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Preface

Physics and instrumentation affect all of the subspecialty areas of nuclear medicine. Because of their fundamental importance, they usually are taught as a separate course in nuclear medicine training programs. This book is intended for use in such programs by physicians, technologists, and scientists who desire to become specialists in nuclear medicine and molecular imaging, as well as a reference source for physicians, scientists, and engineers in related fields.

Although there have been substantial and remarkable changes in nuclear medicine, the goal of this book remains the same as it was for the first edition in 1980: to provide an introductory text for such courses, covering the physics and instrumentation of nuclear medicine in sufficient depth to be of permanent value to the trainee or student, but not at such depth as to be of interest only to the physics or instrumentation specialist. The fourth edition includes many recent advances, particularly in single-photon emission computed tomography (SPECT) and positron emission tomography (PET) imaging. As well, a new chapter is included on hybrid imaging techniques that combine the exceptional functional and physiologic imaging capabilities of SPECT and PET with the anatomically detailed techniques of computed tomography (CT) and magnetic resonance imaging (MRI). An introduction to CT scanning is also included in the new chapter.

The fourth edition also marks the first use of color. We hope that this not only adds cosmetic appeal but also improves the clarity of our illustrations.

The organization of this text proceeds from basic principles to more practical aspects. After an introduction to nuclear medicine (Chapter 1), we provide a review of atomic and nuclear physics (Chapter 2) and basic principles of radioactivity and radioactive decay (Chapters 3 and 4). Radionuclide production methods are discussed in Chapter 5, followed by radiation interactions in Chapter 6. Basic principles of radiation detectors (Chapter 7), radiation-counting electronics (Chapter 8), and statistics (Chapter 9) are provided next.

Following the first nine chapters, we move on to detailed discussions of nuclear medicine systems and applications. Pulse-height spectrometry, which plays an important role in many nuclear medicine procedures, is described in Chapter 10, followed by general problems in nuclear radiation counting in Chapter 11. Chapter 12 is devoted to specific types of nuclear radiation-counting instruments, for both in vivo and in vitro measurements.

Chapters 13 through 20 cover topics in radionuclide imaging, beginning with a description of the principles and performance characteristics of gamma cameras (Chapters 13 and 14), which are still the workhorse of many nuclear medicine laboratories. We then discuss general concepts of image quality in nuclear medicine (Chapter 15), followed by an introduction to the basic concepts of reconstruction tomography (Chapter 16).

The instrumentation for and practical implementation of reconstruction tomography are discussed for SPECT in Chapter 17 and for PET in Chapter 18. Hybrid imaging systems, as well as the basic principles of CT scanning, are covered in Chapter 19. Chapter 20 provides a summary of digital image processing techniques, which are important for all systems and applications.

The imaging section of this text focuses primarily on instruments and techniques that now enjoy or appear to have the potential for achieving clinical acceptance. However, nuclear medicine imaging has become increasingly important in the research environment. Therefore we have included some systems that are used for small-animal or other research purposes in these chapters.

We then move on to basic concepts and some applications of tracer kinetic modeling (Chapter 21). Tracer kinetic modeling and its applications embody two of the most important strengths of nuclear medicine techniques: the ability to perform studies with minute (tracer) quantities of labeled molecules and the ability to extract quantitative biologic data from these studies. We describe the main assumptions and mathematical models used and present several examples of the application of these models for calculating physiologic, metabolic, and biochemical parameters

The final two chapters address radiation dose and safety issues. Internal radiation dosimetry is presented in Chapter 22, and the final chapter presents an introduction to the problems of radiation safety and health physics (Chapter 23). We did not deal with more general problems in radiation biology, believing this topic to be of sufficient importance to warrant its own special treatment, as has been done already in several excellent books on the subject.

Additional reading for more detailed information is suggested at the end of each chapter. We also have included sample problems with solutions to illustrate certain quantitative relationships and to demonstrate standard calculations that are required in the practice of nuclear medicine. Systeme Internationale (SI) units are used throughout the text; however, traditional units still appear in a few places in the book, because these units remain in use in day-to-day practice in many laboratories. Appendix A provides a summary of conversion factors between SI and traditional units.

Appendixes B, C, and D present tables of basic properties of elements and radionuclides, and of attenuation properties of some materials of basic relevance to nuclear medicine. Appendix E provides a summary of radiation dose estimates for a number of nuclear medicine procedures. Although much of this information now is available on the Internet, we believe that users of this text will find it useful to have a summary of the indicated quantities and parameters conveniently available.

Appendixes F and G provide more detailed discussions of Fourier transforms and convolutions, both of which are essential components of modern nuclear medicine imaging, especially reconstruction tomography. This is the only part of the book that makes extensive use of calculus.

The fourth edition includes extensive revisions, and we are grateful to our many colleagues and friends who have assisted us with information, data, and figures. Particular gratitude is extended to Hendrik Pretorius, Donald Yapp, Jarek Glodo, Paul Kinahan, David Townsend, Richard Carson, Stephen Mather, and Freek Beekman. We also wish to thank readers who reported errors and inconsistencies in the third edition and brought these to our attention. In particular, we recognize the contributions of Andrew Goertzen, Tim Turkington, Mark Madsen, Ing-Tsung Hsiao, Jyh Cheng Chen, Scott Metzler, Andrew Maidment, Lionel Zuckier, Jerrold Bushberg, Zongjian Cao, Marvin Friedman, and Fred Fahey. This feedback from our readers is critical in ensuring the highest level of accuracy in the text. Naturally, any mistakes that remain in this new edition are entirely our responsibility.

We are grateful to Susie Helton (editorial assistance), and Robert Burnett and Simon Dvorak (graphics), at the University of California–Davis for their dedication to this project. We also appreciate the patience and efforts of the editorial staff at Elsevier, especially Lisa Barnes, Cindy Thoms, and Don Scholz. Finally, we thank our many colleagues who have used this book over the years and who have provided constructive feedback and suggestions for improvements that have helped to shape each new edition.

Simon R. Cherry, James A. Sorenson, Michael E. Phelps
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chapter 1

What Is Nuclear Medicine?



a Fundamental Concepts

The science and clinical practice of nuclear medicine involve the administration of trace amounts of compounds labeled with radioactivity (radionuclides) that are used to provide diagnostic information in a wide range of disease states. Although radionuclides also have some therapeutic uses, with similar underlying physics principles, this book focuses on the diagnostic uses of radionuclides in modern medicine.

In its most basic form, a nuclear medicine study involves injecting a compound, which is labeled with a gamma-ray-emitting or positron-emitting radionuclide, into the body. The radiolabeled compound is called a radiopharmaceutical, or more commonly, a tracer or radiotracer. When the radionuclide decays, gamma rays or high-energy photons are emitted. The energy of these gamma rays or photons is such that a significant number can exit the body without being scattered or attenuated. An external, position-sensitive gamma-ray “camera” can detect the gamma rays or photons and form an image of the distribution of the radionuclide, and hence the compound (including radiolabeled products of reactions of that compound) to which it was attached.

There are two broad classes of nuclear medicine imaging: single photon imaging [which includes single photon emission computed tomography (SPECT)] and positron imaging [positron emission tomography (PET)]. Single photon imaging uses radionuclides that decay by gamma-ray emission. A planar image is obtained by taking a picture of the radionuclide distribution in the patient from one particular angle. This results in an image with little depth information, but which can still be diagnostically useful (e.g., in bone scans, where there is not much tracer uptake in the tissue lying above and below the bones). For the tomographic mode of single photon imaging (SPECT), data are collected from many angles around the patient. This allows cross-sectional images of the distribution of the radionuclide to be reconstructed, thus providing the depth information missing from planar imaging.

Positron imaging makes use of radionuclides that decay by positron emission. The emitted positron has a very short lifetime and, following annihilation with an electron, simultaneously produces two high-energy photons that subsequently are detected by an imaging camera. Once again, tomographic images are formed by collecting data from many angles around the patient, resulting in PET images.





b The Power of Nuclear Medicine

The power of nuclear medicine lies in its ability to provide exquisitely sensitive measures of a wide range of biologic processes in the body. Other medical imaging modalities such as magnetic resonance imaging (MRI), x-ray imaging, and x-ray computed tomography (CT) provide outstanding anatomic images but are limited in their ability to provide biologic information. For example, magnetic resonance methods generally have a lower limit of detection in the millimolar concentration range (≈ 6 × 1017 molecules per mL tissue), whereas nuclear medicine studies routinely detect radiolabeled substances in the nanomolar (≈ 6 × 1011 molecules per mL tissue) or picomolar (≈ 6 × 108 molecules per mL tissue) range. This sensitivity advantage, together with the ever-growing selection of radiolabeled compounds, allows nuclear medicine studies to be targeted to the very specific biologic processes underlying disease. Examples of the diverse biologic processes that can be measured by nuclear medicine techniques include tissue perfusion, glucose metabolism, the somatostatin receptor status of tumors, the density of dopamine receptors in the brain, and gene expression.

Because radiation detectors can easily detect very tiny amounts of radioactivity, and because radiochemists are able to label compounds with very high specific activity (a large fraction of the injected molecules are labeled with a radioactive atom), it is possible to form high-quality images even with nanomolar or picomolar concentrations of compounds. Thus trace amounts of a compound, typically many orders of magnitude below the millimolar to micromolar concentrations that generally are required for pharmacologic effects, can be injected and followed safely over time without perturbing the biologic system. Like CT, there is a small radiation dose associated with performing nuclear medicine studies, with specific doses to the different organs depending on the radionuclide, as well as the spatial and temporal distribution of the particular radiolabeled compound that is being studied. The safe dose for human studies is established through careful dosimetry for every new radiopharmaceutical that is approved for human use.





c Historical Overview

As with the development of any field of science or medicine, the history of nuclear medicine is a complex topic, involving contributions from a large number of scientists, engineers, and physicians. A complete overview is well beyond the scope of this book; however, a few highlights serve to place the development of nuclear medicine in its appropriate historical context.

The origins of nuclear medicine1 can be traced back to the last years of the 19th century and the discovery of radioactivity by Henri Becquerel (1896) and of radium by Marie Curie (1898). These developments came close on the heels of the discovery of x rays in 1895 by Wilhelm Roentgen. Both x rays and radium sources were quickly adopted for medical applications and were used to make shadow images in which the radiation was transmitted through the body and onto photographic plates. This allowed physicians to see “inside” the human body noninvasively for the first time and was particularly useful for the imaging of bone. X rays soon became the method of choice for producing “radiographs” because images could be obtained more quickly and with better contrast than those provided by radium or other naturally occurring radionuclides that were available at that time. Although the field of diagnostic x-ray imaging rapidly gained acceptance, nuclear medicine had to await further developments.

The biologic foundations for nuclear medicine were laid down between 1910 and 1945. In 1913, Georg de Hevesy developed the principles of the tracer approach2 and was the first to apply them to a biologic system in 1923, studying the absorption and translocation of radioactive lead nitrate in plants.3 The first human study employing radioactive tracers was probably that of Blumgart and Weiss (1927),4 who injected an aqueous solution of radon intravenously and measured the transit time of the blood from one arm to the other using a cloud chamber as the radiation detector. In the 1930s, with the invention of the cyclotron by Lawrence (Fig. 1-1),5 it became possible to artificially produce new radionuclides, thereby extending the range of biologic processes that could be studied. Once again, de Hevesy was at the forefront of using these new radionuclides to study biologic processes in plants and in red blood cells. Finally, at the end of the Second World War, the nuclear reactor facilities that were developed as part of the Manhattan Project started to be used for the production of radioactive isotopes in quantities sufficient for medical applications.

[image: image]
FIGURE 1-1 Ernest O. Lawrence standing next to the cyclotron he invented at Berkeley, California. (From Myers WG, Wagner HN: Nuclear medicine: How it began. Hosp Pract 9:103-113, 1974.)





The 1950s saw the development of technology that allowed one to obtain images of the distribution of radionuclides in the human body rather than just counting at a few measurement points. Major milestones included the development of the rectilinear scanner in 1951 by Benedict Cassen6 (Fig. 1-2) and the Anger camera, the forerunner of all modern nuclear medicine single-photon imaging systems, developed in 1958 by Hal Anger (Fig. 1-3).7 In 1951, the use of positron emitters and the advantageous imaging properties of these radionuclides also were described by Wrenn and coworkers.8

[image: image]
FIGURE 1-2 Left, Benedict Cassen with his rectilinear scanner (1951), a simple scintillation counter (see Chapter 7) that scans back and forth across the patient. Right, Thyroid scans from an early rectilinear scanner following administration of 131I. The output of the scintillation counter controlled the movement of an ink pen to produce the first nuclear medicine images. (Left, Courtesy William H. Blahd, MD; with permission of Radiology Centennial, Inc. Right, From Cassen B, Curtis L, Reed C, Libby R: Instrumentation for 131I use in medical studies. Nucleonics 9:46-50, 1951.)





[image: image]
FIGURE 1-3 Left, Hal Anger with the first gamma camera in 1958. Right, 99mTc-pertechnetate brain scan of a patient with glioma at Vanderbilt University Hospital (1971). Each image represents a different view of the head. The glioma is indicated by an arrow in one of the views. In the 1960s, this was the only noninvasive test that could provide images showing pathologic conditions inside the human brain. These studies played a major role in establishing nuclear medicine as an integral part of the diagnostic services in hospitals. (Left, From Myers WG: The Anger scintillation camera becomes of age. J Nucl Med 20:565-567, 1979. Right, Courtesy Dennis D. Patton, MD, University of Arizona, Tucson, Arizona.)





Until the early 1960s, the fledgling field of nuclear medicine primarily used 131I in the study and diagnosis of thyroid disorders and an assortment of other radionuclides that were individually suitable for only a few specific organs. The use of 99mTc for imaging in 1964 by Paul Harper and colleagues9 changed this and was a major turning point for the development of nuclear medicine. The gamma rays emitted by 99mTc had very good properties for imaging. It also proved to be very flexible for labeling a wide variety of compounds that could be used to study virtually every organ in the body. Equally important, it could be produced in a relatively long-lived generator form, allowing hospitals to have a readily available supply of the radionuclide. Today, 99mTc is the most widely used radionuclide in nuclear medicine.

The final important development was the mathematics to reconstruct tomographic images from a set of angular views around the patient. This revolutionized the whole field of medical imaging (leading to CT, PET, SPECT and MRI) because it replaced the two-dimensional representation of the three-dimensional radioactivity distribution, with a true three-dimensional representation. This allowed the development of PET by Phelps and colleagues10 and SPECT by Kuhl and colleagues11 during the 1970s and marked the start of the modern era of nuclear medicine.





d Current Practice of Nuclear Medicine

Nuclear medicine is used for a wide variety of diagnostic tests. There were roughly 100 different diagnostic imaging procedures available in 2006.* These procedures use many different radiolabeled compounds, cover all the major organ systems in the body, and provide many different measures of biologic function. Table 1-1 lists some of the more common clinical procedures.


TABLE 1-1

SELECTED CLINICAL NUCLEAR MEDICINE PROCEDURES



	Radiopharmaceutical
	Imaging
	Measurement
	Examples of Clinical Use




	
99mTc-MDP
	Planar
	Bone metabolism
	Metastatic spread of cancer, osteomyelitis vs. cellulitis



	
99mTc-sestamibi (Cardiolite)
	SPECT or planar
	Myocardial perfusion
	Coronary artery disease


	
99mTc-tetrofosmin (Myoview)

	
201Tl-thallous chloride


	
99mTc-MAG3
	Planar
	Renal function
	Kidney disease


	
99mTc-DTPA


	
99mTc-HMPAO (Ceretec)
	SPECT
	Cerebral blood flow
	Neurologic disorders



	
99mTc-ECD
	SPECT
	Cerebral blood flow
	Neurologic disorders



	
123I-sodium iodide
	Planar
	Thyroid function
	Thyroid disorders



	
131I-sodium iodide
	Thyroid cancer



	
67Ga-gallium citrate
	Planar
	Sequestered in tumors
	Tumor localization



	
99mTc-macroaggregated albumin and 133Xe gas
	Planar
	Lung perfusion/ ventilation
	Pulmonary embolism



	
111In-labeled white blood cells
	Planar
	Sites of infection
	Detection of inflammation



	
18F-fluorodeoxyglucose
	PET
	Glucose metabolism
	Cancer, neurological disorders, and myocardial diseases



	
82Rb-rubidium chloride
	PET
	Myocardial perfusion
	Coronary artery disease






[image: image]


MDP, methylene diphosphonate; MAG3, mercapto-acetyl-triglycine; DTPA, diethylenetriaminepenta-acetic acid; HMPAO, hexamethylpropyleneamine oxime; ECD, ethyl-cysteine-dimer; SPECT, single photon emission computed tomography; PET, positron emission tomography.




As of 2008, more than 30 million nuclear medicine imaging procedures were performed on a global basis.† There are more than 20,000 nuclear medicine cameras capable of imaging gamma-ray-emitting radionuclides installed in hospitals across the world. Even many small hospitals have their own nuclear medicine clinic. There also were more than 3,000 PET scanners installed in the world performing on the order of 4 million procedures annually. The short half-lives of the most commonly used positron-emitting radionuclides require an onsite accelerator or delivery of PET radiopharmaceuticals from regional radiopharmacies. To meet this need, there is now a PET radiopharmacy within 100 miles of approximately 90% of the hospital beds in the United States. The growth of clinical PET has been driven by the utility of a metabolic tracer, 18F-fluorodeoxyglucose, which has widespread applications in cancer, heart disease, and neurologic disorders.

One major paradigm shift that has occurred since the turn of the millennium has been toward multimodality instrumentation. Virtually all PET scanners, and a rapidly growing number of SPECT systems, are now integrated with a CT scanner in combined PET/CT and SPECT/CT configurations. These systems enable the facile correlation of structure (CT) and function (PET or SPECT), yielding better diagnostic insight in many clinical situations. The combination of nuclear medicine scanners with MRI systems also is under investigation, and as of 2011, first commercial PET/MRI systems were being delivered.

In addition to its clinical role, PET (and to a certain extent, SPECT) continues to play a major role in the biomedical research community. PET has become an established and powerful research tool for quantitatively and noninvasively measuring the rates of biologic processes, both in the healthy and diseased state. In this research environment, the radiolabeled compounds and clinical nuclear medicine assays of the future are being developed. In preclinical, translational and clinical research, nuclear medicine has been at the forefront in developing new diagnostic opportunities in the field of molecular medicine, created by the merger of biology and medicine. A rapid growth is now occurring in the number and diversity of PET and SPECT molecular imaging tracers targeted to specific proteins and molecular pathways implicated in disease. These nuclear medicine technologies also have been embraced by the pharmaceutical and biotechnology industries to aid in drug development and validation.





e The Role of Physics in Nuclear Medicine

Although the physics underlying nuclear medicine is not changing, the technology for producing radioactive tracers and for obtaining images of those tracer distributions most certainly is. We can expect to continue seeing major improvements in nuclear medicine technology, which will come from combining advances in detector and accelerator physics, electronics, signal processing, and computer technology with the underlying physics of nuclear medicine. Methods for accurately quantifying the concentrations of radiolabeled tracers in structures of interest, measuring biologic processes, and then relaying this information to the physician in a clinically meaningful and biologically relevant format are also an important challenge for the future. Refinement in the models used in dosimetry will allow better characterization of radiation exposure and make nuclear medicine even safer than it already is. Physics therefore continues to play an important and continuing role in providing high-quality, cost-effective, quantitative, reliable, and safe biologic assays in living humans.
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chapter 2

Basic Atomic and Nuclear Physics

Radioactivity is a process involving events in individual atoms and nuclei. Before discussing radioactivity, therefore, it is worthwhile to review some of the basic concepts of atomic and nuclear physics.



a Quantities and Units



1. Types of Quantities and Units

Physical properties and processes are described in terms of quantities such as time and energy. These quantities are measured in units such as seconds and joules. Thus a quantity describes what is measured, whereas a unit describes how much.

Physical quantities are characterized as fundamental or derived. A base quantity is one that “stands alone”; that is, no reference is made to other quantities for its definition. Usually, base quantities and their units are defined with reference to standards kept at national or international laboratories. Time (s or sec), distance (m), and mass (kg) are examples of base quantities. Derived quantities are defined in terms of combinations of base quantities. Energy (kg · m2/sec2) is an example of a derived quantity.

The international scientific community has agreed to adopt so-called System International (SI) units as the standard for scientific communication. This system is based on seven base quantities in metric units, with all other quantities and units derived by appropriate definitions from them. The four quantities of mass, length, time and electrical charge are most relevant to nuclear medicine. The use of specially defined quantities (e.g., “atmospheres” of barometric pressure) is specifically discouraged. It is hoped that this will improve scientific communication, as well as eliminate some of the more irrational units (e.g., feet and pounds). A useful discussion of the SI system, including definitions and values of various units, can be found in reference 1.

SI units or their metric subunits (e.g., centimeters and grams) are the standard for this text; however, in some instances traditional or other non-SI units are given as well (in parentheses). This is done because some traditional units still are used in the day-to-day practice of nuclear medicine (e.g., units of activity and absorbed dose). In other instances, SI units are unreasonably large (or small) for describing the processes of interest and specially defined units are more convenient and widely used. This is particularly true for units of mass and energy, as discussed in the following section.





2. Mass and Energy Units

Events occurring at the atomic level, such as radioactive decay, involve amounts of mass and energy that are very small when described in SI or other conventional units. Therefore they often are described in terms of specially defined units that are more convenient for the atomic scale.

The basic unit of mass is the unified atomic mass unit, abbreviated u. One u is defined as being equal to exactly [image: image] the mass of an unbound 12C atom* at rest and in its ground state. The conversion from SI mass units to unified atomic mass units is1

1u=1.66054×10−27kg


[image: image] (2-1)


The universal mass unit often is called a Dalton (Da) when expressing the masses of large biomolecules. The units are equivalent (i.e., 1 Da = 1 u). Either unit is convenient for expressing atomic or molecular masses, because a hydrogen atom has a mass of approximately 1 u or 1 Da.

The basic unit of energy is the electron volt (eV ). One eV is defined as the amount of energy acquired by an electron when it is accelerated through an electrical potential of 1 V. Basic multiples are the kiloelectron volt (keV ) (1 keV = 1000 eV ) and the megaelectron volt (MeV ) (1 MeV = 1000 keV = 1,000,000 eV ). The conversion from SI energy units to the electron volt is

1eV=1.6022×10−19kg˙m2/sec2


[image: image] (2-2)


Mass m and energy E are related to each other by Einstein's equation E = mc2, in which c is the velocity of light (approximately 3 × 108 m/sec in vacuum). According to this equation, 1 u of mass is equivalent to 931.5 MeV of energy.

Relationships between various units of mass and energy are summarized in Appendix A. Universal mass units and electron volts are very small, yet, as we shall see, they are quite appropriate to the atomic scale.








b Radiation

The term radiation refers to “energy in transit.” In nuclear medicine, we are interested principally in the following two specific forms of radiation:


1. Particulate radiation, consisting of atomic or subatomic particles (electrons, protons, etc.) that carry energy in the form of kinetic energy of mass in motion.

2. Electromagnetic radiation, in which energy is carried by oscillating electrical and magnetic fields traveling through space at the speed of light.



Radioactive decay processes, discussed in Chapter 3, result in the emission of radiation in both of these forms.

The wavelength, λ, and frequency, ν, of the oscillating fields of electromagnetic radiation are related by:

λ×ν=c


[image: image] (2-3)


where c is the velocity of light.

Most of the more familiar types of electromagnetic radiation (e.g., visible light and radio waves) exhibit “wavelike” behavior in their interactions with matter (e.g., diffraction patterns and transmission and detection of radio signals). In some cases, however, electromagnetic radiation behaves as discrete “packets” of energy, called photons (also called quanta). This is particularly true for interactions involving individual atoms. Photons have no mass or electrical charge and also travel at the velocity of light. These characteristics distinguish them from the forms of particulate radiation mentioned earlier. The energy of the photon E, in kiloelectron volts, and the wavelength of its associated electromagnetic field λ (in nanometers) are related by

E(keV)=1.24/λ(nm)


[image: image] (2-4)


Figure 2-1 illustrates the photon energies for different regions of the electromagnetic spectrum. Note that x rays and γ rays occupy the highest-energy, shortest-wavelength end of the spectrum; x-ray and γ-ray photons have energies in the keV-MeV range, whereas visible light photons, for example, have energies of only a few electron volts. As a consequence of their high energies and short wavelengths, x rays and γ rays interact with matter quite differently from other, more familiar types of electromagnetic radiation. These interactions are discussed in detail in Chapter 6.

[image: image]
FIGURE 2-1 Schematic representation of the different regions of the electromagnetic spectrum. Vis, visible light; UV, ultraviolet light.









c Atoms



1. Composition and Structure

All matter is composed of atoms. An atom is the smallest unit into which a chemical element can be broken down without losing its chemical identity. Atoms combine to form molecules and chemical compounds, which in turn combine to form larger, macroscopic structures.

The existence of atoms was first postulated on philosophical grounds by Ionian scholars in the 5th century BC. The concept was formalized into scientific theory early in the 19th century, owing largely to the work of the chemist, John Dalton, and his contemporaries. The exact structure of atoms was not known, but at that time they were believed to be indivisible. Later in the century (1869), Mendeleev produced the first periodic table, an ordering of the chemical elements according to the weights of their atoms and arrangement in a grid according to their chemical properties. For a time it was believed that completion of the periodic table would represent the final step in understanding the structure of matter.

Events of the late 19th and early 20th centuries, beginning with the discovery of x rays by Roentgen (1895) and radioactivity by Becquerel (1896), revealed that atoms had a substructure of their own. In 1910, Rutherford presented experimental evidence indicating that atoms consisted of a massive, compact, positively charged core, or nucleus, surrounded by a diffuse cloud of relatively light, negatively charged electrons. This model came to be known as the nuclear atom. The number of positive charges in the nucleus is called the atomic number of the nucleus (Z). In the electrically neutral atom, the number of orbital electrons is sufficient to balance exactly the number of positive charges, Z, in the nucleus. The chemical properties of an atom are determined by orbital electrons; therefore the atomic number Z determines the chemical element to which the atom belongs. A listing of chemical elements and their atomic numbers is given in Appendix B.

According to classical theory, orbiting electrons should slowly lose energy and spiral into the nucleus, resulting in atomic “collapse.” This obviously is not what happens. The simple nuclear model therefore needed further refinement. This was provided by Niels Bohr in 1913, who presented a model that has come to be known as the Bohr atom. In the Bohr atom there is a set of stable electron orbits, or “shells,” in which electrons can exist indefinitely without loss of energy. The diameters of these shells are determined by quantum numbers, which can have only integer values (n = 1, 2, 3, …). The innermost shell (n = 1) is called the K shell, the next the L shell (n = 2), followed by the M shell (n = 3), N shell (n = 4), and so forth.

Each shell actually comprises a set of orbits, called substates, which differ slightly from one another. Each shell has 2n − 1 substates, in which n is the quantum number of the shell. Thus the K shell has only one substate; the L shell has three substates, labeled LI, LII, LIII; and so forth. Figure 2-2 is a schematic representation of the K, L, M, and N shells of an atom.

[image: image]
FIGURE 2-2 Schematic representation of the Bohr model of the atom; n is the quantum number of the shell. Each shell has multiple substates, as described in the text.





The Bohr model of the atom was further refined with the statement of the Pauli Exclusion Principle in 1925. According to this principle, no two orbital electrons in an atom can move with exactly the same motion. Because of different possible electron “spin” orientations, more than one electron can exist in each substate; however, the number of electrons that can exist in any one shell or its substates is limited. For a shell with quantum number n, the maximum number of electrons allowed is 2n2. Thus the K shell (n = 1) is limited to two electrons, the L shell (n = 2) to eight electrons, and so forth.

The Bohr model is actually an over-simplification. According to modern theories, the orbital electrons do not move in precise circular orbits but rather in imprecisely defined “regions of space” around the nucleus, sometimes actually passing through the nucleus; however, the Bohr model is quite adequate for the purposes of this text.





2. Electron Binding Energies and Energy Levels

In the most stable configuration, orbital electrons occupy the innermost shells of an atom, where they are most “tightly bound” to the nucleus. For example, in carbon, which has a total of six electrons, two electrons (the maximum number allowed) occupy the K shell, and the four remaining electrons are found in the L shell. Electrons can be moved to higher shells or completely removed from the atom, but doing so requires an energy input to overcome the forces of attraction that “bind” the electron to the nucleus. The energy may be provided, for example, by a particle or a photon striking the atom.

The energy required to completely remove an electron from a given shell in an atom is called the binding energy of that shell. It is symbolized by the notation KB for the K shell,* LB for the L shell (LIB, LIIB, LIIIB for the L shell substates), and so forth. Binding energy is greatest for the innermost shell, that is, KB > LB > MB. Binding energy also increases with the positive charge (atomic number Z) of the nucleus, because a greater positive charge exerts a greater force of attraction on an electron. Therefore binding energies are greatest for the heaviest elements. Values of K-shell binding energies for the elements are listed in Appendix B.

The energy required to move an electron from an inner to an outer shell is exactly equal to the difference in binding energies between the two shells. Thus the energy required to move an electron from the K shell to the L shell in an atom is KB − LB (with slight differences for different L shell substates).

Binding energies and energy differences are sometimes displayed on an energy-level diagram. Figure 2-3 shows such a diagram for the K and L shells of the element iodine. The top line represents an electron completely separated from the parent atom (“unbound” or “free” electron). The bottom line represents the most tightly bound electrons, that is, the K shell. Above this are lines representing substates of the L shell. (The M shell and other outer shell lines are just above the L shell lines.) The distance from the K shell to the top level represents the K-shell binding energy for iodine (33.2 keV ). To move a K-shell electron to the L shell requires approximately 33 − 5 = 28 keV of energy.

[image: image]
FIGURE 2-3 Electron energy-level diagram for an iodine atom. Vertical axis represents the energy required to remove orbital electrons from different shells (binding energy). Removing an electron from the atom, or going from an inner (e.g., K ) to an outer (e.g., L ) shell, requires an energy input, whereas an electron moving from an outer to an inner shell results in the emission of energy from the atom.









3. Atomic Emissions

When an electron is removed from one of the inner shells of an atom, an electron from an outer shell promptly moves in to fill the vacancy and energy is released in the process. The energy released when an electron drops from an outer to an inner shell is exactly equal to the difference in binding energies between the two shells. The energy may appear as a photon of electromagnetic radiation (Fig. 2-4). Electron binding energy differences have exact characteristic values for different elements; therefore the photon emissions are called characteristic radiation or characteristic x rays. The notation used to identify characteristic x rays from various electron transitions is summarized in Table 2-1. Note that some transitions are not allowed, owing to the selection rules of quantum mechanics.

[image: image]
FIGURE 2-4 Emission of characteristic x rays occurs when orbital electrons move from an outer shell to fill an inner-shell vacancy. (Kα x-ray emission is illustrated.)






TABLE 2-1

SOME NOTATION USED FOR CHARACTERISTIC X RAYS



	Shell with Vacancy
	Shell from Which Filled
	Notation




	K
	LI

	Not allowed



	K
	LII

	Kα2




	K
	LIII

	Kα1




	K
	MI

	Not allowed



	K
	MII

	Kβ3




	K
	MIII

	Kβ1




	K
	NI

	Not allowed



	K
	NII, NIII

	Kβ2




	LII

	MIV

	Lβ1




	LIII

	MIV

	Lα2




	LIII

	MV

	Lα1








As an alternative to characteristic x-ray emission, the atom may undergo a process known as the Auger (pronounced oh-zhaý) effect. In the Auger effect, an electron from an outer shell again fills the vacancy, but the energy released in the process is transferred to another orbital electron. This electron then is emitted from the atom instead of characteristic radiation. The process is shown schematically in Figure 2-5. The emitted electron is called an Auger electron.

[image: image]
FIGURE 2-5 Emission of an Auger electron as an alternative to x-ray emission. No x ray is emitted.





The kinetic energy of an Auger electron is equal to the difference between the binding energy of the shell containing the original vacancy and the sum of the binding energies of the two shells having vacancies at the end. Thus the kinetic energy of the Auger electron emitted in Figure 2-5 is KB − 2LB (ignoring small differences in L-substate energies).

Two orbital vacancies exist after the Auger effect occurs. These are filled by electrons from the other outer shells, resulting in the emission of additional characteristic x rays or Auger electrons.

The number of vacancies that result in emission of characteristic x rays versus Auger electrons is determined by probability values that depend on the specific element and orbital shell involved. The probability that a vacancy will yield characteristic x rays is called the fluorescent yield, symbolized by ωK for the K shell, ωL for the L shell, and so forth. Figure 2-6 is a graph of ωK versus Z. Both characteristic x rays and Auger electrons are emitted by all elements, but heavy elements are more likely to emit x rays (large ω), whereas light elements are more likely to emit electrons (small ω).

[image: image]
FIGURE 2-6 Fluorescent yield, ωK, or probability that an orbital electron shell vacancy will yield characteristic x rays rather than Auger electrons, versus atomic number Z of the atom. (Data from Hubbell JH, Trehan PN, Singh N, et al: A review, bibliography, and tabulation of K, L, and higher atomic shell x-ray fluorescence yields. J Phys Chem Ref Data 23:339-364, 1994.)





The notation used to identify the shells involved in Auger electron emission is eabc, in which a identifies the shell with the original vacancy, b the shell from which the electron dropped to fill the vacancy, and c the shell from which the Auger electron was emitted. Thus the electron emitted in Figure 2-5 is a KLL Auger electron, symbolized by eKLL. In the notation eKxx, the symbol x is inclusive, referring to all Auger electrons produced from initial K-shell vacancies.








d The Nucleus



1. Composition

The atomic nucleus is composed of protons and neutrons. Collectively, these particles are known as nucleons. The properties of nucleons and electrons are summarized in Table 2-2.


TABLE 2-2

BASIC PROPERTIES OF NUCLEONS AND ELECTRONS1




	Particle
	Charge*

	Mass



	u
	MeV





	Proton
	+1
	1.007276
	938.272



	Neutron
	0
	1.008665
	939.565



	Electron
	−1
	0.000549
	0.511






[image: image]


*One unit of charge is equivalent to 1.602 × 10−19 coulombs.





Nucleons are much more massive than electrons (by nearly a factor of 2000). Conversely, nuclear diameters are very small in comparison with atomic diameters (10−13 vs. 10−8 cm). Thus it can be deduced that the density of nuclear matter is very high (∼1014 g/cm3) and that the rest of the atom (electron cloud) is mostly empty space.





2. Terminology and Notation

An atomic nucleus is characterized by the number of neutrons and protons it contains. The number of protons determines the atomic number of the atom, Z. As mentioned earlier, this also determines the number of orbital electrons in the electrically neutral atom and therefore the chemical element to which the atom belongs.

The total number of nucleons is the mass number of the nucleus, A. The difference, A − Z, is the neutron number, N. The mass number A is approximately equal to, but not the same as, the atomic weight (AW ) used in chemistry. The latter is the average weight of an atom of an element in its natural abundance (see Appendix B).

The notation now used to summarize atomic and nuclear composition is [image: image], in which X represents the chemical element to which the atom belongs. For example, an atom composed of 53 protons, 78 neutrons (and thus 131 nucleons), and 53 orbital electrons represents the element iodine and is symbolized by [image: image]. Because all iodine atoms have atomic number 53, the “I” and the “53” are redundant and the “53” can be omitted. The neutron number, 78, can be inferred from the difference, 131 − 53, so this also can be omitted. Therefore a shortened but still complete notation for this atom is 131I. An acceptable alternative in terms of medical terminology is I-131. Obsolete forms (sometimes found in older texts) include I131, 131I, and I131.





3. Nuclear Families

Nuclear species sometimes are grouped into families having certain common characteristics. A nuclide is characterized by an exact nuclear composition, including the mass number A, atomic number Z, and arrangement of nucleons within the nucleus. To be classified as a nuclide, the species must have a “measurably long” existence, which for current technology means a lifetime greater than about 10−12 sec. For example, 12C, 16O, and 131I are nuclides.

Figure 2-7 summarizes the notation used for identifying a particular nuclear species, as well as the terminology used for nuclear families. Nuclides that have the same atomic number Z are called isotopes. Thus 125I, 127I, and 131I are isotopes of the element iodine. Nuclides with the same mass number A are isobars (e.g., 131I, 131Xe, and 131Cs). Nuclides with the same neutron number N are isotones (e.g., [image: image], [image: image], and [image: image]). A mnemonic device for remembering these relationships is that isotopes have the same number of protons, isotones the same number of neutrons, and isobars the same mass number (A).

[image: image]
FIGURE 2-7 Notation and terminology for nuclear families.









4. Forces and Energy Levels within the Nucleus

Nucleons within the nucleus are subject to two kinds of forces. Repulsive coulombic or electrical forces exist between positively charged protons. These are counteracted by very strong forces of attraction, called nuclear forces (sometimes also called exchange forces), between any two nucleons. Nuclear forces are effective only over very short distances, and their effects are seen only when nucleons are very close together, as they are in the nucleus. Nuclear forces hold the nucleus together against the repulsive coulombic forces between protons.

Nucleons move about within the nucleus in a very complicated way under the influence of these forces. One model of the nucleus, called the shell model, portrays the nucleons as moving in “orbits” about one another in a manner similar to that of orbital electrons moving about the nucleus in the Bohr atom. Only a limited number of motions are allowed, and these are determined by a set of nuclear quantum numbers.

The most stable arrangement of nucleons is called the ground state. Other arrangements of the nucleons fall into the following two categories:


1. Excited states are arrangements that are so unstable that they have only a transient existence before transforming into some other state.

2. Metastable states also are unstable, but they have relatively long lifetimes before transforming into another state. These also are called isomeric states.



The dividing line for lifetimes between excited and metastable states is approximately 10−12 sec. This is not a long time according to everyday standards, but it is “relatively long” by nuclear standards. (The prefix meta derives from the Greek word for “almost.”) Some metastable states are quite long-lived; that is, they have average lifetimes of several hours. Because of this, metastable states are considered to have separate identities and are themselves classified as nuclides. Two nuclides that differ from one another in that one is a metastable state of the other are called isomers.

In nuclear notation, excited states are identified by an asterisk (AX*) and metastable states by the letter m (AmX or X-Am).† Thus 99mTc (or Tc-99m) represents a metastable state of 99Tc, and 99mTc and 99Tc are isomers.

Nuclear transitions between different nucleon arrangements involve discrete and exact amounts of energy, as do the rearrangements of orbital electrons in the Bohr atom. A nuclear energy-level diagram is used to identify the various excited and metastable states of a nuclide and the energy relationships among them. Figure 2-8 shows a partial diagram for 131Xe.* The bottom line represents the ground state, and other lines represent excited or metastable states. Metastable states usually are indicated by somewhat heavier lines. The vertical distances between lines are proportional to the energy differences between levels. A transition from a lower to a higher state requires an energy input of some sort, such as a photon or particle striking the nucleus. Transitions from higher to lower states result in the release of energy, which is given to emitted particles or photons.

[image: image]
FIGURE 2-8 Partial nuclear energy-level diagram for the 131Xe nucleus. The vertical axis represents energy differences between nuclear states (or “arrangements” of nucleons). Going up the scale requires energy input. Coming down the scale results in the emission of nuclear energy. Heavier lines indicate metastable states.










5. Nuclear Emissions

Nuclear transformations can result in the emission of particles (primarily electrons or α particles) or photons of electromagnetic radiation. This is discussed in detail in Chapter 3. Photons of nuclear origin are called γ rays (gamma rays). The energy difference between the states involved in the nuclear transition determines the γ-ray energy. For example, in Figure 2-8 a transition from the level marked 0.364 MeV to the ground state would produce a 0.364-MeV γ ray. A transition from the 0.364-MeV level to the 0.080-MeV level would produce a 0.284-MeV γ ray.

As an alternative to emitting a γ ray, the nucleus may transfer the energy to an orbital electron and emit the electron instead of a photon. This process, which is similar to the Auger effect in x-ray emission (see Section C.3, earlier in this chapter), is called internal conversion. It is discussed in detail inChapter 3, Section E.





6. Nuclear Binding Energy

When the mass of an atom is compared with the sum of the masses of its individual components (protons, neutrons, and electrons), it always is found to be less by some amount, λ m. This mass deficiency, expressed in energy units, is called the binding energy EB of the atom:

EB=Δ  mc2


[image: image] (2-5)


For example, consider an atom of 12C. This atom is composed of six protons, six electrons, and six neutrons, and its mass is precisely 12 u (by definition of the universal mass unit u). The sum of the masses of its components is



	electrons
	6 × 0.000549 u = 0.003294 u



	protons
	6 × 1.007276 u = 6.043656 u



	neutrons
	6 × 1.008665 u = 6.051990 u



	total
	12.098940 u





Thus Δ m = 0.098940 u. Because 1 u = 931.5 MeV, the binding energy of a 12C atom is 0.098940 × 931.5 MeV = 92.16 MeV.

The binding energy is the minimum amount of energy required to overcome the forces holding the atom together to separate it completely into its individual components. Some of this represents the binding energy of orbital electrons, that is, the energy required to strip the orbital electrons away from the nucleus; however, comparison of the total binding energy of a 12C atom with the K-shell binding energy of carbon (see Appendix B) indicates that most of this energy is nuclear binding energy, that is, the energy required to separate the nucleons.

Nuclear processes that result in the release of energy (e.g., γ-ray emission) always increase the binding energy of the nucleus. Thus a nucleus emitting a 1-MeV γ ray would be found to weigh less (by the mass equivalent of 1 MeV ) after the γ ray was emitted than before. In essence, mass is converted to energy in the process.





7. Characteristics of Stable Nuclei

Not all combinations of protons and neutrons produce stable nuclei. Some are unstable, even in their ground states. An unstable nucleus emits particles or photons to transform itself into a more stable nucleus. This is the process of radioactive disintegration or radioactive decay, discussed in Chapter 3. A survey of the general characteristics of naturally occurring stable nuclides provides clues to the factors that contribute to nuclear instability and thus to radioactive decay.

Figure 2-9 is a plot of the nuclides found in nature, according to their neutron and proton numbers. For example, the nuclide [image: image] is represented by a dot at the point Z = 6, N = 6. Most of the naturally occurring nuclides are stable; however, 17 very long-lived but unstable (radioactive) nuclides that still are present from the creation of the elements also are shown.

[image: image]
FIGURE 2-9 Neutron number (N) versus atomic number ( Z ) for nuclides found in nature. The boxed data points identify very long-lived, naturally occurring unstable (radioactive) nuclides. The remainder are stable. The nuclides found in nature are clustered around an imaginary line called the line of stability. N ≈ Z for light elements; N ≈ 1.5 Z for heavy elements.





A first observation is that there are favored neutron-to-proton ratios among the naturally occurring nuclides. They are clustered around an imaginary line called the line of stability. For light elements, the line corresponds to N ≈ Z, that is, approximately equal numbers of protons and neutrons. For heavy elements, it corresponds to N ≈ 1.5 Z, that is, approximately 50% more neutrons than protons. The line of stability ends at 209Bi (Z = 83, N = 126). All heavier nuclides are unstable.

In general, there is a tendency toward instability in atomic systems composed of large numbers of identical particles confined in a small volume. This explains the instability of very heavy nuclei. It also explains why, for light elements, stability is favored by more or less equal numbers of neutrons and protons rather than grossly unequal numbers. A moderate excess of neutrons is favored among heavier elements because neutrons provide only exchange forces (attraction), whereas protons provide both exchange forces and coulombic forces (repulsion). Exchange forces are effective over very short distances and thus affect only “close neighbors” in the nucleus, whereas the repulsive coulombic forces are effective over much greater distances. Thus an excess of neutrons is required in heavy nuclei to overcome the long-range repulsive coulombic forces between a large number of protons.

Nuclides that are not close to the line of stability are likely to be unstable. Unstable nuclides lying above the line of stability are said to be “proton deficient,” whereas those lying below the line are “neutron deficient.” Unstable nuclides generally undergo radioactive decay processes that transform them into nuclides lying closer to the line of stability, as discussed in Chapter 3.

Figure 2-9 demonstrates that there often are many stable isotopes of an element. Isotopes fall on vertical lines in the diagram. For example, there are ten stable isotopes of tin (Sn, Z = 50)*. There may also be several stable isotones. These fall along horizontal lines. In relatively few cases, however, is there more than one stable isobar (isobars fall along descending 45-degree lines on the graph). This reflects the existence of several modes of “isobaric” radioactive decay that permit nuclides to transform along isobaric lines until the most stable isobar is reached. This is discussed in detail in Chapter 3.

One also notes among the stable nuclides a tendency to favor even numbers. For example, there are 165 stable nuclides with both even numbers of protons and even numbers of neutrons. Examples are [image: image] and [image: image]. There are 109 “even-odd” stable nuclides, with even numbers of protons and odd numbers of neutrons or vice versa. Examples are [image: image] and [image: image]. However, there are only four stable “odd-odd” nuclides: [image: image], [image: image], [image: image], and [image: image]. The stability of even numbers reflects the tendency of nuclei to achieve stable arrangements by the “pairing up” of nucleons in the nucleus.

Another measure of relative nuclear stability is nuclear binding energy, because this represents the amount of energy required to break the nucleus up into its separate components. Obviously, the greater the number of nucleons, the greater the total binding energy. Therefore a more meaningful parameter is the binding energy per nucleon, EB /A. Higher values of EB /A are indicators of greater nuclear stability.

Figure 2-10 is a graph of EB /A versus A for the stable nuclides. Binding energy is greatest (≈ 8 MeV per nucleon) for nuclides of mass number A ≈ 60. It decreases slowly with increasing A, indicating the tendency toward instability for very heavy nuclides. Finally, there are a few peaks in the curve representing very stable light nuclides, including [image: image], [image: image], and [image: image]. Note that these are all even-even nuclides.

[image: image]
FIGURE 2-10 Binding energy per nucleon (EB /A) versus mass number (A) for the stable nuclides.
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*Atomic notation is discussed in Section D.2.


*Sometimes the notation Kab also is used.


†The notation AXm is sometimes used in Europe (e.g., 99Tcm).


*Actually, these are the excited and metastable states formed during radioactive decay by β− emission of 131I (see Chapter 3, Section D, and Appendix C).


*Although most element symbols are simply one- or two-letter abbreviations of their (English) names, ten symbols derive from Latin or Greek names of metals known for more than 2 millennia: antimony (stibium, Sb), copper (cuprum, Cu), gold (aurum, Au), iron (ferrum, Fe), lead (plumbum, Pb), mercury (hydrargyrum, Hg), potassium (kalium, K), silver (argentum, Ag), sodium (natrium, Na), and tin (stannum, Sn). The symbol for tungsten, W, derives from the German “wolfram,” the name it was first given in medieval times.







chapter 3

Modes of Radioactive Decay

Radioactive decay is a process in which an unstable nucleus transforms into a more stable one by emitting particles, photons, or both, releasing energy in the process. Atomic electrons may become involved in some types of radioactive decay, but it is basically a nuclear process caused by nuclear instability. In this chapter we discuss the general characteristics of various modes of radioactive decay and their general importance in nuclear medicine.



a General Concepts

It is common terminology to call an unstable radioactive nucleus the parent and the more stable product nucleus the daughter. In many cases, the daughter also is radioactive and undergoes further radioactive decay. Radioactive decay is spontaneous in that the exact moment at which a given nucleus will decay cannot be predicted, nor is it affected to any significant extent by events occurring outside the nucleus.

Radioactive decay results in the conversion of mass into energy. If all the products of a particular decay event were gathered together and weighed, they would be found to weigh less than the original radioactive atom. Usually, the energy arises from the conversion of nuclear mass, but in some decay modes, electron mass is converted into energy as well. The total mass-energy conversion amount is called the transition energy, sometimes designated Q.* Most of this energy is imparted as kinetic energy to emitted particles or converted to photons, with a small (usually insignificant) portion given as kinetic energy to the recoiling nucleus. Thus radioactive decay results not only in the transformation of one nuclear species into another but also in the transformation of mass into energy.

Each radioactive nuclide has a set of characteristic properties. These properties include the mode of radioactive decay and type of emissions, the transition energy, and the average lifetime of a nucleus of the radionuclide before it undergoes radioactive decay. Because these basic properties are characteristic of the nuclide, it is common to refer to a radioactive species, such as 131I, as a radionuclide. The term radioisotope also is used but, strictly speaking, should be used only when specifically identifying a member of an isotopic family as radioactive; for example, 131I is a radioisotope of iodine.





b Chemistry and Radioactivity

Radioactive decay is a process involving primarily the nucleus, whereas chemical reactions involve primarily the outermost orbital electrons of the atom. Thus the fact that an atom has a radioactive nucleus does not affect its chemical behavior and, conversely, the chemical state of an atom does not affect its radioactive characteristics. For example, an atom of the radionuclide 131I exhibits the same chemical behavior as an atom of 127I, the naturally occurring stable nuclide, and 131I has the same radioactive characteristics whether it exists as iodide ion ( I− ) or incorporated into a large protein molecule as a radioactive label. Independence of radioactive and chemical properties is of great significance in tracer studies with radioactivity—a radioactive tracer behaves in chemical and physiologic processes exactly the same as its stable, naturally occurring counterpart, and, further, the radioactive properties of the tracer do not change as it enters into chemical or physiologic processes.

There are two minor exceptions to these generalizations. The first is that chemical behavior can be affected by differences in atomic mass. Because there are always mass differences between the radioactive and the stable members of an isotopic family (e.g., 131I is heavier than 127I), there may also be chemical differences. This is called the isotope effect. Note that this is a mass effect and has nothing to do with the fact that one of the isotopes is radioactive. The chemical differences are small unless the relative mass differences are large, for example, 3H versus 1H. Although the isotope effect is important in some experiments, such as measurements of chemical bond strengths, it is, fortunately, of no practical consequence in nuclear medicine.

A second exception is that the average lifetimes of radionuclides that decay by processes involving orbital electrons (e.g., internal conversion, Section E, and electron capture, Section F) can be changed very slightly by altering the chemical (orbital electron) state of the atom. The differences are so small that they cannot be detected except in elaborate nuclear physics experiments and again are of no practical consequence in nuclear medicine.





c Decay by β− Emission

Radioactive decay by β− emission is a process in which, essentially, a neutron in the nucleus is transformed into a proton and an electron. Schematically, the process is

n→p++e−+ν+energy


[image: image] (3-1)


The electron (e−) and the neutrino (ν) are ejected from the nucleus and carry away the energy released in the process as kinetic energy. The electron is called a β− particle. The neutrino is a “particle” having no mass or electrical charge.* It undergoes virtually no interactions with matter and therefore is essentially undetectable. Its only practical consequence is that it carries away some of the energy released in the decay process.

Decay by β− emission may be represented in standard nuclear notation as

XZA⟶β−YZ+1A


[image: image] (3-2)


The parent radionuclide (X) and daughter product (Y) represent different chemical elements because atomic number increases by one. Thus β− decay results in a transmutation of elements. Mass number A does not change because the total number of nucleons in the nucleus does not change. This is therefore an isobaric decay mode, that is, the parent and daughter are isobars (see Chapter 2, Section D.3).

Radioactive decay processes often are represented by a decay scheme diagram. Figure 3-1 shows such a diagram for 14C, a radionuclide that decays solely by β− emission. The line representing 14C (the parent) is drawn above and to the left of the line representing 14N (the daughter). Decay is “to the right” because atomic number increases by one (reading Z values from left to right). The vertical distance between the lines is proportional to the total amount of energy released, that is, the transition energy for the decay process (Q = 0.156 MeV for 14C).

[image: image]
FIGURE 3-1 Decay scheme diagram for 14C, a β− emitter. Q is the transition energy.





The energy released in β− decay is shared between the β− particle and the neutrino. This sharing of energy is more or less random from one decay to the next. Figure 3-2 shows the distribution, or spectrum, of β−-particle energies resulting from the decay of 14C. The maximum possible β−-particle energy (i.e., the transition energy for the decay process) is denoted by [image: image] (0.156 MeV for 14C). From the graph it is apparent that the β− particle usually receives something less than half of the available energy. Only rarely does the β− particle carry away all the energy ([image: image]).

[image: image]
FIGURE 3-2 Energy spectrum (number emitted vs. energy) for β particles emitted by 14C. Maximum β−-particle energy is Q, the transition energy (see Fig. 3-1). Average energy [image: image] is 0.0497 MeV, approximately [image: image]. (Data courtesy Dr. Jongwha Chang, Korea Atomic Energy Research Institute.)





The average energy of the β− particle is denoted by [image: image]. This varies from one radionuclide to the next but has a characteristic value for any given radionuclide. Typically, [image: image]. For 14C, [image: image].

Beta particles present special detection and measurement problems for nuclear medicine applications. These arise from the fact that they can penetrate only relatively small thicknesses of solid materials (see Chapter 6, Section B.2). For example, the thickness is at most only a few millimeters in soft tissues. Therefore it is difficult to detect β− particles originating from inside the body with a detector that is located outside the body. For this reason, radionuclides emitting only β− particles rarely are used when measurement in vivo is required. Special types of detector systems also are needed to detect β− particles because they will not penetrate even relatively thin layers of metal or other outside protective materials that are required on some types of detectors. The implications of this are discussed in Chapter 7.

The properties of various radionuclides of medical interest are presented in Appendix C. Radionuclides decaying solely by β− emission listed there include 3H, 14C, and 32P.





d Decay by (β−, γ ) Emission

In some cases, decay by β− emission results in a daughter nucleus that is in an excited or metastable state rather than in the ground state. If an excited state is formed, the daughter nucleus promptly decays to a more stable nuclear arrangement by the emission of a γ ray (see Chapter 2, Section D.5). This sequential decay process is called (β−, γ) decay. In standard nuclear notation, it may be represented as

XZA⟶β−Y*Z+1A⟶γYZ+1A


[image: image] (3-3)


Note that γ emission does not result in a transmutation of elements.

An example of (β−, γ) decay is the radionuclide 133 Xe, which decays by β− emission to one of three different excited states of 133Cs. Figure 3-3 is a decay scheme for this radionuclide. The daughter nucleus decays to the ground state or to another, less energetic excited state by emitting a γ ray. If it is to another excited state, additional γ rays may be emitted before the ground state is finally reached. Thus in (β−, γ) decay more than one γ ray may be emitted before the daughter nucleus reaches the ground state (e.g., β2 followed by γ1 and γ 2 in 133 Xe decay).

[image: image]
FIGURE 3-3 Decay scheme diagram for 133Xe, a (β−, γ ) emitter. More than one γ ray may be emitted per disintegrating nucleus. The heavy line (for β3) indicates most-probable decay mode.





The number of nuclei decaying through the different excited states is determined by probability values that are characteristic of the particular radionuclide. For example, in 133 Xe decay (Fig. 3-3), 99.3% of the decay events are by β3 decay to the 0.081-MeV excited state, followed by emission of the 0.081-MeV γ ray or conversion electrons (Section E). Only a very small number of the other β particles and γ rays of other energies are emitted. The data presented in Appendix C include the relative number of emissions of different energies for each radionuclide listed.

In contrast to β− particles, which are emitted with a continuous distribution of energies (up to [image: image]), γ rays are emitted with a precise and discrete series of energy values. The spectrum of emitted radiation energies is therefore a series of discrete lines at energies that are characteristic of the radionuclide rather than a continuous distribution of energies (Fig. 3-4). In (β−, γ) decay, the transition energy between the parent radionuclide and the ground state of the daughter has a fixed characteristic value. The distribution of this energy among the β− particle, the neutrino, and the γ rays may vary from one nuclear decay to the next, but the sum of their energies in any decay event is always equal to the transition energy.

[image: image]
FIGURE 3-4 Emission spectrum for 0.080- and 0.081-MeV γ rays emitted in the decay of 133Xe (γ1 and γ2 in Fig. 3-3; higher-energy emissions omitted). Compare with Figure 3-2 for β− particles.





Because γ rays are much more penetrating than β− particles, they do not present some of the measurement problems associated with β− particles that were mentioned earlier, and they are suitable for a wider variety of applications in nuclear medicine. Some radionuclides of medical interest listed in Appendix C that undergo (β−, γ) decay include 131I, 133Xe, and 137Cs.





e Isomeric Transition and Internal Conversion

The daughter nucleus of a radioactive parent may be formed in a “long-lived” metastable or isomeric state, as opposed to an excited state. The decay of the metastable or isomeric state by the emission of a γ ray is called an isomeric transition (see Chapter 2, Section D.4). Except for their average lifetimes, there are no differences in decay by γ emission of metastable or excited states.

An alternative to γ-ray emission is internal conversion. This can occur for any excited state, but is especially common for metastable states. In this process, the nucleus decays by transferring energy to an orbital electron, which is ejected instead of the γ ray. It is as if the γ ray were “internally absorbed” by collision with an orbital electron (Fig. 3-5). The ejected electron is called a conversion electron. These electrons usually originate from one of the inner shells (K or L), provided that the γ-ray energy is sufficient to overcome the binding energy of that shell. The energy excess above the binding energy is imparted to the conversion electron as kinetic energy. The orbital vacancy created by internal conversion subsequently is filled by an outer-shell electron, accompanied by emission of characteristic x rays or Auger electrons (see Chapter 2, Section C.3).

[image: image]
FIGURE 3-5 Schematic representation of internal conversion involving a K-shell electron. An unstable nucleus transfers its energy to the electron rather than emitting a γ ray. Kinetic energy of conversion electron is γ ray energy minus electron-binding energy (Eγ − KB).





Whether a γ ray or a conversion electron is emitted is determined by probabilities that have characteristic values for different radionuclides. These probabilities are expressed in terms of the ratio of conversion electrons emitted to γ rays emitted (e/γ) and denoted by α (or αK = e/γ for K-shell conversion electrons, and so on) in detailed charts and tables of nuclear properties.

Internal conversion, like β− decay, results in the emission of electrons. The important differences are that (1) in β− decay the electron originates from the nucleus, whereas in internal conversion it originates from an electron orbit; and (2) β− particles are emitted with a continuous spectrum of energies, whereas conversion electrons have a discrete series of energies determined by the differences between the γ-ray energy and orbital electron-binding energies.

Metastable radionuclides are of great importance in nuclear medicine. Because of their relatively long lifetimes, it sometimes is possible to separate them from their radioactive parent and thus obtain a relatively “pure” source of γ rays. The separation of the metastable daughter from its radioactive parent is accomplished by chemical means in a radionuclide “generator” (see Chapter 5, Section C). Metastable nuclides always emit a certain number of conversion electrons, and thus they are not really “pure” γ-ray emitters. Because conversion electrons are almost totally absorbed within the tissue where they are emitted (Chapter 6, Section B.2), they can cause substantial radiation dose to the patient, particularly when the conversion ratio, e/γ, is large. However, the ratio of photons to electrons emitted by metastable nuclides usually is greater than for (β−,γ) emitters, and this is a definite advantage for studies requiring detection of γ rays from internally administered radioactivity.

A metastable nuclide of medical interest listed in Appendix C is 99mTc. Technetium-99m is currently by far the most popular radionuclide for nuclear medicine imaging studies.





f Electron Capture and (EC, γ ) Decay

Electron capture (EC) decay looks like, and in fact is sometimes called, “inverse β− decay.” An orbital electron is “captured” by the nucleus and combines with a proton to form a neutron:

p++e−→n+ν+energy


[image: image] (3-4)


The neutrino is emitted from the nucleus and carries away some of the transition energy. The remaining energy appears in the form of characteristic x rays and Auger electrons, which are emitted by the daughter product when the resulting orbital electron vacancy is filled. Usually, the electron is captured from orbits that are closest to the nucleus, that is, the K and L shells. The notation EC(K) is used to indicate capture of a K-shell electron, EC(L) an L-shell electron, and so forth.

EC decay may be represented as:

XZA⟶ECYZ−1A


[image: image] (3-5)


Note that like β− decay it is an isobaric decay mode leading to a transmutation of elements.

The characteristic x rays emitted by the daughter product after EC may be suitable for external measurement if they are sufficiently energetic to penetrate a few centimeters of body tissues. There is no precise energy cutoff point, but 25 keV is probably a reasonable value, at least for shallow organs such as the thyroid. For elements with Z of 50 or more, the energy of K-x rays exceeds 25 keV. The K-x rays of lighter elements and all L-x rays are of lower energy and generally are not suitable for external measurements. These lower-energy radiations introduce measurement problems similar to those encountered with particles.

EC decay results frequently in a daughter nucleus that is in an excited or metastable state. Thus γ rays (or conversion electrons) may also be emitted. This is called (EC, γ) decay. Figure 3-6 shows a decay scheme for 125I, an (EC, γ) radionuclide finding application in radioimmunoassay studies. Note that EC decay is “to the left” because EC decreases the atomic number by one. Medically important EC and (EC, γ) radionuclides listed in Appendix C include 57Co, 67Ga, 111In, 123I, 125I, and 201Tl.

[image: image]
FIGURE 3-6 Decay scheme diagram for 125I, an (EC, γ ) emitter.









g Positron (β+) and (β+, γ ) Decay

In radioactive decay by positron emission, a proton in the nucleus is transformed into a neutron and a positively charged electron. The positively charged electron—or positron (β+)—and a neutrino are ejected from the nucleus. Schematically, the process is:

p+→n+e++ν+energy


[image: image] (3-6)


A positron is the antiparticle of an ordinary electron. After ejection from the nucleus, it loses its kinetic energy in collisions with atoms of the surrounding matter and comes to rest, usually within a few millimeters of the site of its origin in body tissues. More accurately, the positron and an electron momentarily form an “atom” called positronium, which has the positron as its “nucleus” and a lifetime of approximately 10−10 sec. The positron then combines with the negative electron in an annihilation reaction, in which their masses are converted into energy (see Fig. 3-7). The mass-energy equivalent of each particle is 0.511 MeV. This energy appears in the form of two 0.511-MeV annihilation photons,* which leave the site of the annihilation event in nearly exact opposite directions (180 degrees apart).

[image: image]
FIGURE 3-7 Schematic representation of mutual-annihilation reaction between a positron (β+) and an ordinary electron. A pair of 0.511-MeV annihilation photons are emitted “back-to-back” at 180 degrees to each other.





The “back-to-back” emission of annihilation photons is required for conservation of momentum for a stationary electron-positron pair. However, because both particles actually are moving, the annihilation photons may be emitted in directions slightly off from the ideal by perhaps a few tenths of a degree. The effects of this on the ability to localize positron-emitting radionuclides for imaging purpose are discussed in Chapter 18, Section A.4.

Energy “bookkeeping” is somewhat more complicated for β+ decay than for some of the previously discussed decay modes. There is a minimum transition energy requirement of 1.022 MeV before β+ decay can occur. This requirement may be understood by evaluating the difference between the atomic mass of the parent and the daughter atom (including the orbital electrons). In β+ decay, a positron is ejected from the nucleus, and because β+ decay reduces the atomic number by one, the daughter atom also has an excess electron that it releases to reach its ground state. Thus two particles are emitted from the atom during β+ decay, and because the rest-mass energy of an electron or a positron is 511 keV, a total transition energy of 1.022 MeV is required. Note that no such requirement is present for β− decay, because the daughter atom must take up an electron from the environment to become neutral, thereby compensating for the electron released during β− decay.

In β+ decay, the excess transition energy above 1.022 MeV is shared between the positron (kinetic energy) and the neutrino. The positron energy spectrum is similar to that observed for β− particles (see Fig. 3-2). The average β+ energy also is denoted by [image: image] and again is approximately [image: image], in which [image: image] is the transition energy minus 1.022 MeV.

In standard notation, β+ decay is represented as

XZA⟶β+YZ−1A


[image: image] (3-7)


It is another isobaric decay mode, with a transmutation of elements. Figure 3-8 shows a decay scheme for 15O, a β+ emitter of medical interest. Decay is “to the left” because atomic number decreases by one. The vertical line represents the minimum transition energy requirement for β+ decay (1.022 MeV). The remaining energy (1.7 MeV) is [image: image]. With some radionuclides, β+ emission may leave the daughter nucleus in an excited state, and thus additional γ rays may also be emitted [(β+, γ) decay].

[image: image]
FIGURE 3-8 Decay scheme diagram for 15O, a β+ emitter. [image: image] is Q, the transition energy, minus 1.022 MeV, the minimum transition energy for β+ decay.





Positron emitters are useful in nuclear medicine because two photons are generated per nuclear decay event. Furthermore, the precise directional relationship between the annihilation photons permits the use of novel “coincidence-counting” techniques (see Chapter 18). Medically important pure β+ radionuclides listed in Appendix C include 13N and 15O.





h Competitive β+ and Ec Decay

Positron emission and EC have the same effect on the parent nucleus. Both are isobaric decay modes that decrease atomic number by one. They are alternative means for reaching the same endpoint (see Equations 3-5 and 3-7, and Figs. 3-6 and 3-8). Among the radioactive nuclides, one finds that β+ decay occurs more frequently among lighter elements, whereas EC is more frequent among heavier elements, because in heavy elements orbital electrons tend to be closer to the nucleus and are more easily captured.

There also are radionuclides that can decay by either mode. An example is 18F, the decay scheme for which is shown in Figure 3-9. For this radionuclide, 3% of the nuclei decay by EC and 97% decay by β+ emission. Radionuclides of medical interest that undergo competitive (β+, EC) decay listed in Appendix C include 11C and 18F.

[image: image]
FIGURE 3-9 Decay scheme diagram for 18F, which decays by both electron capture and β+ emission competitively.









i Decay by α Emission and by Nuclear Fission

Radionuclides that decay by α-particle emission or by nuclear fission are of relatively little importance for direct usage as tracers in nuclear medicine but are described here for the sake of completeness. Both of these decay modes occur primarily among very heavy elements that are of little interest as physiologic tracers. As well, they are highly energetic and tend to be associated with relatively large radiation doses (see Table 22-1).

In decay by α-particle emission, the nucleus ejects an α particle, which consists of two neutrons and two protons (essentially a [image: image] nucleus). In standard notation this is represented as:

XZA⟶αYZ−2A−4


[image: image] (3-8)


The α particle is emitted with kinetic energy usually between 4 and 8 MeV. Although quite energetic, α particles have very short ranges in solid materials, for example, approximately 0.03 mm in body tissues. Thus they present very difficult detection and measurement problems.

Decay by α-particle emission results in a transmutation of elements, but it is not isobaric. Atomic mass is decreased by 4; therefore this process is common among very heavy elements that must lose mass to achieve nuclear stability. Heavy, naturally occurring radionuclides such as 238U and its daughter products undergo a series of decays involving α-particle and β−-particle emission to transform into lighter, more stable nuclides. Figure 3-10 illustrates the “decay series” of 238U → 206Pb. The radionuclide 226Ra in this series is of some medical interest, having been used at one time in encapsulated form for implantation into tumors for radiation therapy. The ubiquitous, naturally occurring 222Rn also is produced in this series. Note that there are “branching points” in the series where either α or β− emission may occur. Only every fourth atomic number value appears in this series because α emission results in atomic number differences of four units. The 238U → 206Pb series is called the “4n + 2” series. Two others are 235U → 207Pb (4n + 3) and 232Th → 208Pb (4n). These three series are found in nature because in each case the parent is a very long-lived radionuclide (half-lives ~ 108 to 1010 yr) and small amounts remain from the creation of the elements. The fourth series, 4n + 1, is not found naturally because all its members have much shorter lifetimes and have disappeared from nature.

[image: image]
FIGURE 3-10 Illustration of series decay, starting from 238U and ending with stable 206Pb. (Adapted from Hendee WR: Medical Radiation Physics. Chicago, 1970, Year Book Publishers Inc., p 501.)





An (α, γ) radionuclide of interest in nuclear medicine is 241Am. It is used in encapsulated form as a source of 60-keV γ rays for instrument calibration and testing.

Nuclear fission is the spontaneous fragmentation of a very heavy nucleus into two lighter nuclei. In the process a few (two or three) fission neutrons also are ejected. The distribution of nuclear mass between the two product nuclei varies from one decay to the next. Typically it is split in approximately a 60 : 40 ratio. The energy released is very large, often amounting to hundreds of MeV per nuclear fission, and is imparted primarily as kinetic energy to the recoiling nuclear fragments (fission fragments) and the ejected neutrons. Nuclear fission is the source of energy from nuclear reactors. More precisely, the kinetic energy of the emitted particles is converted into heat in the surrounding medium, where it is used to create steam for driving turbines and other uses. The fission process is of interest in nuclear medicine because the fission fragment nuclei usually are radioactive and, if chemically separable from the other products, can be used as medical tracers. Also, the neutrons are used to produce radioactive materials by neutron activation, as discussed in Chapter 5, Section A.3. The parent fission nuclides themselves are of no use as tracers in nuclear medicine.





j Decay Modes and the Line of Stability

In Chapter 2, Section D.7, it was noted that on a graph of neutron versus proton numbers the stable nuclides tend to be clustered about an imaginary line called the line of stability (see Fig. 2-9). Nuclides lying off the line of stability generally are radioactive. The type of radioactive decay that occurs usually is such as to move the nucleus closer to this line. A radionuclide that is proton deficient (above the line) usually decays β− emission, because this transforms a neutron into a proton, moving the nucleus closer to the line of stability. A neutron-deficient radionuclide (below the line) usually decays by EC or β+ emission, because these modes transform a proton into a neutron. Heavy nuclides frequently decay by α emission or by fission, because these are modes that reduce mass number.

It also is worth noting that β−, β+, and EC decay all can transform an “odd-odd” nucleus into an “even-even” nucleus. As noted in Chapter 2, Section D.7 even-even nuclei are relatively stable because of pairing of alike particles within the nucleus. There are in fact a few odd-odd nuclides lying on or near the line of stability that can decay either by β− emission or by EC and β+ emission. An example is 40K (89% β−, 11% EC or β+). In this example, the instability created by odd numbers of protons and neutrons is sufficient to cause decay in both directions away from the line of stability; however, this is the exception rather than the rule.





k Sources of Information on Radionuclides

There are several sources of information providing useful summaries of the properties of radionuclides. One is a chart of the nuclides, a portion of which is shown in Figure 3-11. Every stable or radioactive nuclide is assigned a square on the diagram. Isotopes occupy horizontal rows and isotones occupy vertical columns. Isobars fall along descending 45-degree lines. Basic properties of each nuclide are listed in the boxes. Also shown in Figure 3-11 is a diagram indicating the transformations that occur for various decay modes. A chart of the nuclides is particularly useful for tracing through a radioactive series.

[image: image]
FIGURE 3-11 Portion of a chart of the nuclides. Vertical axis = atomic number; horizontal axis = neutron number. Also listed are half-lives of radioactive nuclides (see Chapter 4, Section B.2). Stable nuclides are indicated in bold font. Values listed for these nuclides indicate their percent natural abundance. Half-lives of metastable states are listed on the left, where applicable.





Perhaps the most useful sources of data for radionuclides of interest in nuclear medicine are the Medical Internal Radiation Dosimetry (MIRD) publications, compiled by the MIRD Committee of the Society of Nuclear Medicine.1 Decay data for some of the radionuclides commonly encountered in nuclear medicine are presented in Appendix C. Also presented are basic data for internal dosimetry, which will be discussed in Chapter 22.
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*Some texts and applications consider only nuclear mass, rather than the mass of the entire atom (i.e., atomic mass), in the definition of transition energy. As will be seen, the use of atomic mass is more appropriate for the analysis of radioactive decay because both nuclear and nonnuclear mass are converted into energy in some decay modes. As well, energy originating from either source can contribute to usable radiation or to radiation dose to the patient. For a detailed discussion of the two methods for defining transition energy, see Evans RD: The Atomic Nucleus. New York, 1972, McGraw-Hill, pp 117-133.


*Actually, in β− emission an antineutrino, [image: image], is emitted, whereas in β+ emission and EC, a neutrino, ν, is emitted. For simplicity, no distinction is made in this text. Also, evidence from high-energy physics experiments suggests that neutrinos may indeed have a very small mass, but an exact value has not yet been assigned.


*Although the photons produced when the positron and an electron undergo annihilation are not of nuclear origin, they sometimes are called annihilation γ rays. This terminology may be used in some instances in this book.







chapter 4

Decay of Radioactivity

Radioactive decay is a spontaneous process; that is, there is no way to predict with certainty the exact moment at which an unstable nucleus will undergo its radioactive transformation into another, more stable nucleus. Mathematically, radioactive decay is described in terms of probabilities and average decay rates. In this chapter we discuss these mathematical aspects of radioactive decay.



a Activity



1. The Decay Constant

If one has a sample containing N radioactive atoms of a certain radionuclide, the average decay rate, ΔN/Δt, for that sample is given by:

Δ N/Δt=−λ N


[image: image] (4-1)


where λ is the decay constant for the radionuclide. The decay constant has a characteristic value for each radionuclide. It is the fraction of the atoms in a sample of that radionuclide undergoing radioactive decay per unit of time during a period that is so short that only a small fraction decay during that interval. Alternatively, it is the probability that any individual atom will undergo decay during the same period. The units of λ are (time)−1. Thus 0.01 sec−1 means that, on the average, 1% of the atoms undergo radioactive decay each second. In Equation 4-1 the minus sign indicates that ΔN/Δt is negative; that is, N is decreasing with time.

Equation 4-1 is valid only as an estimate of the average rate of decay for a radioactive sample. From one moment to the next, the actual decay rate may differ from that predicted by Equation 4-1. These statistical fluctuations in decay rate are described in Chapter 9.

Some radionuclides can undergo more than one type of radioactive decay (e.g., 18F: 97% β+, 3% electron capture). For such types of “branching” decay, one can define a value of λ for each of the possible decay modes, for example, λ1, λ2, λ3, and so on, where λ1 is the fraction decaying per unit time by decay mode 1, λ2 by decay mode 2, and so on. The total decay constant for the radionuclide is the sum of the branching decay constants:

λ=λ1+λ2+λ3+⋯


[image: image] (4-2)


The fraction of nuclei decaying by a specific decay mode is called the branching ratio (B.R.). For the ith decay mode, it is given by:

B.R.=λi/λ


[image: image] (4-3)






2. Definition and Units of Activity

The quantity ΔN/λt, the average decay rate, is the activity of the sample. It has dimensions of disintegrations per second (dps) or disintegrations per minute (dpm) and is essentially a measure of “how radioactive” the sample is. The Systeme International (SI) unit of activity is the becquerel (Bq). A sample has an activity of 1 Bq if it is decaying at an average rate of 1 sec−1 (1 dps). Thus:

A(Bq)=|Δ N/Δt|=λ N


[image: image] (4-4)


where λ is in units of sec−1. The absolute value is used to indicate that activity is a “positive” quantity, as compared with the change in number of radioactive atoms in Equation 4-1, which is a negative quantity. Commonly used multiples of the becquerel are the kilobecquerel (1 kBq = 103 sec−1), the megabecquerel (1 MBq = 106 sec−1), and the gigabecquerel (1 GBq = 109 sec−1).

The traditional unit for activity is the curie (Ci), which is defined as 3.7 × 1010 dps (2.22 × 1012 dpm). Subunits and multiples of the curie are the millicurie (1 mCi = 10−3 Ci), the microcurie (1 µCi = 10−3 mCi = 10−6 Ci), the nanocurie (1 nCi = 10−9 Ci), and the kilocurie (1 kCi = 1000 Ci). Equation 4-1 may be modified for these units of activity:

A(Ci)=λ N/(3.7×1010)


[image: image] (4-5)


The curie was defined originally as the activity of 1 g of 226Ra; however, this value “changed” from time to time as more accurate measurements of the 226Ra decay rate were obtained. For this reason, the 226Ra standard was abandoned in favor of a fixed value of 3.7 × 1010 dps. This is not too different from the currently accepted value for 226Ra (3.656 × 1010 dps/g).

SI units are the “official language” for nuclear medicine and are used in this text; however, because traditional units of activity still are used in day-to-day practice in many laboratories, we sometimes also indicate activities in these units as well. Conversion factors between traditional and SI units are provided in Appendix A.

The amounts of activity used for nuclear medicine studies typically are in the MBq-GBq range (10s of µCi to 10s of mCi). Occasionally, 10s of gigabecquerels (curie quantities) may be acquired for long-term supplies. External-beam radiation sources (e.g., 60Co therapy units) use source strengths of 1000s of GBq [1000 GBq = 1 terraBq (TBq) = 1012 Bq]. At the other extreme, the most sensitive measuring systems used in nuclear medicine can detect activities at the level of a few becquerels (nanocuries).








b Exponential Decay



1. The Decay Factor

With the passage of time, the number N of radioactive atoms in a sample decreases. Therefore the activity A of the sample also decreases (see Equation 4-4). Figure 4-1 is used to illustrate radioactive decay with the passage of time.

[image: image]
FIGURE 4-1 Decay of a radioactive sample during successive 1-sec increments of time, starting with 1000 atoms, for λ = 0.1 sec−1. Both the number of atoms remaining and activity (decay rate) decrease with time. Note that the values shown are approximations, because they do not account precisely for the changing number of atoms present during the decay intervals (see Section D).





Suppose one starts with a sample containing N(0) = 1000 atoms* of a radionuclide having a decay constant λ = 0.1 sec−1. During the first 1-sec time interval, the approximate number of atoms decaying is 0.1 × 1000 = 100 atoms (see Equation 4-1). The activity is therefore 100 Bq, and after 1 sec there are 900 radioactive atoms remaining. During the next second, the activity is 0.1 × 900 = 90 Bq, and after 2 sec, 810 radioactive atoms remain. During the next second the activity is 81 Bq, and after 3 sec 729 radioactive atoms remain. Thus both the activity and the number of radioactive atoms remaining in the sample are decreasing continuously with time. A graph of either of these quantities is a curve that gradually approaches zero.

An exact mathematical expression for N(t) can be derived using methods of calculus.* The result is:

N(t)=N(0)e−λ t


[image: image] (4-6)


Thus N(t), the number of atoms remaining after a time t, is equal to N(0), the number of atoms at time t = 0, multiplied by the factor e−λt. This factor e−λt, the fraction of radioactive atoms remaining after a time t, is called the decay factor (DF). It is a number equal to e—the base of natural logarithms (2.718 …)—raised to the power −λ t. For given values of λ and t, the decay factor can be determined by various methods as described in Section C later in this chapter. Note that because activity A is proportional to the number of atoms N (see Equation 4-4), the decay factor also applies to activity versus time:

A(t)=A(0)e−λ t


[image: image] (4-7)


The decay factor e−λ t is an exponential function of time t. Exponential decay is characterized by the disappearance of a constant fraction of activity or number of atoms present per unit time interval. For example if λ = 0.1 sec−1, the fraction is 10% per second. Graphs of e−λ t versus time t for λ = 0.1 sec−1 are shown in Figure 4-2. On a linear plot, it is a curve gradually approaching zero; on a semilogarithmic plot, it is a straight line. It should be noted that there are other processes besides radioactive decay that can be described by exponential functions. Examples are the absorption of x- and λ-ray beams (see Chapter 6, Section D) and the clearance of certain tracers from organs by physiologic processes (see Chapter 22, Section B.2).

[image: image]
FIGURE 4-2 Decay factor versus time shown on linear (A) and semilogarithmic (B) plots, for radionuclide with λ = 0.1 sec −1.





When the exponent in the decay factor is “small,” that is, λ t ≲ 0.1, the decay factor may be approximated by e−λ t ≈ 1 − λ t. This form may be used as an approximation in Equations 4-6 and 4-7.





2. Half-Life

As indicated in the preceding section, radioactive decay is characterized by the disappearance of a constant fraction of the activity present in the sample during a given time interval. The half-life (T1/2) of a radionuclide is the time required for it to decay to 50% of its initial activity level. The half-life and decay constant of a radionuclide are related as*

T1/2=ln⁡2/λ


[image: image] (4-8)


λ=ln⁡2/T1/2


[image: image] (4-9)


where ln 2 ≈ 0.693. Usually, tables or charts of radionuclides list the half-life of the radionuclide rather than its decay constant. Thus it often is more convenient to write the decay factor in terms of half-life rather than decay constant:

DF=e−ln⁡2×t/T 1/2


[image: image] (4-10)







3. Average Lifetime

The actual lifetimes of individual radioactive atoms in a sample range anywhere from “very short” to “very long.” Some atoms decay almost immediately, whereas a few do not decay for a relatively long time (see Fig. 4-2). The average lifetime τ of the atoms in a sample has a value that is characteristic of the nuclide and is related to the decay constant λ by*

τ=1/λ


[image: image] (4-11)


Combining Equations 4-9 and 4-11, one obtains

τ=T1/2/ln⁡2


[image: image] (4-12)


The average lifetime for the atoms of a radionuclide is therefore longer than its half-life, by a factor 1/ln 2 (≈1.44). The concept of average lifetime is of importance in radiation dosimetry calculations (see Chapter 22).








c Methods for Determining Decay Factors



1. Tables of Decay Factors

It is essential that an individual working with radionuclides know how to determine decay factors. Perhaps the simplest and most straightforward approach is to use tables of decay factors, which are available from vendors of radiopharmaceuticals, instrument manufacturers, and so forth. An example of such a table for 99mTc is shown in Table 4-1. Such tables are generated easily with computer spreadsheet programs.


TABLE 4-1

DECAY FACTORS FOR 99mTc



	
	Minutes




	Hours
	0
	15
	30
	45



	0
	1.000
	0.972
	0.944
	0.917



	1
	0.891
	0.866
	0.841
	0.817



	2
	0.794
	0.771
	0.749
	0.727



	3
	0.707
	0.687
	0.667
	0.648



	4
	0.630
	0.612
	0.595
	0.578



	5
	0.561
	0.545
	0.530
	0.515



	6
	0.500
	0.486
	0.472
	0.459



	7
	0.445
	0.433
	0.420
	0.408



	8
	0.397
	0.385
	0.375
	0.364



	9
	0.354
	0.343
	0.334
	0.324



	10
	0.315
	0.306
	0.297
	0.289



	11
	0.281
	0.273
	0.264
	0.257



	12
	0.250
	0.243
	0.236
	0.229






[image: image]







Example 4-1

A vial containing 99mTc is labeled “75 kBq/mL at 8 am.” What volume should be withdrawn at 4 pm on the same day to prepare an injection of 50 kBq for a patient?




Answer

From Table 4-1 the DF for 99mTc after 8 hours is found to be 0.397. Therefore the concentration of activity in the vial is 0.397 × 75 kBq/mL = 29.8 kBq/mL. The volume required for 50 kBq is 50 kBq divided by 29.8 kBq/mL = 1.68 mL.

Tables of decay factors cover only limited periods; however, they can be extended by employing principles based on the properties of exponential functions, specifically e a +b = e a × e b. For example, suppose that the desired time t does not appear in the table but that it can be expressed as a sum of times, t = t1 + t2 + · · ·, that do appear in the table. Then

DF(t1+t2+⋯)=DF(t1)×DF(t2)⋯


[image: image] (4-13)





Example 4-2

What is the decay factor for 99mTc after 16 hours?




Answer

Express 16 hours as 6 hours + 10 hours. Then, from Table 4-1, DF(16 hr) = DF(10 hr) × DF(6 hr) = 0.315 × 0.5 = 0.1575. Other combinations of times totaling 16 hours provide the same result.

Occasionally, radionuclides are shipped in precalibrated quantities. A precalibrated shipment is one for which the activity calibration is given for some future time. To determine its present activity, it is therefore necessary to calculate the decay factor for a time preceding the calibration time, that is, a “negative” value of time. One can make use of tables of decay factors by employing another of the properties of exponential functions, specifically e−x = 1/e x. Thus:

DF(−t)=1/DF(t)


[image: image] (4-14)





Example 4-3

A vial containing 99mTc is labeled “50 kBq at 3 pm.” What is the activity at 8 am on the same day?




Answer

The decay time is t = −7 hours. From Table 4-1, DF(7 hr) = 0.445. Thus DF(−7 hr) = 1/0.445 = 2.247. The activity at 8 am is therefore 2.247 × 50 kBq = 112.4 kBq.





2. Pocket Calculators

Many pocket calculators have capabilities for calculating exponential functions. First compute the exponent, x = ln 2 × (t/T1/2), then press the appropriate keys to obtain e−x. For precalibrated shipments, use e+ x.





3. Universal Decay Curve

Exponential functions are straight lines on a semilogarithmic plot (see Fig. 4-2). This useful property allows one to construct a “universal decay curve” by plotting the number of half-lives elapsed on the horizontal (linear) axis and the decay factor on the vertical (logarithmic) axis. A straight line can be drawn by connecting any two points on the curve. These could be, for example, (t = 0, DF = 1), (t = T1/2, DF = 0.5), (t = 2T1/2, DF = 0.25), and so on. The graph can be used for any radionuclide provided that the elapsed time is expressed in terms of the number of radionuclide half-lives elapsed. An example of a universal decay curve is shown in Figure 4-3.

[image: image]
FIGURE 4-3 Universal decay curve.








Example 4-4

Use the decay curve in Figure 4-3 to determine the decay factor for 99mTc after 8 hours.




Answer

The half-life of 99mTc is 6 hours. Therefore the elapsed time is 8/6 = 1.33 half-lives. From Figure 4-3, the decay factor is approximately 0.40. (Compare this result with the value used in Example 4-1.)








d Image-Frame Decay Corrections

In some applications, data are acquired during periods that are not short in comparison with the half-life of the radionuclide. An example is the measurement of glucose metabolism using deoxyglucose labeled with fluorine-18 (see Chapter 21, Section E.5). In such measurements, it often is necessary to correct for decay that occurs during each measurement period while data collection is in progress. Because data are acquired in a series of image frames, these sometimes are called image-frame decay corrections.

The concept for these corrections is illustrated in Figure 4-4, showing the decay curve for an image frame starting at time t and ending at a time λ t later. The number of counts acquired during the image frame is proportional to the area ad, shown with darker shading. The counts that would be recorded in the absence of decay are proportional to the area a0, which includes both the darker and lighter shaded areas. Using the appropriate mathematical integrals, the effective decay factor for a radionuclide with half-life T1/2 for the indicated measurement interval is given by:

DFeff(t,Δt)=ad/a0=e−(ln⁡2×t/T1/2)×[(1−e−x)/x]=DF(t)×[(1−e−x)/x]


[image: image] (4-15)


[image: image]
FIGURE 4-4 Basic concept for calculating the decay factor for an image frame starting at time t with duration λ t. The counts recorded with decay are proportional to the darker shaded area, ad. The counts that would be recorded in the absence of decay are proportional to the total shaded area, a0. The effective decay factor is the ratio ad /a0.





where

x=ln⁡2×Δt/T1/2


[image: image] (4-16)


To correct the recorded counts back to what would have been recorded in the absence of decay, one would multiply the counts recorded during the interval (t, t + λ t) by the inverse of DFeff.

The effective decay factor in Equation 4-15 is composed of two parts. The first term is just the standard decay factor (Equation 4-10) at the start of the image frame, DF(t). The second term is a factor that depends on the parameter x, which in turn depends on the duration of the frame, λ t, relative to the half-life of the radionuclide (Equation 4-16). This term accounts for decay that occurs while data are being acquired during the image frame. Note again that the correction in Equation 4-15 uses t = 0 as the reference point, not the start of the individual image frame for which the correction is being calculated. To compute the decay occurring during the image frame itself, only the second term should be used.

In a quantitative study, the data for each image frame would be corrected according to the appropriate values for t and λ t and for the half-life T1/2. For computational simplicity and efficiency, various approximations can be used when the parameter x in Equation 4-16 is small. For example, the following approximation is accurate to within 1% when x < 0.25:

DFeff(t,Δt)≈DF(t)×[1−(x/2)]


[image: image] (4-17)


where x again is defined as in Equation 4-16.

Another approach is to use the standard DF (see Equation 4-10) for the midpoint of the frame:

DFeff(t,Δt)≈DF[t+(Δt/2)]


[image: image] (4-18)


This approximation is accurate to within 1% for x < 0.5.

Yet another possibility is to use the average of the standard decay factors for the beginning and end of the frame:

DFeff(t,Δt)≈[DF(t)+DF(t+Δt)]2


[image: image] (4-19)


This approximation is accurate to within 1% for x < 0.35.




Example 4-5

What are the effective decay factor and decay correction factor for the counts recorded in an image frame starting 30 sec and ending 45 sec after injection in a study performed with 15O? Compare the results obtained with Equation 4-15 and the approximation given by Equation 4-17. Assume that the data are to be corrected to t = 0, the time of injection.




Answer

From Appendix C, the half-life of 15O is 122 sec. The decay factor at the beginning of the image frame, t = 30 sec, is

DF(30sec)=e−ln⁡2×30sec/122sec≈e−0.170≈0.843

[image: image]

The duration of the image frame is Δ t = 15 sec. The parameter x (Equation 4-16) is given by

x=ln⁡2×(Δt/T1/2)=ln⁡2×(15sec/122sec)≈0.0852

[image: image]

Thus, decay during the image frame is given by

(1−e−x)/x=(1−e−0.0852)/0.0852≈0.0817/0.0852≈0.959

[image: image]

Taking the product of the two decay factors gives

DFeff≈0.843×0.959≈0.808

[image: image]

The decay correction factor to apply to the counts recorded in this frame is

CF≈1/0.808≈1.237

[image: image]

Using the approximation given by Equation 4-17 yields

DFeff≈0.843×[1−(0.0852/2)]≈0.843×0.957≈0.807

[image: image]

which differs from the exact result obtained with Equation 4-15 by only approximately 0.1%.





e Specific Activity

A radioactive sample may contain stable isotopes of the element represented by the radionuclide of interest. For example, a given 131I sample may also contain the stable isotope 127I. When stable isotopes of the radionuclide of interest are present in the sample, they are called carrier, and the sample is said to be with carrier. A sample that does not contain stable isotopes of the element represented by the radionuclide is called carrier-free.* Radionuclides may be produced carrier-free or with carrier, depending on the production method (see Chapter 5).

The ratio of radioisotope activity to total mass of the element present is called the specific activity of the sample. Specific activity has units of becquerels per gram, megabecquerels per gram, and so forth. The highest possible specific activity of a radionuclide is its carrier-free specific activity (CFSA). This value can be calculated in a straightforward manner from the basic properties of the radionuclide.

Suppose a carrier-free sample contains 1 g of a radionuclide AX, having a half-life T1/2 (sec). The atomic weight of the radionuclide is approximately equal to A, its mass number (see Chapter 2, Section D.2). A sample containing A g of the radionuclide has approximately 6.023 × 1023 atoms (Avogadro's number); therefore a 1-g sample has N ≈ 6.023 × 1023/A atoms. The decay rate of the sample is Δ N/Δ t (dps) = λ N = 0.693N / T1 /2. Therefore the activity per gram is:

A(Bq/g)≈ln⁡2×6.023×1023/(A×T1/2)


[image: image] (4-20)


Because the sample contains 1 g of the radioisotope, this is also its specific activity in becquerels per gram. When the equation is normalized for the half-life in days (1 day = 86,400 sec), the result is

CFSA(Bq/g)≈4.8×1018/(A×T1/2)


[image: image] (4-21)


where T1/2 is given in days. With appropriate normalization, Equation 4-21 also applies for specific activity in kBq/mg, GBq/g, and so on.

In radiochemistry applications, specific activities sometimes are specified in becquerels per mole of labeled compound. Because 1 mole of compound contains A g of radionuclide, this quantity is

CFSA(Bq/mole)=CFSA(Bq/g)×A(g/mole)≈4.8×1018/T1/2


[image: image] (4-22)


where T1/2 again is in days.

In traditional units, the equations for CFSA are

CFSA(Ci/g)≈1.3×108/(A×T1/2)CFSA(Ci/mole)≈1.3×108/T1/2


[image: image] (4-23)


where T1/2 again is in days.




Example 4-6

What are the CFSAs of 131I and 99mTc?




Answer

For 131I, A = 131 and T1/2 = 8 days. Using Equation 4-21,

CFSA(I131)≈(4.8×1018)(1.31×102×8)≈4.6×1015Bq/g

[image: image]

For 99mTc, A = 99 and T1/2 = 6 hours = 0.25 days. Thus,

CFSA(T99mc)≈(4.8×1018)(0.99×102×0.25)≈1.94×1017Bq/g

[image: image]

In traditional units (Equation 4-23), the answers are

CFSA(131I)≈(1.3×108)(1.31×102×8)≈1.24×105Ci/g

[image: image]

CFSA(T99mc)≈(1.3×108)(0.99×102×0.25)≈5.3×106Ci/g

[image: image]

As shown by Example 4-6, CFSAs for radionuclides having half-lives of hours, days, or even weeks are very high. Most of the radionuclides used in nuclear medicine are in this category.

In most instances, a high specific activity is desirable because then a moderate amount of activity contains only a very small mass of the element represented by the radioisotope and can be administered to a patient without causing a pharmacologic response to that element. This is an essential requirement of a “tracer study.” For example, a capsule containing 0.4 MBq (~10 µCi) of carrier-free 131I contains only approximately 10−10 g of elemental iodine (mass = activity/specific activity), which is well below the amount necessary to cause any “iodine reaction.” Even radioisotopes of highly toxic elements, such as arsenic, have been given to patients in a carrier-free state. It is not possible to obtain carrier-free 99mTc because it cannot be separated from its daughter product, 99Tc, a very long-lived and essentially stable isotope of technetium. Nevertheless, the mass of technetium in most 99mTc preparations is very small and has no physiologic effect when administered to a patient.

Not all production methods result in carrier-free radionuclides. Also, in some cases carrier may be added to promote certain chemical reactions in radiochemistry procedures. When a preparation is supplied with carrier, usually the packaging material indicates specific activity. If the radioactivity exists as a label attached to some complex molecule, such as a protein molecule, the specific activity may be expressed in terms of the activity per unit mass of labeled substance, such as MBq /g of protein. Methods of calculating the specific activities of radionuclides produced in a non–carrier-free state are discussed in Chapter 5.

On rare occasions, radioactive preparations that are not carrier-free or that are attached as labels to complex molecules may present problems if the carrier or labeled molecule is toxic or has undesired pharmacologic effects. Two examples in the past were reactor-produced 42K in K+ solution (intravenous K+ injections may cause cardiac arrhythmia) and 131I-labeled serum albumin (serum albumin could cause undesirably high protein levels when injected into intrathecal spaces for cerebrospinal fluid studies). In situations such as these, the amount of material that can be administered safely to a patient may be limited by the amount of carrier or unlabeled molecule present rather than by the amount of radioactivity and associated radiation hazards.





f Decay of a Mixed Radionuclide Sample

The equations and methods presented in Sections B and C apply only to samples containing a single radionuclide species. When a sample contains a mixture of unrelated species (i.e., no parent-daughter relationships), the total activity A t is just the sum of the individual activities of the various species:

A t(t)=A 1(0)e−0.693t/T1/2,1+A 2(0)e−0.693t/T1/2,2+⋯


[image: image] (4-24)


where A1(0) is the initial activity of the first species and T1/2,1 is its half-life, and so forth.

Figure 4-5 shows total activity versus time for a sample containing two unrelated radionuclides. A characteristic of such a curve is that it always eventually follows the slope of the curve for the radionuclide having the longest half-life. Once the final slope has been established, it can be extrapolated as a straight line on a semilogarithmic graph back to time zero. This curve can then be subtracted from the total curve to give the net curve for the other radionuclides present. If more than two radionuclide species are present, the “curve-stripping” operation can be repeated for the next-longest-lived species and so forth.

[image: image]
FIGURE 4-5 Activity versus time for a mixed sample of two unrelated radionuclides. The sample contains initially (at t = 0) 0.9 units of activity with a half-life of 0.5 days and 0.1 units of activity with a half-life of 5 days.





Curve stripping can be used to determine the relative amounts of various radionuclides present in a mixed sample and their half-lives. It is especially useful for detecting and quantifying long-lived contaminants in radioactive preparations (e.g., 99Mo in 99mTc).





g Parent-Daughter Decay



1. The Bateman Equations

A more complicated situation occurs when a sample contains radionuclides having parent-daughter relationships (Fig. 4-6). The equation for the activity of the parent is simply that for a single radionuclide species (see Equation 4-7); however, the equation for the activity of a daughter is complicated by the fact that the daughter product is being formed (by decay of the parent) at the same time it is decaying. The equation is

Ad(t)={[Ap(0)λdλd−λp×(e−λp t−e−λd t)]×B.R.}+Ad(0)e−λd t


[image: image] (4-25)


[image: image]
FIGURE 4-6 Schematic representation of series decay. Activities of the parent ( p), daughter (d), and grand-daughter ( g) are described by the Bateman equations.





where Ap(t) and Ad(t) are the activities of the parent and daughter radionuclides at time t, respectively, λp and λd are their respective decay constants, and B.R. is the branching ratio for decay to the daughter product of interest when more than one decay channel is available (see Equation 4-3).* The second term in Equation 4-25, [image: image], is just the residual daughter-product activity remaining from any that might have been present at time t = 0. In the rest of this discussion, it is assumed that Ad(0) = 0, and only the first term in Equation 4-25 is considered.

Equation 4-25 is the Bateman equation for a parent-daughter mixture. Bateman equations for sequences of three or more radionuclides in a sequential decay scheme are found in other texts.1 Equation 4-25 is analyzed for three general situations.†






2. Secular Equilibrium

The first situation applies when the half-life of the parent, Tp, is so long that the decrease of parent activity is negligible during the course of the observation period. An example is 226Ra (Tp = 1620 yr) → 222Rn (Td = 4.8 days). In this case, λp ≈ 0; thus Equation 4-25 can be written

Ad(t)≈Ap(0)(1−e−λd t)×B.R.


[image: image] (4-26)


Figure 4-7 illustrates the buildup of daughter product activity versus time for B.R. = 1. After one daughter-product half-life, [image: image] and Ad ≈ (1/2)Ap. After two half-lives, Ad ≈ (3/4)Ap, and so forth. After a “very long” time, (~5 × Td), [image: image], and the activity of the daughter equals that of the parent. When this occurs (Ad ≈ Ap × B.R.), the parent and daughter are said to be in secular equilibrium.

[image: image]
FIGURE 4-7 Buildup of daughter activity when Td << Tp ≈ ∞, branching ratio = 1. Eventually, secular equilibrium is achieved.









3. Transient Equilibrium

The second situation occurs when the parent half-life is longer than the daughter half-life but is not “infinite.” An example of this case is 99Mo (T1/2 = 66 hr) → 99mTc (T1/2 = 6 hr). When there is a significant decrease in parent activity during the course of the observation period, one can no longer assume λp ≈ 0, and Equation 4-25 cannot be simplified. Figure 4-8 shows the buildup and decay of daughter-product activity for a hypothetical parent-daughter pair with Tp = 10Td and B.R. = 1. The daughter-product activity increases and eventually exceeds that of the parent, reaches a maximum value, and then decreases and follows the decay of the parent. When this stage of “parallel” decay rates has been reached—that is, parent and daughter activities are decreasing but the ratio of parent-to-daughter activities are constant—the parent and daughter are said to be in transient equilibrium. The ratio of daughter-to-parent activity in transient equilibrium is

A d/Ap=[Tp/(Tp−Td)]×B.R.


[image: image] (4-27)


[image: image]
FIGURE 4-8 Buildup and decay of activity for Tp = 10 Td, branching ratio = 1. Eventually, transient equilibrium is achieved when the parent and daughter decay curves are parallel.





The time at which maximum daughter activity is available is determined using the methods of calculus* with the result

tmax⁡=[1.44TpTd/(Tp−Td)]ln⁡(Tp/Td)


[image: image] (4-28)


where Tp and Td are the half-lives of the parent and daughter, respectively.

Figure 4-8 is similar to that for 99Mo (Tp = 66 hr) → 99mTc (Td = 6 hr); however, the time-activity curve for 99mTc is somewhat lower because only a fraction (B.R. = 0.876) of the parent 99Mo atoms decay to 99mTc (see Fig. 5-7). The remainder bypass the 99mTc metastable state and decay directly to the ground state of 99Tc. Thus the 99mTc activity is given by Equation 4-25 multiplied by 0.876 and the ratio of 99mTc / 99Mo activity in transient equilibrium by Equation 4-27 multiplied by the same factor; however, tmax remains as given by Equation 4-28.





4. No Equilibrium

When the daughter half-life is longer than the parent half-life, there is no equilibrium between them. An example of this combination is 131mTe (T1/2 = 30 hr) → 131I (T1/2 = 8 days). Figure 4-9 shows the buildup and decay of the daughter product activity for a hypothetical parent-daughter pair with Tp = 0.1Td. It increases, reaches a maximum (Equation 4-28 still applies for tmax), and then decreases. Eventually, when the parent activity is essentially zero, the remaining daughter activity decays with its own characteristic half-life.

[image: image]
FIGURE 4-9 Buildup and decay of activity for Tp = 0.1 Td, branching ratio = 1. There is no equilibrium relationship established between the parent and daughter decay curves.
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*N(t) is symbolic notation for the number of atoms present as a function of time t. N(0) is the number N at a specific time t = 0, that is, at the starting point.



*The derivation is as follows:

dN/dt=−λN


[image: image] (4-6a)


dN/N=−λdt


[image: image] (4-6b)


∫dN/N=−∫λdt


[image: image] (4-6c)


from which follows Equation 4-6.




*The relationships are derived as follows:

1/2=e−λ T1/2


[image: image] (4-8a)


2=eλ T1/2


[image: image] (4-8b)


ln⁡2=λ T1/2


[image: image] (4-8c)


from which follow Equations 4-8 and 4-9.




*The equation from which Equation 4-11 is derived is:

τ=∫0∞te−λ tdt/∫0∞e−λ tdt


[image: image] (4-11a)




*Because it is virtually impossible to prepare a sample with absolutely no other atoms of the radioactive element, the terminology without carrier sometimes is used as well.



*The differential equations from which Equation 4-25 is derived are

dNp/dt=−λ pNp


[image: image] (4-25a)


dNd/dt=−λ dNd+λ pNp


[image: image] (4-25b)


These equations provide

Nd(t)=Np(0)λpλd−λp×(e−λp t−e−λd t)+Nd(0)e−λd t


[image: image] (4-25c)


Multiplying Equation 4-25c by λd and substituting Ad = λ d Nd, A p = λ p Np, one obtains Equation 4-25.




†A fourth (but unlikely) situation occurs when λp = λd = λ, that is when parent and daughter have the same half-life. In this case, it can be shown that Equation 4-25 reduces to

Ad(t)=Ap(0)te−λ t+Ad(0)e−λ t


[image: image] (4-25d)




*Set dAd  /dt = 0 and solve for tmax.







chapter 5

Radionuclide and Radiopharmaceutical Production

Most of the naturally occurring radionuclides are very long-lived (e.g., 40K, T1/2 ~ 109 years), represent very heavy elements (e.g., uranium and radium) that are unimportant in metabolic or physiologic processes, or both. Some of the first applications of radioactivity for medical tracer studies in the 1920s and 1930s made use of natural radionuclides; however, because of their generally unfavorable characteristics indicated here, they have found virtually no use in medical diagnosis since that time. The radionuclides used in modern nuclear medicine all are of the manufactured or “artificial” variety. They are made by bombarding nuclei of stable atoms with subnuclear particles (such as neutrons and protons) so as to cause nuclear reactions that convert a stable nucleus into an unstable (radioactive) one. This chapter describes the methods used to produce radionuclides for nuclear medicine as well as some considerations in the labeling of biologically relevant compounds to form radiopharmaceuticals.



a Reactor-Produced Radionuclides



1. Reactor Principles

Nuclear reactors have for many years provided large quantities of radionuclides for nuclear medicine. Because of their long and continuing importance for this application, a brief description of their basic principles is presented.

The “core” of a nuclear reactor contains a quantity of fissionable material, typically natural uranium (235U and 238U) enriched in 235U content. Uranium-235 undergoes spontaneous nuclear fission (T1/2 ~ 7 × 108 years), splitting into two lighter nuclear fragments and emitting two or three fission neutrons in the process (see Chapter 3, Section I). Spontaneous fission of 235U is not a significant source of neutrons or energy in of itself; however, the fission neutrons emitted stimulate additional fission events when they bombard 235U and 238U nuclei. The most important reaction is

U235+n→U*236


[image: image] (5-1)


The 236U* nucleus is highly unstable and promptly undergoes nuclear fission, releasing additional fission neutrons. In the nuclear reactor, the objective is to have the fission neutrons emitted in each spontaneous or stimulated fission event stimulate, on the average, one additional fission event. This establishes a controlled, self-sustaining nuclear chain reaction.

Figure 5-1 is a schematic representation of a nuclear reactor core. “Fuel cells” containing fissionable material (e.g., uranium) are surrounded by a moderator material. The purpose of the moderator is to slow down the rather energetic fission neutrons. Slow neutrons (also called thermal neutrons) are more efficient initiators of additional fission events. Commonly used moderators are “heavy water” [containing deuterium (D2O)] and graphite. Control rods are positioned to either expose or shield the fuel cells from one another. The control rods contain materials that are strong neutron absorbers but that do not themselves undergo nuclear fission (e.g., cadmium or boron). The fuel cells and control rods are positioned carefully so as to establish the critical conditions for a controlled chain reaction. If the control rods were removed (or incorrectly positioned), conditions would exist wherein each fission event would stimulate more than one additional nuclear fission. This could lead to a runaway reaction and to a possible “meltdown” of the reactor core. (This sequence occurs in a very rapid time scale in nuclear explosives. Fortunately, the critical conditions of a nuclear explosion cannot be achieved in a nuclear reactor.) Insertion of additional control rods results in excess absorption of neutrons and terminates the chain reaction. This procedure is used to shut down the reactor.

[image: image]
FIGURE 5-1 Schematic representation of a nuclear reactor.





Each nuclear fission event results in the release of a substantial amount of energy (200-300 MeV per fission fragment), most of which is dissipated ultimately as thermal energy. This energy can be used as a thermal power source in reactors. Some radionuclides are produced directly in the fission process and can be subsequently extracted by chemical separation from the fission fragments.

A second method for producing radionuclides uses the large neutron flux in the reactor to activate samples situated around the reactor core. Pneumatic lines are used for the insertion and removal of samples. The method of choice largely depends on yield of the desired radionuclide, whether suitable sample materials are available for neutron activation, the desired specific activity, and cost considerations.





2. Fission Fragments

The fission process that takes place in a reactor can lead to useful quantities of medically important radionuclides such as 99Mo, the parent material in the 99mTc generator (see Section C). As described earlier, 236U* promptly decays by splitting into two fragments. A typical fission reaction (Fig. 5-2A) is

U92235+n→U*92236→B56144a+K3689r+3n


[image: image] (5-2)
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FIGURE 5-2 A, Example of production of fission fragments produced when neutrons interact with 236U*. B, Mass distribution of fragments following fission of 236U*.





More than 100 nuclides representing 20 different elements are found among the fission products of 236U*. The mass distribution of the fission fragments is shown in Figure 5-2B. It can be seen that fission of 236U* generally leads to one fragment with a mass number in the range of 85 to 105 and the other fragment with a mass number in the range of 130 to 150. It also is apparent that fission rarely results in fragments with nearly equal masses.

The fission products always have an excess of neutrons and hence undergo further radioactive decay by β– emission, until a stable nuclide is reached. If one of the radioactive intermediates has a sufficiently long half-life, it can be extracted from the fission products and used as a medical radionuclide. For example,

Y3999⟶β−(1.5s)Z4099r⟶β−(21s)N4199b⟶β−(15s)M4299o


[image: image] (5-3)


The half-life of 99Mo is 65.9 hours, which is sufficiently long to allow it to be chemically separated from other fission fragments. Molybdenum-99 plays an important role in nuclear medicine as the parent radionuclide in the 99Mo-99mTc generator (see Section C). Technetium-99m is the most common radionuclide used in clinical nuclear medicine procedures today. Fission has also been used to produce 131I and 133Xe for nuclear medicine studies.

Radionuclides produced by the fission process have the following general characteristics:


1. Fission products always have an excess of neutrons, because N/Z is substantially higher for 235U than it is for nuclei falling in the mass range of the fission fragments, even after the fission products have expelled a few neutrons (see Fig. 2-9). These radionuclides therefore tend to decay by β– emission.

2. Fission products may be carrier free (no stable isotope of the element of interest is produced), and therefore radionuclides can be produced with high specific activity by chemical separation. (Sometimes other isotopes of the element of interest are also produced in the fission fragments. For example, high-specific-activity 131I cannot be produced through fission because of significant contamination from 127I and 129I.)

3. The lack of specificity of the fission process is a drawback that results in a relatively low yield of the radionuclide of interest among a large amount of other radionuclides.







3. Neutron Activation

Neutrons carry no net electrical charge. Thus they are neither attracted nor repelled by atomic nuclei. When neutrons (e.g., from a nuclear reactor core) strike a target, some of the neutrons are “captured” by nuclei of the target atoms. A target nucleus may be converted into a radioactive product nucleus as a result. Such an event is called neutron activation. Two types of reactions commonly occur.

In an (n,γ) reaction a target nucleus, [image: image], captures a neutron and is converted into a product nucleus, [image: image], which is formed in an excited state. The product nucleus immediately undergoes de-excitation to its ground state by emitting a prompt γ ray. The reaction is represented schematically as

XZA (n,γ)XZA+1


[image: image] (5-4)


The target and product nuclei of this reaction represent different isotopes of the same chemical element.

A second type of reaction is the (n,p) reaction. In this case, the target nucleus captures a neutron and promptly ejects a proton. This reaction is represented as

XZA (n,p)YZ−1A


[image: image] (5-5)


Note that the target and product nuclei for an (n,p) reaction do not represent the same chemical element.

In these examples, the products ([image: image] or [image: image]) usually are radioactive species. The quantity of radioactivity that is produced by neutron activation depends on a number of factors, including the intensity of the neutron flux and the neutron energies. This is discussed in detail in Section D. Production methods for biomedically important radionuclides produced by neutron activation are summarized in Table 5-1.


TABLE 5-1

NEUTRON-ACTIVATED RADIONUCLIDES OF IMPORTANCE IN BIOLOGY AND MEDICINE



	Radionuclide
	Decay Mode
	Production Reaction
	Natural Abundance of Target Isotope (%)*

	σc(b)†





	
14C
	β–

	
14N(n,p)14C
	99.6
	1.81



	
24Na
	(β–,γ)
	
23Na(n,γ)24Na
	100
	0.53



	
32P
	β–

	
31P(n,γ)32P
	100
	0.19



	
	
	
32S(n,p)32P
	95.0
	0.1



	
35S
	β–

	
35Cl(n,p)35S
	75.8
	0.4



	
42K
	(β–,γ)
	
41K(n,γ)42K
	6.7
	1.2



	
51Cr
	(EC,γ)
	
50Cr(n,γ)51Cr
	4.3
	17



	
59Fe
	(β–,γ)
	
58Fe(n,γ)59Fe
	0.3
	1.1



	
75Se
	(EC,γ)
	
74Se(n, γ)75Se
	0.9
	30



	
125I
	(EC,γ)
	[image: image]

	0.1
	110



	
131I
	(β–,γ)
	[image: image]

	33.8
	0.24






[image: image]


*Values from Browne E, Firestone RB: Table of Radioactive Isotopes. New York, 1986, John Wiley.1


†Thermal neutron capture cross-section, in barns (b) (see “Activation Cross-Sections”). Values from Wang Y: Handbook of Radioactive Nuclides, Cleveland, Chemical Rubber Company, 1969.2


EC, Electron capture.




Radionuclides produced by neutron activation have the following general characteristics:


1. Because neutrons are added to the nucleus, the products of neutron activation generally lie above the line of stability (see Fig. 2-9). Therefore they tend to decay by β– emission.

2. The most common production mode is by the (n,γ) reaction, and the products of this reaction are not carrier free because they are the same chemical element as the bombarded target material. It is possible to produce carrier-free products in a reactor by using the (n,p) reaction (e.g., 32P from 32S) or by activating a short-lived intermediate product, such as 131I from 131Te using the reaction

T130e(n,γ)T131e⟶β−I131

[image: image] (5-6)

3. Even in intense neutron fluxes, only a very small fraction of the target nuclei actually are activated, typically 1 : 106 to 109 (see Section D). Thus an (n,γ) product may have very low specific activity because of the overwhelming presence of a large amount of unactivated stable carrier (target material).



There are a few examples of the production of electron capture (EC) decay or β+-emitting radionuclides with a nuclear reactor, for example, 51Cr by (n,γ) activation of 50Cr. They may also be produced by using more complicated production techniques. An example is the production of 18F (β+, T1/2 = 110 min). The target material is lithium carbonate (Li2CO3). The first step is the reaction

L6i(n,γ)L7i


[image: image] (5-7)


Lithium-7 is very unstable and promptly disintegrates:

L37i→H24e+H13+energy


[image: image] (5-8)


Some of the energetic recoiling tritium nuclei ([image: image]) bombard stable 16O nuclei, causing the reaction

O816(H13,n)F918


[image: image] (5-9)


Useful quantities of 18F can be produced in this way. One problem is removal from the product (by chemical means) of the rather substantial quantity of radioactive tritium that is formed in the reaction. More satisfactory methods for producing 18F involve the use of charged particle accelerators, as discussed in Section B.








b Accelerator-Produced Radionuclides



1. Charged-Particle Accelerators

Charged-particle accelerators are used to accelerate electrically charged particles, such as protons, deuterons ([image: image] nuclei), and α particles ([image: image] nuclei), to very high energies. When directed onto a target material, these particles may cause nuclear reactions that result in the formation of radionuclides in a manner similar to neutron activation in a reactor. A major difference is that the particles must have very high energies, typically 10-20 MeV, to penetrate the repulsive coulomb forces surrounding the nucleus.

Two types of nuclear reactions are commonly used to produce radionuclides using a charged-particle accelerator. In a (p,n) reaction, the target nucleus captures a proton and promptly releases a neutron. This reaction is represented as

XZA (p,n)YZ+1A


[image: image] (5-10)


This reaction can be considered the inverse of the (n,p) reaction that uses neutrons as the bombarding particle and was discussed in Section A.3.

A second common reaction is the (d,n) reaction in which the accelerated particle is a deuteron (d). The target nucleus captures a deuteron from the beam and immediately releases a neutron. This reaction is represented as

XZA (d,n)YZ+1A+1


[image: image] (5-11)


and results in a change of both the element (atomic number) and the mass number. In some cases, more than one neutron may be promptly released from the target nucleus after the bombarding particle has been captured. For example, a (p,2n) reaction involves the release of two neutrons following proton capture and a (d,3n) reaction involves the release of three neutrons following deuteron capture. Some accelerators also use alpha-particles to bombard a target and produce radionuclides. Indium-111 can be produced in this way using the reaction 109Ag(α,2n)111In.

Van de Graaff accelerators, linear accelerators, cyclotrons, and variations of cyclotrons have been used to accelerate charged particles. The cyclotron is the most widely used form of particle accelerator for production of medically important radionuclides.3 Many larger institutions have their own compact biomedical cyclotrons for onsite production of the shorter-lived, positron-emitting radionuclides. The principles and design of cyclotrons dedicated to production of radionuclides for nuclear medicine are described briefly.





2. Cyclotron Principles

A cyclotron consists of a pair of hollow, semicircular metal electrodes (called dees because of their shape), positioned between the poles of a large electromagnet (Fig. 5-3). The dees are separated from one another by a narrow gap. Near the center of the dees is an ion source, S, (typically an electrical arc device in a gas) that is used to generate the charged particles. All these components are contained in a vacuum tank at ~10–3 Pa(~10–8 atm).

[image: image]
FIGURE 5-3 Schematic representation of a positive ion cyclotron: top (left) and side (right) views. The accelerating voltage is applied by a high-frequency oscillator to the two “dees.” S is a source of positive ions.





During operation, particles are generated in bursts by the ion source, and a high-frequency alternating current (AC) voltage generated by a high-frequency oscillator (typically 30 kV, 25-30 MHz) is applied across the dees. The particles are injected into the gap and immediately are accelerated toward one of the dees by the electrical field generated by the applied AC voltage. Inside the dee there is no electrical field, but because the particles are in a magnetic field, they follow a curved, circular path around to the opposite side of the dee. The AC voltage frequency is such that the particles arrive at the gap just as the voltage across the dees reaches its maximum value (30 kV) in the opposite direction. The particles are accelerated across the gap, gaining about 30 keV of energy in the process, and then continue on a circular path within the opposite dee.

Each time the particles cross the gap they gain energy, so the orbital radius continuously increases and the particles follow an outwardly spiraling path. The increasing speed of the particles exactly compensates for the increasing distance traveled per half orbit, and they continue to arrive back at the gap exactly in phase with the AC voltage. This condition applies so long as the charge-to-mass ratio of the accelerated particles remains constant. Because of their large relativistic mass increase, even at relatively low energies (~100 keV), it is not practical to accelerate electrons in a cyclotron. Protons can be accelerated to 20-30 MeV, and heavier particles can be accelerated to even higher energies (in proportion to their rest mass), before relativistic mass changes become limiting.*

Higher particle energies can be achieved in a variation of the cyclotron called the synchrocyclotron or synchrotron, in which the AC voltage frequency changes as the particles spiral outward and gain energy. These machines are used in high-energy nuclear physics research.

The energy of particles accelerated in a cyclotron is given by

E(MeV)≈4.8×10−3(H×R×Z)2/A


[image: image] (5-12)


in which H is the magnetic field strength in tesla, R is the radius of the particle orbit in centimeters, and Z and A are the atomic number (charge) and mass number of the accelerated particles, respectively. The energies that can be achieved are limited by the magnetic field strength and the dee size. In a typical biomedical cyclotron with magnetic field strength of 1.5 tesla and a dee diameter of 76 cm, protons (Z = 1, A = 1) and α particles (Z = 2, A = 4) can be accelerated to approximately 15 MeV and deuterons (Z = 1, A = 2) to approximately 8 MeV.

When the particles reach the maximum orbital radius allowed within the cyclotron dees, they may be directed onto a target placed directly in the orbiting beam path (internal beam irradiation). More commonly, the beam is extracted from the cyclotron and directed onto an external target (external-beam radiation). Typical beam currents at the target are in the range of 50-100 µA. For cyclotrons using positively charged particles (positive ion cyclotron), the beam is electrostatically deflected by a negatively charged plate and directed to the target (Fig. 5-3). Unfortunately electrostatic deflectors are relatively inefficient, as much as 30% of the beam current being lost during extraction. This “lost” beam activates the internal parts of the cyclotron, thus making servicing and maintenance of the cyclotron difficult.

In a negative-ion cyclotron, negatively charged ions (e.g. H–, a proton plus two electrons) are generated and then accelerated in the same manner as the positive ions in a positive-ion cyclotron (but in the opposite direction because of the different polarity). When the negatively charged ions reach the outermost orbit within the dee electrodes, they are passed through a thin (5-25 µm) carbon foil, which strips off the electrons and converts the charge on the particle from negative to positive. The interaction of the magnetic beam with this positive ion bends its direction of motion outward and onto the target (Fig. 5-4). The negative-ion cyclotron has a beam extraction efficiency close to 100% and can therefore be described as a “cold” machine that requires minimal levels of shielding. Furthermore, two beams can be extracted simultaneously by positioning a carbon-stripping foil part way into the path of the beam, such that only a portion of the beam is extracted to a target. The remainder of the beam is allowed to continue to orbit and then is extracted with a second stripping foil onto a different target (Fig. 5-4). This allows two different radionuclides to be prepared simultaneously. One disadvantage of negative-ion cyclotrons is the requirement for a much higher vacuum (typically 10–5 Pa compared with 10–3 Pa for positive ion machines) because of the unstable nature of the H– ion, the most commonly used particle in negative ion cyclotrons.

[image: image]
FIGURE 5-4 Left, Schematic representation of a negative-ion cyclotron. The carbon stripping foils remove two electrons from negative hydrogen (H–) ions, converting them into protons (p+) that bend in the opposite direction in the applied magnetic field. Right, The first stripping foil intersects only part of the beam, allowing two beams to be extracted simultaneously.









3. Cyclotron-Produced Radionuclides

Cyclotrons are used to produce a variety of radionuclides for nuclear medicine, some of which are listed in Table 5-2. General characteristics of cyclotron-produced radionuclides include the following:


1. Positive charge is added to the nucleus in most activation processes. Therefore, the products lie below the line of stability (see Fig. 2-9) and tend to decay by EC or β+ emission.

2. Addition of positive charge to the nucleus changes its atomic number. Therefore cyclotron-activation products usually are carrier free.

3. Cyclotrons generally produce smaller quantities of radioactivity than are obtained from nuclear reactors. In part this results from generally smaller activation cross-sections for charged particles as compared with neutron irradiation (see Section D) and in part from lower beam intensities obtained in cyclotrons as compared with nuclear reactors.




TABLE 5-2

SOME CYCLOTRON-PRODUCED RADIONUCLIDES USED IN NUCLEAR MEDICINE



	Product
	Decay Mode
	Common Production Reaction
	Natural Abundance of Target Isotope* (%)
	Energy Threshold (MeV)†





	
11C
	β+, EC
	
14N(p,α)11C
	99.6
	3.1



	
10B(d,n)11C
	19.9
	0



	
13N
	β+

	
16O(p,α)13N
	99.8
	5.5



	
12C(d,n)13N
	98.9
	0.35



	
15O
	β+

	
14N(d,n)15O
	99.6
	0



	
15N(p,n)15O
	0.37
	—



	
18F
	β+, EC
	
18O(p,n)18F
	0.20
	2.57



	
20Ne(d,α)18F
	90.5
	0



	
67Ga
	(EC,γ)
	
68Zn(p,2n)67Ga
	18.8
	5.96



	
111In
	(EC,γ)
	
109Ag(α,2n)111In
	48.2
	—



	
111Cd(p,n)111In
	12.8
	—



	
123I
	(EC,γ)
	
122Te(d,n)123I
	2.6
	—



	
124Te(p,3n)123I
	4.8
	—



	
201Tl
	(EC,γ)
	
201Hg(d,2n)201Tl
	13.2
	—






[image: image]


*Values from Browne E, Firestone RB: Table of Radioactive Isotopes. New York, 1986, John Wiley.1


†Values from Helus F, Colombetti LG: Radionuclides Production, Vols I, II. Boca Raton, 1983, CRC Press.4


EC, electron capture.




Cyclotron products are attractive for nuclear medicine imaging studies because of the high photon/particle emission ratios that are obtained in β+ and EC decay. Of special interest are the short-lived positron emitters 11C (T1/2 = 20.4 min), 13N (T1/2 = 9.97 min), and 15O (T1/2 = 2.03 min). These radionuclides represent elements that are important constituents of all biologic substances, and they can be used to label a wide variety of biologically relevant tracers. Because of their very short lifetimes, these positron-emitting radionuclides must be prepared on site with a dedicated biomedical cyclotron. The high cost of owning and operating such machines has impeded their widespread use. Nevertheless, because of the importance of several positron emitter–labeled radiopharmaceuticals, there are now many hundreds of cyclotrons worldwide producing short-lived positron-emitting isotopes for nuclear medicine imaging studies. A typical biomedical cyclotron is shown in Figure 5-5.

[image: image]
FIGURE 5-5 Photograph of a negative-ion biomedical cyclotron. Left, Cyclotron within concrete shield. Right, The cyclotron itself. (Courtesy Siemens Molecular Imaging Inc., Knoxville, TN.)





Fluorine-18 (T1/2 = 110 min) is another important positron-emitting radionuclide. One of its main applications is in the labeling of a glucose analog, 18F-fluorodeoxyglucose (FDG), which provides a measure of the metabolic rate for glucose in the cells of the body. The longer half-life of the 18F label allows FDG to be produced in regional distribution centers and shipped to hospitals tens or even hundreds of miles away. FDG is the most widely used positron-emitting radiopharmaceutical with a wide range of clinical applications in the heart, and brain and especially in cancer imaging. (See Chapter 18, Section F.)








c Radionuclide Generators

A radionuclide generator consists of a parent-daughter radionuclide pair contained in an apparatus that permits separation and extraction of the daughter from the parent. The daughter product activity is replenished continuously by decay of the parent and may be extracted repeatedly.

Table 5-3 lists some radionuclide generators of interest to nuclear medicine. They are an important source of metastable radionuclides. The most important generator is the 99Mo-99mTc system, because of the widespread use of 99mTc for radionuclide imaging. Technetium-99m emits γ rays (140 keV) that are very favorable for use with a gamma camera (Chapter 13). It has a reasonable half-life (6 hours), delivers a relatively low radiation dose per emitted γ ray (Chapter 22), and can be used to label a wide variety of imaging agents. More than 1850 TBq (50,000 Ci) of 99Mo per week are required to meet the worldwide requirements for nuclear medicine procedures.


TABLE 5-3

SOME RADIONUCLIDE GENERATORS USED IN NUCLEAR MEDICINE



	Daughter*

	Decay Mode
	
T1/2

	Parent
	
T1/2





	
62Cu
	β+,EC
	9.7 min
	
62Zn
	9.3 hr



	
68Ga
	β+,EC
	68 min
	
68Ge
	271 d



	
82Rb
	β+,EC
	1.3 min
	
82Sr
	25 d



	
87mSr
	IT
	2.8 hr
	
87Y
	80 hr



	
99mTc
	IT
	6 hr
	
99Mo
	66 hr



	
113mIn
	IT
	100 min
	
113Sn
	120 d






[image: image]


*Generator product.


EC, electron capture; IT, isomeric transition.




A 99Mo-99mTc generator is shown in Figure 5-6. The parent 99Mo activity in the form of molybdate ion, [image: image] is bound to an alumina (Al2O3) column. The daughter 99mTc activity, produced in the form of [image: image] (pertechnetate), is not as strongly bound to alumina and is eluted from the column with 5 to 25 mL of normal saline. Technetium-99m activity builds up again after an elution and maximum activity is available about 24 hours later (Equation 4-28); however, usable quantities are available 3 to 6 hours later. Commercially prepared generators are sterilized, well shielded, and largely automated in operation. Typically they are used for approximately 1 week and then discarded because of natural decay of the 99Mo parent.

[image: image]
FIGURE 5-6 Cut-away view of a 99Mo-99mTc generator. (Adapted from A Guide to Radiopharmaceutical Quality Control. Billerica, MA, 1985, Du Pont Company.)





Decay of the 99Mo-99mTc parent-daughter pair is an example of transient equilibrium (see Chapter 4, Section G.3). Equation 4-25 and Figure 4-8 describe the buildup and decay of activity for such a pair. Under idealized conditions, and a branching ratio of 0.876, the ratio of 99mTc / 99Mo activity in a generator in a state of transient equilibrium (see Equation 4-27) would be approximately 0.96, and the time to maximum activity following an elution (Equation 4-28) would be approximately 23 hours.

However, these equations do not accurately predict the amount of 99mTc actually obtained in individual elutions, because most generators do not yield 100% of the available activity. Typical generator elution efficiencies are 80% to 90%, depending on the size and type of generator, volume of eluant, and so on. Furthermore, the efficiency can vary from one elution to the next. In practice, efficiency variations of ±10% or more can occur in successive elutions of the same generator.5 These may be caused by chemical changes in the column, including some that are caused by the intense radiation levels. Failure to keep a “dry” column in a dry state also can substantially degrade elution efficiency. These issues, as well as other complexities of 99Mo-99mTc generators, are discussed in detail in references 5 and 6.

If 90% of the 99mTc activity in a generator is removed during an elution, the activity obtained would be 10% less than predicted from Equation 4-25 and Figure 4-8. Furthermore, the 10% residual 99mTc activity left in the generator becomes “Ad(0)” in Equation 4-25 for the next elution interval. This activity provides a “jump start” for regrowth of 99mTc in the generator, thereby shortening the time to maximum activity after an elution from that predicted by Equation 4-28.

Figure 5-7A, shows the available 99mTc activity, relative to parent 99Mo activity, for a generator that is eluted with 90% efficiency at 24-hour intervals, starting at t = 0 hours. Under these conditions, the activity obtained is approximately 77% of the parent 99Mo activity in the generator at the time of elution, and the time to maximum activity after an elution is shortened to approximately 21 hours.

[image: image]
FIGURE 5-7 Orange lines: 99Mo activity in a generator, normalized to 1.0 at t = 0. Blue lines: 99mTc activity available for elution, assuming 90% elution efficiency. A, Generator eluted at regular 24-hour intervals. B, Generator eluted at irregular intervals. 99mTc activities also are expressed relative to the 99Mo activity in the generator, and assume consistent 90% elution efficiency from one elution to the next.





If a generator is eluted at irregular intervals, the situation becomes more complicated, because the residual 99mTc activity left in the generator varies from one elution to the next. In this situation, the 99mTc activity in generator can be predicted using Equation 4-25, using the ideal versus actual yield to estimate the amount of residual 99mTc for Ad(0) for the next elution interval. Figure 5-7B, shows the results of such a calculation for elutions at 0, 24, 30, 48, and 96 hours, each done with 90% elution efficiency.

In a practical environment, it is useful to keep records comparing generator yields to those predicted from the idealized equations. This can be helpful for identifying “low-yield” generators, as well as possible problems that may develop in an individual generator. A simplified equation that can be used to predict yields for elutions performed at regular 24-hour or other similarly “long” intervals is 

Y2=Y1×(e−λpΔt2 −e−λdΔt2)[1−e−(λd−λp)Δt1]


[image: image] (5-13)


Here, Y2 is the predicted yield of an elution (in units of activity), Y1 is the actual yield of the immediately preceding elution, λ t2 is the time since that elution, λ t1 is the elution interval between that elution and the one immediately preceding it (i.e., prior to the elution yielding Y1), and λp and λd are the decay constants of 99Mo (~0.0105 hr-1) and 99mTc (~0.115 hr-1), respectively. This equation assumes that the elution efficiency is constant from one elution to the next and that there is insignificant carryover of residual 99mTc activity in the column at the time of the next elution. The latter condition is reasonably satisfied for 24-hr or similarly long elution intervals that allow for virtually complete decay of any 99mTc left over from previous elutions.

Molybdenum-99 activity is obtained by separation from fission fragments produced in a target containing uranium or by (n,γ) activation of stable molybdenum (23.8% 98Mo). The former, sometimes called fission moly, has significantly higher specific activity and is the production method of choice for large quantities. The reaction by which it is produced sometimes is called an (n,f) reaction, indicating neutron irradiation causing fission. The production of 99Mo is described in detail in reference 7.

Fission moly is produced by inserting a target (typically shaped as a pin, cylinder, or plate) containing natural uranium, enriched with 235U, via an access port into the reactor core. The target is encapsulated in aluminum or stainless steel. Fission neutrons from the reactor core induce fission reactions in the target, as shown in Equation 5-1. Molybdenum-99 is one of the more abundant fission products (6.1% of fission products), but a wide variety of others are produced as well (see Fig. 5-2B).

After a suitable period of irradiation (typically 5-7 days), the uranium target is removed, allowed to cool, and dissolved either using an acid or alkaline dissolution process. The 99Mo is then extracted by chemical means. Special care is required to assure that the many other radioactive fission products do not contaminate the desired 99Mo product. As well, a large fraction of the original 235U remains in the solution and must be stored as long-term radioactive waste.

The amount of stable molybdenum produced by the (n,f) reaction is small, as compared with its concentration in a target used for neutron activation of 98Mo. Therefore the specific activity of 99Mo in “fission moly” is much higher, and can be loaded into generators containing much smaller quantities of the alumina column.

The volume of alumina required in a 99Mo-99mTc generator is determined essentially by the amount of stable 99Mo carrier that is present. Therefore “fission moly” generators require much smaller volumes of alumina per unit of 99Mo activity. They can be eluted with very small volumes of normal saline (∼5 mL), which is useful in some dynamic imaging studies requiring bolus injections of very small volumes of high activity (740 MBq, 20 mCi) of 99mTc.

One problem with 99mTc generators is 99Mo “breakthrough,” that is, partial elution of the 99Mo parent along with 99mTc from the generator. From the standpoint of patient radiation safety, the amount of 99Mo should be kept to a minimum. Maximum amounts, according to Nuclear Regulatory Commission regulations, are 0.15 Bq 99Mo per kBq 99mTc (0.15 µCi 99Mo per mCi 99mTc). It is possible to assay 99Mo activity in the presence of much larger 99mTc activity using NaI(Tl) counting systems by surrounding the sample with approximately 3 mm of lead, which is an efficient absorber of the 140 keV γ rays of 99mTc but relatively transparent to the 740-780-keV γ rays of 99Mo. Thus small quantities of 99Mo can be detected in the presence of much larger amounts of 99mTc. Some dose calibrators are provided with a lead-lined container called a “moly shield” specifically for this purpose. Other radioactive contaminants also are occasionally found in 99Mo-99mTc generator eluate.

A second major concern is breakthrough of aluminum ion, which interferes with labeling processes and also can cause clumping of red blood cells and possible microemboli. Maximum permissible levels are 10 µg aluminum per mL of 99mTc solution. Chemical test kits are available from generator manufacturers to test for the presence of aluminum ion.





d Equations For Radionuclide Production



1. Activation Cross-Sections

The amount of activity produced when a sample is irradiated in a particle beam depends on the intensity of the particle beam, the number of target nuclei in the sample, and the probability that a bombarding particle will interact with a target nucleus. The probability of interaction is determined by the activation cross-section. The activation cross-section is the effective “target area” presented by a target nucleus to a bombarding particle. It has dimensions of area and is symbolized by σ. The Systeme International units for σ are m2. The traditional and more commonly used unit is the barn (1 b = 10–28 m2) or millibarn (1 mb = 10–3 b = 10–31 m2).

Activation cross-sections for a particular nucleus depend on the type of bombarding particle, the particular reaction involved, and the energy of the bombarding particles. Figure 5-8 shows the activation cross-section for the production of 18F from the 18O(p,n)18F reaction. Note that the cross-section is a strong function of the energy of the bombarding proton beam, and that for the reaction shown there is a threshold energy of 2.57 MeV below which production of 18F is not possible. The threshold energies for several other cyclotron-produced radionuclides are given in Table 5-2.

[image: image]
FIGURE 5-8 Activation cross-section versus particle energy for the reaction 18O(p,n)18F. The energy threshold for this reaction is ~2.5 MeV. [From Ruth TJ, Wolf AP: Absolute cross sections for the production of 18F via the 18O(p,n)18F reaction. Radiochim Acta 26:21-24, 1979.]





Because of their importance in radionuclide production by nuclear reactors, activation cross-sections for thermal neutrons have been measured in some detail. These are called neutron-capture cross-sections, symbolized by σc. Some values of σc of interest for radionuclide production in nuclear medicine are listed in Table 5-1.





2. Activation Rates

Suppose a sample containing n target nuclei per cm3, each having an activation cross-section σ, is irradiated in a beam having a flux density ϕ (particles/cm2 sec) (Fig. 5-9). It is assumed that the sample thickness Δx (cm) is sufficiently thin that ϕ does not change much as the beam passes through it. The total number of targets, per cm2 of beam area, is nΔx. They present a total area nϕλx per cm2 of beam area. The reduction of beam flux in passing through the target thickness λx is therefore

Δϕ/ϕ=nσΔ x


[image: image] (5-14)


[image: image]
FIGURE 5-9 Activation targets in a particle beam.





The number of particles removed from the beam (i.e., the number of nuclei activated) per cm2 of beam area per second is

Δϕ=nσϕΔ x


[image: image] (5-15)


Each atom of target material has mass AW/(6.023 × 1023) g, in which AW is its atomic weight and 6.023 × 1023 is Avogadro's number. The total mass m of target material per cm2 in the beam is therefore

m≈n×Δ x×AW/(6.023×1023)


[image: image] (5-16)


and the activation rate R per unit mass of target material is thus

R≈Δϕ/m


[image: image] (5-17)


R≈(6.023×1022)×σ×ϕAW(activations/g˙sec)


[image: image] (5-18)


Equation 5-18 can be used to calculate the rate at which target nuclei are activated in a particle beam per gram of target material in the beam.




Example 5-1

What is the activation rate per gram of sodium for the reaction 23Na(n,γ)24Na in a reactor thermal neutron flux density of 1013 neutrons/cm2 · sec?




Answer

From Table 5-1, the thermal neutron capture cross-section for 23Na is σc = 0.53 b. The atomic weight of sodium is approximately 23. Therefore (Equation 5-18)

R≈(6.023×1023)×(0.53×10−24)×1013/23≈1.38×1011activations/g˙sec

[image: image]

Equation 5-18 and Example 5-1 describe situations in which the isotope represented by the target nucleus is 100% abundant in the irradiated sample (e.g., naturally occurring sodium is 100% 23Na). When the target is not 100% abundant, then the activation rate per gram of irradiated element is decreased by the percentage abundance of the isotope of interest in the irradiated material.




Example 5-2

Potassium 42 is produced by the reaction 41K(n,γ)42K. Naturally occurring potassium contains 6.8% 41K and 93.2% 39K. What is the activation rate of 42K per gram of K in a reactor with thermal neutron flux density 1013 neutrons/cm2 · sec?




Answer

From Table 5-1, the neutron capture cross-section of 41K is 1.2 b. The atomic weight of 41K is approximately 41. Thus (Equation 5-18)

R≈(6.023×1023)×(1.2×10−24)×1013/41≈1.76×1011activations/g(41K)˙sec

[image: image]

The activation rate per gram of potassium is 6.8% of this, that is,

R≈0.068×(1.76×1011)≈1.20×1010activations/g(K)˙sec

[image: image]

Activation rates are less than predicted by Equation 5-18 when the target thickness is such that there is significant attenuation of particle beam intensity as it passes through the target (i.e., some parts of the target are irradiated by a weaker flux density). Also, when “thick” targets are irradiated by charged-particle beams, the particles lose energy and activation cross-sections change as the beam penetrates the target. The equations for these conditions are beyond the scope of this book and are discussed in reference 8.





3. Buildup and Decay of Activity

When a sample is irradiated in a particle beam, the buildup and decay of product radioactivity is exactly analogous to a special case of parent-daughter radioactive decay discussed in Chapter 4, Section G.2. The irradiating beam acts as an inexhaustible, long-lived “parent,” generating “daughter” nuclei at a constant rate. Thus, as shown in Figure 4-7, the product activity starts from zero and increases with irradiation time, gradually approaching a saturation level at which its disintegration rate equals its production rate. The saturation level can be determined from Equation 5-18. The saturation disintegration rate per gram is just equal to R, the activation rate per gram, so the saturation specific activity As is

As(Bq/g)=R


[image: image] (5-19)


which, when combined with Equation 5-18, yields

As(Bq/g)≈0.6023×σ×ϕ/AW


[image: image] (5-20)


where σ is the activation cross-section in barns, ϕ is the flux in units of particles per cm2 · sec, and AW is the atomic weight of the target material. The final equation for specific activity, A, versus irradiation time is

A(t)(Bq/g)=As(1−e−λt)


[image: image] (5-21)


where λ is the decay constant of the product (compare with Equation 4-26). The specific activity of the target reaches 50% of the saturation level after irradiating for one daughter product half-life, 75% after two half-lives, and so on (see Fig. 4-7). No matter how long the irradiation, the sample-specific activity cannot exceed the saturation level. Therefore it is unproductive to irradiate a target for longer than approximately three or four times the product half-life.




Example 5-3

What is the saturation specific activity for the 42K production problem described in Example 5-2? Compare this with the carrier-free specific activity (CFSA) of 42K (the half-life of 42K is 12.4 hours).




Answer

Applying Equation 5-20 with σ = 1.2 b, ϕ = 1013, and AW ≈ 41,

As=0.6023×1.2×1013/41=1.76×1011(BqK42/gK41)

[image: image]

If natural potassium is used, only 6.8% is 41K. Therefore the saturation specific activity is

As=(1.76×1011)×0.068=1.20×1010BqK42/g K

[image: image]

The CFSA of 42K (T1/2 ~ 0.5 days) is (Equation 4-21)

CFSA≈(4.8×1018)/(41×0.5)≈(2.3×1017)BqK42/gK42

[image: image]

Example 5-3 illustrates the relatively low specific activity that typically is obtained by (n,γ) activation procedures in a nuclear reactor.

A parameter that is related directly to the saturation activity in an activation problem is the production rate, A′. This is the rate at which radioactivity is produced during an irradiation, disregarding the simultaneous decay of radioactivity that occurs during the irradiation. It is the slope of the production curve at time t = 0 (before any of the generated activity has had opportunity to decay). The production rate can be shown by methods of differential calculus to be equal to

A′(Bq/g˙hr)=ln⁡2×As(Bq/g)/T1/2(hr)


[image: image] (5-22)


where T1/2 is the half-life of the product.

Reactor production capabilities may be defined in terms of either saturation levels or production rates. If the irradiation time t is “short” in comparison with the product half-life, one can approximate the activity produced from the production rate according to

A(Bq/g)≈A′×t


[image: image] (5-23)


≈ln⁡2×As×t/T1/2


[image: image] (5-24)


where t and T1/2 must be in the same units.





Example 5-4

What is the production rate of 42K for the problem described in Example 5-2, and what specific activity would be available after an irradiation period of 3 hours? (The half-life of 42K is 12.4 hours.)




Answer

From Example 5-3, As = 1.20 × 1010 Bq 42K/g K. Therefore (Equation 5-22)

A′=0.693×(1.20×1010)/12.4≈6.7×108BqK42/g K˙hr

[image: image]

After 3 hours, which is “short” in comparison with the half-life of 42K, the specific activity of the target is (Equation 5-23)

A(Bq/g)≈(6.7×108)×3≈2.0×109BqK42/g K

[image: image]
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