recent 
study examined the use of [68Ga]RM2-PET/CT 
(GRPR antagonist) in patients with known bio-
chemical recurrence of prostate cancer and nega-
tive or equivocal [18F]fluoroethylcholine- PET/CT 
and demonstrated that [68Ga] RM2-PET/CT was 
helpful in localizing the recurrence in such cases 
[157, 159]. Based on a direct comparison with 
[18F]DCFPyl-PET (Fig. 22.26) it was concluded 
that 68Ga-RM2 remains a valuable radiopharma-
ceutical even when compared with the more 
widely used 68Ga-PSMA11/18F-DCFPyL in the 
evaluation of biochemical recurrence of prostate 
cancer [160]. The first clinical data with 
68Ga-NeoBOMB1 in a group of prostate cancer 
patients highlighted its ability to visualize primary 
tumors, as well as liver metastases and bone 
lesions [161].

A recent review suggests that GRPR-targeted 
imaging may constitute a relevant addition for 
those patients with PSMA-negative tumors, or 
those with low-grade tumors that do not show on 
MRI nor PSMA-PET scans because retrospective 
studies have revealed that PSMA expression was 
inversely correlated with GRPR, underscoring 
the potential value of their combined use [153].
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Fig. 22.26 Comparison of 68Ga-RM2-PET (bombesin 
analog for GRPR) with PSMA ligand, [18F]DCFPyL-PET 
in a patient presenting with prostate cancer biochemical 
recurrence (BCR) (PSA 11.6 ng/mL and PSA velocity 
12.2 ng/mL/year). 68Ga-RM2 scans (a, c, d) compared to 

[18F]DCFPyL (b, e, f). Red arrows mark right adrenal 
lesion clearly seen on GRPR-PET but not prospectively 
identified on PSMA-PET given similar uptake in the adre-
nal gland and liver parenchyma. Blue arrows mark physi-
ologic 68Ga-RM2 uptake in the pancreas [160]

22.5  Radiopharmaceuticals for 
Bone Pain Palliation

As discussed in Sect. 22.2.1, bone is the most 
common and preferred site for metastatic involve-
ment in prostate cancer. The presence of bone 
metastases implies poorer prognosis, shortens 
survival, and is associated with a multitude of 
complications, including severe bone pain, patho-
logical fracture, spinal cord compression, hyper-
calcemia, etc. [19]. Bone metastases in prostate 
cancers are typically characterized by an osteo-
blastic picture due to excess bone deposition [19].

Several radiopharmaceuticals were developed 
based on β− emitting radionuclides, as shown in 
Table 22.3 [21, 162, 163]. Studies in radiobiol-
ogy indicate that radiation doses delivered to 
bone metastases at higher dose rates would have 
a higher RBE. Therefore, the advantage of 
shorter-lived radionuclides at higher dose rates in 
comparison with longer lived radionuclides at 
lower dose rates will also depend on biokinetics 
of the radiopharmaceutical and how the dose rate 
in target tissue compares to the dose rate in criti-
cal organs [163]. These radiopharmaceuticals can 

broadly be classified into two categories based on 
the mechanism by which they get accumulated in 
the skeleton: Ca2+ analogs and diphosphonate 
complexes of radiometals due to the affinity of 
phosphonates towards calcium in the actively 
growing bone.

32P as sodium orthophosphate administered 
orally (444 MBq) or intravenously (185 MBq) was 
used for the treatment of metastatic bone pain till 
the 1980s. 32P is bound to hydroxyapatite of the 
inorganic bone matrix. In spite of its efficacious 
nature, the use of this agent declined owing due to 
the high energy β−particle emission, which causes 
severe bone marrow toxicity including myelosup-
pression and pancytopenia [162]. Moreover, 
because of the radionuclide being a pure β− parti-
cle emitter, simultaneous pharmacokinetic evalua-
tion and dosimetric assessment cannot be done.

22.5.1  89Sr Dichloride (Metastron®)

The first use of 89Sr for bone pain palliation was 
reported in 1942 [164]. Since it is a Ca2+ analog, 
89Sr2+ cation is internalized to the inorganic bone 
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matrix and the biochemical uptake is in propor-
tion to local osteoblastic activity, which is ten- 
fold higher in metastatic lesions. After localization, 
it still remains in the tumoral sites for 100 days. 
The excretion occurs predominantly from kid-
neys, limiting its use in the setting of renal failure. 
The recommended dose is 150 MBq. Based on 
the latest meta-analysis, an overall response rate 
of 70% has been reported, commencing typically 
within 14–28 days of administration and lasting 
up to 15 months [21]. The efficacy of 89Sr chloride 
in bone pain palliation has been compared to other 
radiopharmaceuticals (such as 153Sm-EDTMP and 
186/188Re-HEDP) revealing no significant differ-
ence. The hematological toxicity (myelosuppres-
sion) is the major side effect which is due to high 
energy β−  particles and like 32P, it cannot be used 
for simultaneous pharmacokinetic evaluation and 
dosimetry studies.

22.5.2  Bisphosphonates: 
153Sm-EDTMP (Quadramet®)

The first clinical use of bone pain palliation with 
153Sm was reported in 1989 [165]. It is used with 
the chelator ethylenediamine tetramethylene- 
phosphonate (153Sm-EDTMP), which is supplied 
as 153Sm-lexidronam-pentasodium (Quadramet) 
(Fig. 22.3) with a recommended activity of 37 
MBq/kg body weight. It is a well-known radio-
pharmaceutical for bone pain palliation and since 
it received FDA approval, it has been widely used 
in various osteoblastic metastatic lesions, espe-
cially in prostate and breast cancer. It has shown 
high uptake in the skeleton with 62 ± 13% at 24 h 
post-injection [163]. It rapidly binds to hydroxy-
apatite crystals, leading to less than 1% availabil-
ity in the blood 5 h after injection. No specific 
uptake has been observed outside the skeleton, 
and excretion occurs mainly through the kidneys. 
The pharmacokinetics of 153Sm-EDTMP is 
favored over 186Re-HEDP with lower urinary 
excretion and potentially higher bone and lesion 
uptake [163]. Pain palliation is usually experi-
enced within 1 week and frequently within 48 h 
of administration of 153Sm-EDTMP. The pain 
reduction occurs as early as in the first week after 

injection, lasting for about 2–3 months [21]. 
Compared to 89Sr, the moderate energy 
β−emission reduces the possibility of bone mar-
row ablation and the adequate γ-emission of suit-
able energy of photons (103 keV) helps 
biodistribution and dosimetry studies. Overall, 
153Sm–EDTMP has been successfully used for 
pain control for three decades. One of the major 
drawbacks, however, is its relatively shorter half-
life (46.3 h) which causes significant loss of 
activity due to radioactive decay in shipment. 

22.5.2.1  Investigational Agents
Several other radiolabeled diphosphonates have 
been investigated in small clinical studies. 
186/188Re-HEDP complex behaves similar to 99mTc 
bone agents. Approximately 40% is localized in 
the skeleton at 24 h but, significantly less uptake 
compared to 153Sm-EDTA. Repeated doses of 
188Re–HEDP, compared to a single administra-
tion, have shown improvement in PFS and OS, as 
well as a reduction of PSA levels in approxi-
mately half of the patients. The apparent antitu-
moral effect may be explained by higher β− energy 
and tissue penetration, as well as a higher dose 
rate of 188Re–HEDP administration due to very 
short physical half-life of 0.7 days [163]. I188Re- 
HEDP has not been approved in many countries 
for clinical use and the number of prospective tri-
als with large populations is limited. The poten-
tial advantages include the availability of a 
long-lived on-site generator (188W→188Re), favor-
able pain control, the potential impact on OS, and 
cost-effectiveness.

177Lu-EDTMP and 177Lu-DOTAZOL
177Lu has been proposed as a possible radionu-
clide for bone pain palliation. It has the  theoretical 
advantage of reduced bone marrow toxicity due to 
low energy beta particle energy and mean tissue 
range of 0.2 mm. 177Lu–EDTMP has been studied 
as a safe and effective potential palliative therapy 
in painful bone metastases, due to rapid skeletal 
accumulation and minimal uptake in other organs. 
177Lu–DOTMP has also been investigated reveal-
ing rather similar characteristics to 177Lu–EDTMP. 
Yet, the latter exhibits slightly higher skeletal 
uptake as well as retention in the liver and kidneys 
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[21]. 177Lu-EDTMP has been compared to 
153Sm-EDTMP. Reportedly, they both have sub-
jected bone metastases to similar radiation doses. 
Likewise, the response rate of approximately 
75–80% has been noted for both radiopharmaceu-
ticals. In addition, the cocktail of both these 
agents has shown safety in administration and 
pain relief/reduction in 24/25 patients [21]. 177Lu 
labeled with zoledronic acid (177Lu-DOTAZOL) 
(Fig. 22.3) is another investigational radiophar-
maceutical with promising preliminary biodistri-
bution and post-therapy dosimetry results. It also 
possesses a potential theragnostic application 
(using 68Ga-DOTAZOL- PET) for the treatment of 
bone metastases [59, 60]. A recommended thera-
peutic activity was described with 45 MBq/kg for 
177Lu-EDTMP and higher activity of 5780 MBq 
for 177Lu-DOTAZOL. A systematic review and 
meta-analysis conclude that 177Lu-EDTMP seems 
to have a comparable efficacy and safety profile as 
that of the frequently administered radiopharma-
ceuticals for bone palliation [166].

22.6  Radiopharmaceuticals for 
Targeted Therapy

22.6.1  223Ra Dichloride (Xofigo)

223Ra (T½ = 11.4 days) decays to stable 207Pb 
with five intermediate radionuclide progenies 
and a total of five α particles (Fig. 22.27). 
Currently, the clinical and commercial produc-
tion of 223RaCl2 (Bayer Health Care 
Pharmaceuticals) involves 227Ac and 227Th isola-
tion from a 231Pa source (3.28 × 104 year) [167]. 
In 2013, [223Ra]radium dichloride (Xofigo®; for-
merly alpharadin) became the first and only 
alpha-emitting radiopharmaceutical to receive 
FDA and EMEA approval for clinical use, with 
an intended purpose to treat patients with CRPC, 
symptomatic bone metastases, and no known 
visceral metastatic disease. 223Ra2+ mimics cal-
cium and forms complexes with the bone min-
eral hydroxyapatite at areas of increased bone 
turnover, such as bone metastases. The high 
LET (80 keV/μm) leads to a high frequency of 
DSDBs in adjacent cells, resulting in an antitu-

mor effect on bone metastases. As shown in 
Table 22.5, the dose to metastatic lesions is 
around 25 Gy from one cycle of 223Ra adminis-
tration and is comparable to the dose from 
radiopharmaceuticals for bone pain palliation. 
The RBE effect, however, will be significantly 
higher compared to the beta emitters.

223Ra dichloride injection is supplied as a 
single- use vial at a concentration of 1000 kBq/
mL (27 microcurie/mL) at the reference date 
with a total radioactivity of 6000 kBq/vial (162 
microcurie/vial) at the reference date. The rec-
ommended dose regimen of Xofigo is 50 kBq 
(1.35 microcurie) per kg body weight, given at 
4-week intervals for six injections.

After intravenous injection, radium-223 is 
rapidly cleared from the blood and is distributed 
primarily into bone or is excreted into the intes-
tine. At 4 h, about 4% of the injected radioactiv-
ity remained in blood, decreasing to <1% at 24 h 
after the injection. At 10 min post-injection, 
radioactivity was observed in bone and in the 
intestine. At 4 h, the bone uptake was 61% of the 

18.68 d

11.43 d

3.96 s

1.781e-03 s

36.1 m

1.0e-4 s

2.14 m

4.77 m

0.516 s

Stable

Z=90

Z=88

Z=86

Z=84

Z=82

Z=81

227Th

219Rn

223Ra

215Po

215At

211Bi

207TI

211Po

207Pb211Pb

a

a

a

a

a

a

a

b–

b–

b–

b–

Fig. 22.27 Radium-223 is the daughter of Thorium-227. 
The decay scheme of Ra-223 shows both alpha and beta 
particle emissions before it reaches stable Pb-207
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Table 22.5 Dosimetrya of radiopharmaceuticals for bone pain palliation

Radiopharmaceuticals

T½ 
(Days)

ΒEmax 
(MeV)

γ-Photons 
(keV)

Range (mm) Dose 
(mMq)

Red marrow 
dose (mGy/
MBq)

Bone Mets. 
(Gy)Max Mean

[32P]sodium 
orthophosphate

14.26 1.71 8.1 2.5 444 6.5

89Sr-dichloride 50.53 1.46 910 
(0.01%)

6.6 1.9 150 19.0 0.03–50.0

153Sm-EDTMP 
(Quadramet)

1.9292 0.81 103 (28%) 3.0 0.4 37/kg 0.89 ± 0.03 2.9–14.1

186Re-HEDP 3.78 1.07 135 (9%) 4.5 0.8 1285 0.8 40.1
188Re-HEDP 0.71 2.12 155 (15%) 10.45 2.8 ~3000 0.61 ± 0.21 12.6 ± 6.6
177Lu-EDTMP 6.71 0.49 113 (6%) 1.5 0.2 45/kg 0.80 ± 0.15
177Lu-DOTAZOL 208 (11%) 5780 0.36 ± 0.12 4.21 ± 2.4
223Ra dichlorideb 11.4 5–7.5 

MeV α
<0.1 mm 0.05/kg 139.0 25.6

a Dosimetry values from Liepe et al. [163]
b The dosimetry data for 223Ra is from Xofigo package insert

administered activity. Approximately 63% of the 
administered radioactivity was excreted from the 
body within 7 days after injection (after correct-
ing for decay). Fecal excretion is the major route 
of elimination from the body (Xofigo-2013 PI).

The efficacy and safety of Xofigo were evalu-
ated in a double-blind, randomized, placebo- 
controlled phase 3 clinical trial of patients with 
CRPC with symptomatic bone metastases. 
Patients receiving the treatment with 223Ra exhib-
ited a 3.6-month prolonged survival time (PST) 
over the placebo group and a 5.8 month improved 
timeframe before the occurrence of a systematic 
skeletal-related event with a reduction of occur-
rence of spinal compression [168, 169].

22.6.2  RIT with 177Lu- or 
225Ac-Labeled J591 mAb

As discussed in Sect. 22.4.6.2, the clinical trials 
with 90Y- or 177Lu-labeled huJ591 mAbs started 
20 years ago at Weill Cornell Medicine in New 
York. Two independent RIT phase I trials have 
been performed using 90Y- or 177Lu-labeled 
DOTA-huJ591 in patients with mCRPC [101, 
170, 171]. All patients received a total of 20 mg 
of J591 mAb containing both radiolabeled 
DOTA-J591 and naked J591 mAb. These trials 
defined the maximum tolerated dose (MTD), 

dosimetry, pharmacokinetics, and human anti- 
humanized antibody (HAHA) response, and 
demonstrated preliminary evidence of antitumor 
activity. With 90Y, 0.647 GBq/m2 dose level was 
determined to be the MTD. With 177Lu, 2.59 
GBq/m2 dose level was determined to be the 
MTD. 177Lu was chosen for further development 
based upon its physical properties, especially 
since the low energy beta particles deliver a lower 
radiation dose to bone marrow relative to the 
higher energy beta particles from 90Y [102–104].

22.6.2.1  RIT with 177Lu-DOTA-huJ591 
mAb

In a dual-center phase II study, two cohorts of 
patients (total n = 47) with progressive mCRP 
received one dose of 177Lu-J591 (2.405 GBq/m2, 
or 2.59 GBq/m2). Sites of prostate cancer metas-
tases were targeted in 94% of patients as deter-
mined by planar imaging. All patients experienced 
reversible hematologic toxicity with grade 4 
thrombocytopenia occurring in 47% of patients. 
In atients (n = 32) who received a single dose of 
2.59 GBq/m2, >30% PSA decline was observed 
in 47% of patients, and longer survival of 21.8 
months [137, 138]. The safety and efficacy data 
of phase II study are summarized in Table 22.6.

Dose fractionation is a practical strategy to 
decrease the dose to bone marrow while increas-
ing the cumulative radiation dose to the tumor at 
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an optimal dose rate [102–104, 174]. A phase I/II 
clinical study with a phase I dose escalation com-
ponent followed by phase IIa dosing was per-
formed using two dosing cohorts selected for 
exploration (2.96 GBq and 3.33 GBq/m2 total 
dose divided into two doses 2 weeks apart). As 
demonstrated before, there appeared to be a dose- 
dependent response for PSA decline and overall 
survival. At the highest cumulative dose (3.33 
GBQ/m2), 35% of patients had reversible grade 4 
neutropenia, and 58.8% of patients had thrombo-
cytopenia. This dose showed a greater PSA 
decline with a median survival of 3.5 years [175, 
176]. The safety and efficacy data are given in 
Table 22.6. In addition, those with lower PSMA 
uptake on 177Lu SPECT had lower likelihood of 
significant PSA decline.

In order to evaluate the value of combination 
therapy, a phase 1 clinical study tested the thera-
peutic value of combination of docetaxel chemo-
therapy with fractionated dose 177Lu-J591 mAb 
therapy [177]. In a pilot study 15 patients with 
mCRPC received standard docetaxel (75 mg/m2) 
in 21-day cycles, with cohorts receiving escalat-
ing fractionated doses of 177Lu-J591 during cycle 
3 (highest planned total dose 80 mCi/m2). This 
study demonstrated the safety of the combination 
with early evidence of activity, with 73% achiev-
ing >50% PSA decline. Toxicities were compa-
rable to prior 177Lu-J591 studies [177]. Although 
2-dose fractionation appears attractive alone or 
with docetaxel a pilot study explored the value of 
“hyper-fractionated” 177Lu-J591 in which low- 
dose 177Lu-J591 (25 mCi/m2) was administered 
every 2 weeks until greater than grade 2 toxicity 

emerged [178]. As designed, dosing was limited 
by myelosuppression (especially thrombocytope-
nia) but, the regimen did not appear more favor-
able than 2-dose fractionation and is also less 
convenient for patients, so the regimen is not 
being further explored.

22.6.2.2  RIT with 225Ac-DOTA-huJ591 
mAb

Twenty years ago, 213Bi-J591 was proposed as a 
radiopharmaceutical for α-particle therapy of 
prostate cancer [179]. While 213Bi demonstrated 
promising efficacy in the preclinical setting, it is 
not an appropriate radionuclide for whole IgG 
mAb with a longer circulation time. An alterna-
tive to 213Bi was to utilize its parent nuclide, 
225Ac, which has a 10-day half-life and 5 net α 
particles and 3 beta particles per decay (Fig. 
22.28). Also, as a trivalent metal, 225Ac binds to 
the same DOTA chelator like 177Lu.

Based on human biodistribution data, and 
assuming RBE for alpha emitters is 5, the radia-
tion dosimetry calculations suggested that admin-
istration of 6.06 MBq (164μCi) of 225Ac-J591 
mAb may deliver ~2.0 Gy to bone marrow. A 
phase I dose escalation study was designed to 
determine the dose-limiting toxicity (DLT) and 
the maximum tolerated dose (MTD) of 225Ac- 
J591 in a single dose regimen [180, 181]. Patients 
received doses starting from 13.3 kBq/kg to a 
maximum of 93.3 kBq/kg (for an average person 
of 75 kg, the maximum dose administered is 7 
MBq). Thirty-two patients with progressive 
mCRPC were treated with 225Ac-J591 in this pro-
tocol. In the dose escalation phase of the study, 

Table 22.6 Safety and Efficacy of RIT in mCRP with 177Lu-huJ591: PSA decline and toxicity

Response
Single dose Cumulative dose given in two doses
2.405 GBq/m2 2.59 GBq/m2 1.48–2.59 GBq/m2 2.96 GBq/m2 3.33 GBq/m2

Number of patients (n) 15 32 16 16 17
Any PSA decline (%) 46.7 65.6 37.5 50.0 87.5
>30% PSA decline (%) 13.3 46.9 12.5 25.0 58.8
>50% PSA decline (%) 6.7 12.5 6.3 12.5 29.4
Median survival (months) 11.9 21.8 14.6 19.6 42.3
Platelets grade-4 27.0 56.3 20.0 43.8 58.8
Platelet transfusion 7.0 41.0 0.0 31.3 52.9
Neutropenia grade-4 0.0 37.5 0.0 31.3 29.4
Febrile neutropenia 0.0 2.1 0.0 0.0 5.8
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there was one patient who had grade 4 thrombo-
cytopenia and anemia. However, there was no 
MTD, and the recommended phase 2 dose of the 
compound is 93.3 kBq/kg. Overall, 68.8% of 
patients had at least some level of PSA decline 

and 43.8% had a PSA decline of over 50%. The 
median biochemical progression-free survival in 
the entire population was 5.1 months and the 
median overall survival was 11.1 months. There 
were no cases of severe xerostomia. The study 
concluded that PSMA targeting with 225Ac-J591 
mAb is tolerable with early evidence of clinical 
activity (Fig. 22.29) in a pretreated population 
with favorable patient-reported outcomes. 
Studies administering multiple or subsequent 
doses and/or combination therapy are underway.

22.6.3  Small-Molecule PSMA 
Inhibitors

22.6.3.1  Lu 177 Vipivotide Tetraxetan 
(Pluvicto, 177Lu-PSMA-617)

As discussed in Sect. 22.4.7.3, the design and 
synthesis of PSMA-617 was reported in 2015 by 
the Heidelberg group. Based on 68Ga-PSMA-617 
PET scan, they demonstrated the PSMA target-
ing potential of PSMA-617 [136]. The first clini-
cal experience with 177Lu-PSMA-617 targeted 
therapy in patients with advanced mCRPC resis-
tant to or with contraindications to other conven-
tional therapies and PSMA-positive tumor 
phenotypes demonstrated that 177Lu-PSMA-617 
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Fig. 22.29 225Ac-J591 mAb targeted therapy in a patient 
with mCRPC. The patient had prior treatment with 2 
cycles of 177Lu-PSMA-617 and when the disease was pro-
gressive received 4 MBq of 225Ac-J591. 68Ga-PSMAPET 

scans before and after treatment show evidence of treat-
ment response. The patient also had 86% decline in PSA 
level. (Images provided by Dr. Tagawa at Weill Cornell 
Medicine, NY)

22.6 Radiopharmaceuticals for Targeted Therapy



694

a b c d e

Fig. 22.30 177Lu-PSMA-617 therapy in a patient with 
PSMA-positive mCRPC (6 GBq/cycle, 3 cycles 2 months 
apart). Scan (a) represents 68Ga-PSMA-PET; scans (b–d) 
represent planar images after 177Lu therapy dose. Scan (e) 

represents planar image with 99mTc-PSMA tracer. Scans 
(c–e) show good response to 177Lu-PSMA-617 therapy 
[182, 183]

is a promising new option for therapy of mCRPC 
(Fig. 22.30) [182, 183]. Thirty patients received 
1–3 cycles of 177Lu-PSMA-617 (4 or 6 GBq/
cycle). Dosimetry studies revealed kidney doses 
(~0.75 Gy/GBq), red marrow doses (0.03 Gy/
GBq), and salivary gland doses (1.4 Gy/GBq), 
irrespective of tumor burden and consistent on 
subsequent cycles. Mean tumor-absorbed dose 
ranged from 6 to 22 Gy/GBq during the first 
cycle.

To assess the benefit of higher 177Lu dose rate 
on the safety, a phase 1/II dose escalation study of 
fractionated dose of 177Lu-PSMA-617 for pro-
gressive mCRPC was conducted at Weill Cornell 
Medicine in New York. Patients received two 
doses of 177Lu-PSMA-617 in a cycle (cumulative 
dose of 7.4–22 GBq), 2 weeks apart. The study 
concluded that a single fractionated cycle of up to 
22.2 GBq of 177Lu-PSMA-617 is safe, with 
encouraging early efficacy signals, even without 
selection for PSMA expression by imaging. A 
trend for dose-response was observed [175, 176].

A single-arm, single-center phase 2 trial was 
performed in patients with mCRPC who pro-
gressed after standard treatments [184]. Fifty eli-
gible patients received 7.5 GBq/cycle, 4 cycles at 

six weekly intervals. The study concluded that 
treatment with [177Lu]-PSMA-617 has high 
response rates, low toxic effects, and reduction of 
pain in men with mCRPC who have progressed 
after conventional treatments. A randomized, 
multicenter open label phase 2 trial (TheraP trial) 
compared the efficacy of 177Lu-PSMA-617 with 
cabazitaxel in patients with mCRPC [185]. The 
study results showed that 177Lu-PSMA-617 treat-
ment compared to cabazitaxel led to a higher 
PSA response and fewer grade 3 or 4 adverse 
events.

The VISION trial (Funded by Endocyte, a 
Novartis company) evaluated the advantages of 
177Lu-PSMA-617 over best supportive care in 
improving the overall survival (OS) and image- 
based progression-free survival (PFS) in patients 
with progressive mCRPC [186, 187]. Five hun-
dred and fifty-one patients were allotted to the 
177Lu-PSMA-617 group (who received 7.4 GBq of 
177Lu-PSMA-617 every 6 weeks in 4–6 cycles), 
while 280 patients were in the standard of care 
(SOC) group. The results of the study report that 
the median PFS was significantly longer among 
patients in the 177Lu-PSMA-617 arm at 8.7 months 
compared with 3.4 months in patients in the SOC-
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alone arm. There was a significant improvement in 
the OS in the patients who received 
177Lu-PSMA-617 compared to standard care alone 
(15.3 months vs. 11.3 months). Around 46% (vs. 
7.1% in control group) of the patients had >50% 
reduction and >33% (vs. 2% in control group) 
patients had >80% reduction in the PSA levels 
(SOC). The FDA granted priority review to NDA 
for 177Lu-PSMA-617 to treat patients with meta-
static castration-resistant prostate cancer (mCRPC) 
who have previously received androgen receptor 
pathway and taxane-based chemotherapy.

In March 2022, the US FDA approved Lu 177 
vipivotide tetraxetan for the treatment of patients 
with metastatic castration-resistant prostate can-
cer in the post-androgen receptor pathway inhibi-
tion, post-taxane-based chemotherapy setting.

22.6.3.2  177Lu-PSMA-I&T
As discussed in Sect. 22.4.7.3, PSMA-I&T was 
developed using DOTAGA chelator to facilitate 
labeling with 68Ga or 177Lu. Compared to DOTA, 
the DOTAGA chelator has one extra carboxylic 
acid group which improves the stability of the 
radiometal complex. Several clinical studies 
quickly demonstrated the therapeutic potential of 
177Lu-PSMA-I&T [188–190]. Subsequently, 
177Lu-PSMA-I&T was evaluated in PSMA- 
positive patients with mCRPC under a 
 compassionate use protocol [191]. One hundred 
patients received 177Lu dose (7.4 GBq/cycle) 
every 6–8 weeks up to six cycles. PSA decline of 
≥50% was achieved in 38 patients, median clini-
cal PFS was 4.1 months, and median OS was 
12.9 months.

A phase III, Open-Label, randomized study 
evaluating mCRPC treatment using 177Lu-PSMA- 
I&T (also known as [Lu-177]-PNT2002) was 
performed after second-line hormonal treatment 
(SPLASH) (NCT04647526) (sponsored by Point 
Biopharma). The primary objective of the study 
is to determine the efficacy of 177Lu therapy vs. 
abiraterone or enzalutamide in delaying radio-
graphic progression in patients with mCRPC. 
PSMA-positive patients (n = 390) will be ran-

domized in a 2:1 ratio to receive either PNT2002 
(Arm A), or enzalutamide or abiraterone (Arm 
B). All patients will be followed long-term for at 
least 5 years following the first therapeutic dose.

22.6.3.3  Dosimetry of 177Lu-PSMA 
Ligands

Several studies reported radiation dosimetry 
results of 177Lu-PSMA therapy with favorable 
outcomes [192]. Table 22.7 shows a summary of 
absorbed doses to several organs and tissues 
based on published data for both PSMA-617 and 
PSMA-I&T ligands. The studies used different 
dosimetry methods (whole body vs. SPECT/CT; 
MIRD (medical internal radiation dose) vs. 
voxel-based dosimetry) or molecules (PSMA- 
617 vs. I&T), which made the results heteroge-
neous. The usage of whole-body imaging for 
dosimetry could cause the overestimation of the 
absorbed organ doses, while studies based on 
SPECT/CT reported lower doses [192]. Based on 
the dosimetry data, the minimum and maximum 
organ doses from six cycles of 177Lu (7.4 GBq/
cycle) were estimated as shown in Table 22.7. 
Lacrimal glands may receive a minimum of 124 
Gy and the general accepted limit is 40 Gy for 
lacrimal glands.

Table 22.7 Absorbed dose estimates for 177Lu-labeled 
PSMA-617 and PSMA-I&T ligands

Organ/tissue
Absorbed radiation dose Threshold 

dosea (Gy)Gy/GBq Gy/44.4 GBQb

Lacrimal 
glands

2.80–3.8 124–167 34

Salivary 
glands

0.44–1.4 19–62 20

Kidney 0.39–0.99 17–44 23
Liver 0.10–0.36 4.4–16 32
Spleen 0.06–0.10 2.6–4.4
Bone 
marrow

0.002–0.11 0.09–4.8 2.0

Tumor 3.2–13.1 141–576
a Current thresholds of absorbed organ doses were defined 
based on external beam radiotherapy (EBRT) literature
b The absorbed doses to several organs is from Sanli et al. 
[192]
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22.6.3.4  225Ac-PSMA-617 and 
225Ac-PSMA-I&T

In order to increase DNA damage, the investiga-
tors from Heidelberg introduced 
225Ac-PSMA-617 for α-particle therapy with 
substantial therapeutic efficacy which has the 
potential to overcome resistance to therapy 
based on β− emitting nuclides [182, 183, 193–
196]]. In a preliminary study, in which patients 
with mCRPC were treated with ~8 MBq (0.1 
MBq/kg) every 2 months showed highly prom-
ising results (Fig. 22.31), with a PSA decline of 
at least 50% in 63% of patients and any PSA 
response in 87% of patients. The median dura-
tion of tumor control was 9.0 months and 5 
patients (13%) had enduring responses of >2 
year following complete remission of PSA. 
Some of the patients experienced hematological 
grade 3/4 toxicities, while all patients experi-
enced at least grade 1–2 xerostomia [193]
Another study in chemotherapy- naïve mCRPC 
patients (n = 17) reported an overall PSA decline 
of at least 50% in 88% of patients, while main-
taining low toxicity [195].

The first clinical results for PSMA-targeted 
α-therapy using 225Ac-PSMA-I&T in advanced 
mCRPC patients (n = 14) showed a promising 
antitumor effect, highly comparable to the data 
with 225Ac-PSMA-617 therapy [197]. In 14 
patients, 225Ac-PSMA-I&T dose (6–8.5 MBq) 
was given in 1–5 cycles and a total of 34 cycles 
was given. PSA decline of >50% was observed in 
50% of patients and   any   PSA decline was 
observed in 78% of patients.

The limited clinical data with 225Ac-labeled 
PSMA inhibitors indicate that alpha therapy of 
mCRPC is promising and that several potential 
clinical situations in early- and end-stage disease 
could potentially benefit from 225Ac therapy. 
Further evaluation and clinical study design strat-
egies, however, need to be optimized to minimize 
toxicity and improve efficacy.

22.7  Combination Therapy

A combination therapy strategy employing two 
or more distinct therapeutic approaches in cancer 
management is aimed at circumventing tumor 

a b c d

Fig. 22.31 225Ac-PSMA-617 therapy in a patient pre-
sented with peritoneal carcinomatosis and liver metasta-
ses that were progressive under 177Lu-PSMA-617 therapy. 
The patient received 3 cycles of 6.4 MBq (100 kBq per 

kilogram of body weight) at bimonthly intervals. 
68Ga-PSMA-PET scans before (a, b) and after 225Ac treat-
ment (c, d) showed impressive response [182, 183]
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resistance by simultaneously targeting compen-
satory signaling pathways or bypassing survival 
selection mutations acquired in response to indi-
vidual monotherapies. Combination radionuclide 
therapy (CRT) is a newer application of the con-
cept, utilizing a combination of radiolabeled 
molecular targeting agents with chemotherapy 
and beam radiation therapy for enhanced thera-
peutic index [198, 199].

The clinical studies based on PSMA-targeted 
radionuclide therapy based on both β− and α 
emitting radionuclides have clearly documented 
that ~30% of patients, especially with bone 
metastasis, do not respond at all or develop resis-
tance to TRT. The potential benefits of combining 
β− and α emitting PSMA-targeted radiopharma-
ceuticals (also called tandem TRT) or combining 
targeted radiopharmaceuticals with chemother-
apy or immunotherapy need to be explored to 
improve the efficacy of TRT and at the same time 
reducing the toxicity to normal organs.

The DLT with RIT is hematologic toxicity 
but, with small-molecule PSMA inhibitors, and 
the DLT is due to the absorbed dose to lacrimal 
glands and parotids. Combination of radiola-
beled antibodies and peptides may be a practical 
strategy to enhance the tumor dose and reduce 
toxicity to normal organs. At Weill Cornell 
Medicine in New York, the combination of 
225Ac- J591 mAb with 177Lu-PSMA-I&T is cur-
rently studied in a phase I/II protocol in patients 
with progressive mCRPC (NCT04886986). The 
two primary objectives of this trial are to deter-
mine the highest dose (MTD) of 225Ac-J591 and 
177Lu-PSMA-I&T that can be administered 
together and to determine the effectiveness of 
the drug combination. The phase I component is 
a 3 + 3 dose escalation design, with maximum 
two cohorts. 177Lu-PSMA-I&T will be given at a 
fixed dose of 6.8 GBq. 225Ac-J591 will be given 
starting at 30 kBq/kg, with a subsequent dose 
escalation by an increment of 10–40 kBq/kg. 
The two drugs will be administered every 8 
weeks, for two cycles. Once the maximum toler-
ated dose has been established, the phase II 
component of the trial will enroll up to 24 
patients.
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