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Preface

Radiopharmaceuticals in Nuclear Pharmacy and Nuclear Medicine, Second Edition, follows the
same basic format as its predecessor, Radiopharmaceuticals in Nuclear Medicine Practice.
Chapters from that first edition have been rewritten and updated, and new chapters are
included. The first 12 chapters deal with the physical and chemical properties of radio-
pharmaceuticals and their safe handling and control, while the remaining 11 chapters deal
with the biologic properties of radiopharmaceuticals and their clinical application in
nuclear medicine.

The book begins with an overview of radiopharmaceuticals used in nuclear medicine
and pharmacy, followed by discussions of radioactive decay, radiation detection and
measurement, radiation protection and risk, radiation safety, radiation biology, licensing
and regulatory controls, radionuclide production, radiopharmaceutical chemistry,
positron emission tomography (PET) radiopharmaceuticals, the nuclear pharmacy, and
quality control. The chapters on radiation biology and PET radiopharmaceuticals are new
to this edition. Together, these first 12 chapters present the essential information needed
for a pharmacist to become an authorized nuclear pharmacist.

Chapter 1 contains an overview of the general properties of radiopharmaceuticals and
their distribution patterns after administration and an introduction to the types of proce-
dures performed in nuclear medicine. New to this edition is a history of the development
of nuclear pharmacy as a specialty practice, covering key events in the evolution of nuclear
pharmacy practice, the development of programs for training nuclear pharmacists, and
the certification process for recognition of nuclear pharmacy as the first pharmacy specialty
by the Board of Pharmaceutical Specialties.

The next few chapters expand upon the physical aspects of radiopharmaceuticals,
covered in Chapter 2 in the previous edition. Chapter 2 of this edition reviews atomic
physics, radioactive decay, and radioactivity. Covered in Chapter 3 are the interactions of
radiation with matter and instrumentation for radiation detection, plus a new section on
counting statistics. Chapter 4 addresses radiation measurement and protection, radiation
dosimetry, and the new topic of radiation risk assessment.

Chapter 5 is a new chapter that expands the topic of radiation safety. It includes a
discussion of radiation protection organizations; radiation safety programs; radiation
safety terms and units; sources of radiation exposure in nuclear pharmacy and nuclear
medicine; personnel and area monitoring; radiation worker notices, reports, and instruc-
tions; and the receipt, shipment, and disposal of radioactive material.

Chapter 6 is a new chapter on the biologic effects of ionizing radiation. It begins with
a discussion of the effects of radiation on cellular biologic systems and includes genetic
effects, effects on cell cycles, radiosensitivity, and the effects of dose fractionation. Also
covered are the biologic effects of whole-body irradiation, the carcinogenic and hereditary
effects of radiation exposure, radiation effects on the embryo and fetus, and radiation-
induced cataractogenesis.

An expanded discussion of licensing and regulatory control of radioactive material is
presented in Chapter 7, authored by Neil A. Petry, MS, BCNP, of the Duke University
Medical Center in Durham, North Carolina. It begins with a review of nuclear pharmacy
practice guidelines, then delves into drug regulation by the Food and Drug Administration
and regulation of radioactive material by the Nuclear Regulatory Commission (NRC).
Specific regulations on radiopharmaceuticals, including PET drugs, and investigational

vii
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new drug (IND), new drug application (NDA), and abbreviated new drug application
(ANDA) processes are described. The chapter concludes with a comprehensive review of
NRC regulations for the medical use of radiopharmaceuticals, specifically of the newly
revised Part 35 regulations in Title 10 of the Code of Federal Regulations.

Chapter 8 deals with the production of radionuclides for medical use. It covers nuclear
reactions; radionuclides produced in nuclear reactors, cyclotrons, and linear accelerators;
and generator-produced radionuclides. Generator physics, with emphasis on the #™Tc
generator, is also discussed.

Chapter 9 is a greatly expanded discussion of radiopharmaceutical chemistry, present-
ing many recent developments. This chapter includes ideal properties of radiopharma-
ceuticals, radiopharmaceutical development and classification, and a basic chemistry
review covering bonding concepts, stereochemistry concepts, and radiometal solution
chemistry. A discussion of technetium chemistry follows, including the development of
first- and second-generation technetium compounds and the preparation and properties
of specific technetium radiopharmaceuticals from kits. A discussion of radioiodine radio-
pharmaceuticals includes the solufion chemistry of radioiodine, radioiodination methods,
and the preparation and properties of radiopharmaceuticals labeled with iodine isotopes.
The remainder of Chapter 9 discusses the chemistry of other radionuclides used in nuclear
medicine (gallium, indium, thallium, xenon, chromium, cobalt, phosphorus, strontium,
yttrium, and samarium) and the preparation and properties of their radiopharmaceuticals.

Chapter 10 is a new chapter on PET radiopharmaceuticals, authored by Stephen M.
Moerlein, PhD, BCNF, of the Mallinckrodt Institute of Radiology in St. Louis, Missouri.
It covers the basic concepts of PET, including scanner design and data acquisition,
PET/computed tomography (CT) scanners, and imaging applications including blood
flow, metabolism, and neuroreceptor studies. Reimbursable PET procedures for oncology,
neurology, and cardiology are discussed, as are production of PET nuclides from genera-
tors and cyclotrons. A thorough discussion of PET radiopharmaceutical chemistry includes
the preparation and properties of radiolabeling precursors, PET radiopharmaceutical syn-
thesis, and systems for preparing PET drugs for clinical use. Also included in the chapter
are a discussion of reformulation procedures used in PET radiopharmaceutical preparation
and a brief discussion of quality assurance and regulatory issues related to PET radio-
pharmaceuticals.

Chapter 11, on the nuclear pharmacy, was authored by Kristina M. Wittstrom, BS,
BCNP, of the University of New Mexico in Albuquerque and begins with a brief history
of the development of nuclear pharmacy. It then covers facilities and equipment necessary
to operate a nuclear pharmacy, radiation detection instrumentation, ancillary equipment
and supplies, and personnel. Nuclear pharmacist responsibilities are discussed; these
include radiopharmaceutical procurement, compounding, quality assurance, dispensing,
distribution, health and safety issues in practice, professional consultation, and the mon-
itoring of patient outcomes. The chapter concludes with a discussion of record-keeping
issues.

Chapter 12 is an in-depth discussion of radiopharmaceutical quality control, authored
by Joseph C. Hung, MS, PhD, BCNP, of the Mayo Clinic in Rochester, Minnesota. An
overview of quality control is followed by discussion of specific areas, including radio-
nuclide, radiochemical, pharmaceutical, and biologic considerations. The chapter compre-
hensively covers the instrumentation and methods used to assess radiopharmaceutical
identity, quantity, and purity. A discussion of instrumentation quality control includes
dose calibrators and survey instruments. The chapter ends with a discussion of quality
control issues specific to PET drug products.

The remaining 11 chapters cover the diagnostic and therapeutic use of radiopharma-
ceuticals. Chapters on specific body systems (brain; thyroid; heart; lung; liver, spleen, and




gastrointestinal tract; kidney; and bone) are followed by a chapter on total body proce-
dures. Two new chapters cover monoclonal antibodies and therapeutic radiopharmaceu-
ticals. This edition retains the chapter on in vivo function studies from the previous edition,
but the chapter on in vitro studies has been removed because these studies are no longer
a significant part of nuclear medicine practice.

Chapters 13 through 20, on the major organ systems, follow the same format. Each
discusses physiologic processes important to the localization of imaging agents and
describes the development of radiopharmaceuticals used to study the particular organ
system. The focus is on current agents of choice, their biologic properties, and their
mechanisms of localization. The chapters conclude with a discussion of nuclear medicine
procedures, including the rationale, pharmaceutical choices, and interpretation of results.
Images are included to illustrate normal and abnormal studies.

Chapter 21, on monoclonal antibodies for diagnostic use, begins with a review of the
immune system and proceeds with a discussion of antibody structure, classification,
development, modification, antibody-antigen interactions, and nomenclature. General
antibody labeling methods are discussed, as are specific diagnostic antibodies and their
preparation, properties, and use.

Chapter 22 covers in vivo function studies. These nonimaging studies include blood
volume measurement and tests for vitamin B,, deficiency. The underlying principles
involved in each study and the radiopharmaceuticals used are discussed.

Chapter 23 is a new chapter on therapeutic radiopharmaceuticals, including mono-
clonal antibodies. It begins with a discussion of radioimmunotherapy principles and
radionuclide and antibody requirements for treating tumors. This is followed by a discus-
sion of methods used in radioimmunotherapy and a description of the preparation, prop-
erties, and use of therapeutic monoclonal antibodies. The chapter concludes with a dis-
cussion of non-antibody therapeutic radiopharmaceuticals: radiotherapy of bone pain and
P therapy for polycythemia, effusions, and radiation synovectomy. The chapter concludes
with a brief discussion of brachytherapy for brain tumors using the %I product Iotrex.

Some 150 tables and 440 figures are included to enrich and illustrate the text. Each
chapter is referenced to the primary literature so that readers can find more detailed
information on a topic. The comprehensive nature of this book makes it suitable for use
as a reference by nuclear pharmacy practitioners, nuclear medicine technologists, and
nuclear medicine physicians. The book should also be useful in programs for educating
these practitioners.

Although the title of this edition emphasizes nuclear pharmacy, emphasis on radio-
pharmaceutical use in nuclear medicine has not decreased; the book has expanded in both
areas. The work of four co-authors who are both practitioners and educators not only
helped us complete the book but enriched its content. We are grateful for their willingness
to add this work to their busy professional lives.

Richard J. Kowalsky
Steven W. Falen

2004
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’I Radiopharmaceuticals,
Nuclear Medicine, and
Nuclear Pharmacy:

An Overview

Identifying the beginning of nuclear medicine and defining the field depend upon one’s
perspective on the application of radiation to human disease. If the focus is on the use of
natural radioactive material, then nuclear medicine implicitly started in 1901 when the
French physician Henri Danlos used radium (a natural element) to treat a tuberculous
skin lesion.! If the focus is on artificial radioisotopes, then nuclear medicine started after
1934, when the French radiochemists Frederic Joliot and his wife, Irene Curie Joliot,
produced the first artificial radioisotope, phosphorus 30 (*'P). In the latter case, nuclear
medicine began either with George Hevesy’s successful use of radiophosphorus in healthy
animals in 1935 or with Joseph Hamilton's attempts to treat leukemic patients with sodium
24 (*Na) in 1936. The cyclotron was introduced around that time, and the resulting
investigative ferment produced numerous radionuclides that were applied to diagnosis
and therapy. Nuclear medicine as officially defined in 1967 was “the specialty of the
practice of medicine dealing with the diagnostic, therapeutic (exclusive of sealed radiation
sources) and investigative use of radionuclides.” Since that time, however, the field has
changed extensively.

The application of magnetic resonance imaging (MRI) methods to allow diagnosis
without the use of radioactive material inspired a new definition of nuclear medicine that
reflected the use of nuclear properties from stable nuclides. In February 1983 the Society
of Nuclear Medicine board of trustees adopted the following definition: “the medical
specialty which utilizes the nuclear properties of radioactive and stable nuclides for
diagnostic evaluation of the anatomic and/or physiologic conditions of the body and
provides therapy with unsealed radioactive sources.” With the exception of MRI, the
practice of nuclear medicine is accomplished primarily through the application of radio-
pharmaceutical agents in diagnosis and therapy, which is the focus of this book on radio-
pharmaceuticals in nuclear pharmacy and nuclear medicine practice.

THE RADIOPHARMACEUTICAL

A radiopharmaceutical can be defined as a chemical substance that contains radioactive
atoms within its structure and is suitable for administration to humans for diagnosis or
treatment of disease. In short, it is a radioactive drug. Radiopharmaceuticals are formu-
lated in various chemical and physical forms to target radioactivity to particular parts of
the body. Gamma radiation emitted from diagnostic radiopharmaceuticals readily escapes
from the body, permitting external detection and measurement. The pattern of distribution
of radiation in an organ system over time permits the nuclear medicine physician to make
a diagnostic evaluation of system morphology and function. A therapeutic radiopharma-
ceutical emits particulate radiation (beta particles) that deposits energy within the organ
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being treated for disease. Some radionuclides, such as *F, emit only beta radiation, while
other radionuclides, such as ¥!I, emit beta and gamma radiation simultaneously and
therefore possess both therapeutic and diagnostic usefulness.

NUCLEAR MEDICINE PROCEDURES

Examining the types of procedures routinely performed in nuclear medicine is helpful in
understanding how radiopharmaceuticals are used. These procedures can be divided into
three categories: (1) imaging procedures, (2) in vivo function studies, and (3) therapeutic
procedures. The first two categories are diagnostic in nature and account for most of the
studies performed in nuclear medicine.

Imaging Procedures

Imaging procedures provide diagnostic information based on the distribution pattern of
radioactivity in the body. The procedures are either dynamic or static. Dynamic studies
provide functional information through measurement of the rate of accumulation and
removal of the radiopharmaceutical by the organ. Static studies provide morphologic
information regarding organ size, shape, and position or the presence of space-occupying
lesions, and in some cases relative function.

Detection and measurement of organ radioactivity is usually done with a gamma
camera, an electronic device with a radiation detector large enough to visualize, in most
cases, the entire organ of interest (Figure 1-1). Before the days of gamma cameras, images
were made with rectilinear scanners. The rectilinear scanner detector was 3 to 5 inches in
diameter and required multiple passes or scans over the area of interest in a rectangular
and linear fashion to obtain an image of the entire organ. Because of this technique,
imaging procedures are still referred to as “scans.”

Dynamic imaging studies require that the camera detector be positioned over the organ
of interest before injection of the radiopharmaceutical, so that the camera is able to capture
the radioactivity as it enters and leaves the organ. Information collected can be stored in
a computer for further analysis or permanently recorded on photographic film. An exam-
ple of a dynamic study is the renogram, which is performed to assess kidney function. A
kidney-localizing radiopharmaceutical, such as *“™Te-mertiatide, is injected intravenously,
and the time course of its transport and excretion by the renal tubular cells is measured.
With normal kidney function, the time to peak renal concentration is 3 to 5 minutes after
injection and the renal clearance half-life is 12 to 15 minutes. Deviation from these times
reflects the presence of varying degrees of kidney disease.

Static imaging studies are performed after a radiopharmaceutical is allowed to accumu-
late in the organ of interest. Images or “pictures” of the organ are acquired as the camera
detector is rotated about the body to obtain multiple-angle views of the organ of interest.
Image acquisition requires several minutes to produce a satisfactory image. Making
gamma camera images is somewhat analogous to taking a conventional photograph under
low-light conditions, where a prolonged shutter speed is required to collect enough light
for a clear picture. In both cases, motion artifacts are a concern.

The pattern of radiopharmaceutical distribution in an organ varies with and depends
on the particular organ studied and the presence or absence of disease. In some studies,
the normal organ readily concentrates the radiopharmaceutical and appears uniformly
radioactive or “hot.” In these organs, diseased tissue excludes the radiopharmaceutical,
and lesions appear as “cold” spots within a “hot” organ. An example is a liver colloid
scan obtained after injection of radioactive colloidal particles that localize in the phagocytic




[ ]
Radiopharmaceuticals, Nuclear Medicine, and Nuclear Pharmacy: An Overview 3

060
B B
o 0o O 0
’\i Radio R,
Gamma Camera Information Image
Detection Processing Display

FIGURE 1-1 Schematic of a scintillation gamma camera system demonstrating radiopharmaceutical
injection, detection of radioactivity, electronic processing, and image display.

cells of the liver. If a tumor or other lesion is present that displaces colloid-localizing cells,
it is visualized as an area of decreased or absent radioactivity. In other types of organ
studies the normal organ excludes the radiopharmaceutical, but diseased tissue concen-
trates it so that lesions appear as “hot” spots within a “cold” organ. An example is a brain
scan obtained with an agent normally excluded by the blood-brain barrier. In disease
states where the blood-brain barrier is disrupted, however, radioactivity can leave the
vascular space to localize in the lesion.

In still other types of studies a normal organ may accumulate the radiopharmaceutical,
but diseased tissue may concentrate it either to a greater degree because of increased
function or to a lesser degree because of decreased function. An example is thyroid gland
imaging with radioactive iodine. The thyroid gland readily accumulates iodine through
normal function, but a diseased gland with either hyperfunctioning or hypofunctioning
thyroid tissue demonstrates increased or decreased concentration of radioiodine. Exam-
ples of these static studies are illustrated in Figure 1-2. They were obtained using a planar
imaging camera that produces two-dimensional images. A disadvantage of planar imaging
is that lesion detection may be impaired, especially when target-to-background ratios are
low or there are overlying structures that obscure view of the lesion. Single-photon emis-
sion computed tomography (SPECT) or positron emission tomography (PET) cameras are
able to construct computer-generated slice images through an organ in transverse, sagittal,
and coronal planes and make possible the visualization of an organ in three dimensions
(Figure 1-3). Tomographic imaging, therefore, provides greater depth resolution and delin-
eation of the structural and functional information present.

In Vivo Function Studies

In vivo function studies measure the function of an organ or system based upon the
absorption, dilution, concentration, or excretion of radioactivity after administration of a
radiopharmaceutical. These studies do not require imaging, but analysis and interpretation
is based on counting radioactivity emanating either directly from organs within the body
or from blood or urine samples counted in vitro. Some examples of in vivo function studies
are (1) the radioactive iodine uptake study to assess thyroid gland function as determined
by external measurement of the percentage of a dose of radioiodine taken up by the gland
over time, (2) determination of whole blood volume by measuring the dilution of a known
amount of intravenously injected *'Cr-labeled red blood cells to determine the red cell
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FIGURE 1-3 Diagram of three-dimensional, com-
puter-generated slice images obtained with a gamma
camera, showing organ in transverse, sagittal, and
coronal planes. Transverse

volume, and (3) indirect assessment of vitamin B,, absorption from the gastrointestinal ‘
tract by measuring the fraction of orally administered radioactive %Co-labeled vitamin

B, that is excreted in the urine over a defined period of time (the Schilling test). An ‘
important requirement for in vivo function studies is that the radiopharmaceutical should }
not alter, in any way, the function of the organ system being measured.

Therapeutic Procedures ,

Therapeutic procedures in nuclear medicine are on the rise. These procedures are intended
to be either curative or palliative and typically rely on the absorption of beta radiation to
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destroy diseased tissue. The classic therapeutic procedure is the use of ®!I-sodium iodide
to treat hyperthyroidism and thyroid cancer. Because '] is a beta—gamma emitter, it can
be used both diagnostically and therapeutically in thyroid disease; however, the thera-
peutic dosage of radioactivity administered is on average 1,000 to 20,000 times larger than
the diagnostic dosage used in measuring thyroid function. Of the radiation dose absorbed
by the thyroid gland from I, about 90% is from beta radiation and about 10% from
gamma radiation. Radioimmunotherapy (RIT) employing radiolabeled antibodies and
peptides has achieved some success in treating tumors. Examples of RIT agents are
Bl-tositumomab and “Y-ibritumomab tiuxetan for treating non-Hodgkin’s lymphoma.
Another significant area of nuclear medicine therapy is palliative procedures for treating
pain associated with bone cancer. In this regard agents such as ¥Sr-strontium chloride
and Sm-samarium lexidronam, which are selectively localized in bone, have been used
successfully. The therapeutic application of radiation to target tumor-specific tissue will
likely become more successful as advances in molecular biologic and chemical techniques
are made.

PERSPECTIVE ON RADIOPHARMACEUTICAL USE

The amount of radioactivity administered to a patient in a nuclear medicine study is
termed the dosage and is typically measured in units of millicuries (mCi, or 10~ Ci). The
curie (Ci) is equal to 3.7 x 10" disintegrations (atoms decaying) per second. In the Inter-
national System of Units, radioactivity is measured in becquerels (Bq). One Bq is equal to
1 disintegration per second; therefore, 1 mCi = 37 MBq. The amount of radiation absorbed
by tissue in the body in which a radioactive substance resides is termed the radiation dose
and is traditionally measured in rad (radiation absorbed dose). One rad is equal to 100
ergs of energy absorbed in 1 gram of tissue. The International Unit (IU) of absorbed dose,
the gray (Gy), is equal to 1 joule of energy absorbed in 1 kg of tissue (1 Gy = 100 rad).

A goal in diagnostic nuclear medicine is to administer the optimum dosage of radio-
activity to acquire the desired information with the lowest radiation dose to the patient,
that is, to keep the radiation absorbed dose as low as reasonably achievable. This is
accomplished, in part, by the use of short-lived radionuclides (radioactive atoms) that
decay quickly. Short-lived radionuclides permit larger amounts of radioactivity to be
administered without a great increase in radiation absorbed dose.

The radionuclide used in most nuclear medicine studies is *™Tc. Because of its 6 hour
half-life, about 90% of *™Tc’s radioactivity is lost in 1 day. For drug manufacturers sup-
plying *=Tc radiopharmaceuticals to nuclear medicine facilities in distant locations, this
presents significant logistical problems. *™Tc and other short-lived radiopharmaceuticals
therefore require local or in-hospital preparation. Each *™Tc agent is prepared daily. The
preparation and testing procedure includes radiopharmaceutical compounding, measure-
ment of activity, and assessment of radionuclidic purity and radiochemical purity. Aseptic
conditions must be maintained during preparation because these agents are administered
by intravenous injection. The personnel who perform these functions may be radiochem-
ists, radiopharmacists, or nuclear medicine technologists. Radiochemists and radiophar-
macists are usually employed at large medical center hospitals and are instrumental in
developing new agents and procedures. Radiopharmacists also practice in centralized
nuclear pharmacies located in metropolitan areas, which supply radiopharmaceuticals to
nuclear medicine departments at nearby hospitals. Nuclear medicine technologists some-
times have the responsibility of preparing and controlling radiopharmaceuticals in smaller
rural hospitals.

Radiopharmaceuticals with longer half-lives are also used in nuclear medicine
because of their desirable biochemical properties. A good example is '*'I, which has an
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TABLE 1-1 Chemical and Physical Forms of Radiopharmaceuticals

Form Example
Elemental Xenon 133 (**Xe), krypton 81m (*'"Kr)
Simple ions BII- (iodide), ¥mTcOy (pertechnetate)
Labeled small molecules BIL-MIBG (covalently bonded)
#mTe-DTPA (chelation compound)
Labeled macromolecules 2[-human serum albumin (protein)
"n-capromab pendetide (antibody)
Labeled particles #mTe-sulfur colloid
®mTe-macroaggregated albumin
Labeled cells SICr- or ®mTe-erythrocytes

Wn- or #mTe-leukocytes

TABLE 1-2 Routes and Forms of Radiopharmaceutical Administration

Route Form
Oral Capsules and solutions
Intravenous injection Solutions, colloidal dispersions, suspensions
Intrathecal injection Solutions
Inhalation Gases and aerosols
Instillation via Sterile solutions
Eye drops

Urethral catheter
Intraperitoneal catheter
Shunts

8 day half-life. This is long enough to permit commercial manufacture and testing of *'
radiopharmaceuticals and allows storage in the nuclear medicine laboratory for use when
needed. Although ™I has some undesirable physical properties from a radiation dose
viewpoint, such as long half-life, high-energy gamma rays, and beta radiation, iodine’s
physiologic importance in thyroid work and its chemical reactivity, which allows it to
be labeled to different chemical molecules, make it a valuable radionuclide in nuclear
medicine.

Table 1-1 lists the general classification of chemical and physical forms of radiophar-
maceuticals used in nuclear medicine and illustrates the diverse nature of these agents.
These include elemental radionuclides such as the inert gases, simple inorganic ions,
radiolabeled molecules, and specialized forms such as labeled particles and blood cells.

Table 1-2 lists the usual routes of administration of radiopharmaceuticals. Contrary to
the usual requirement that intravenous injections be true solutions, some radiopharma-
ceuticals are deliberately particulate to achieve site-specific localization of radioactivity in
the body. These specialized dosage forms permit imaging of, for example, the principal
organs of the reticuloendothelial system (liver, spleen, and bone marrow) with radiola-
beled colloidal particles, the cardiac blood pool with radiolabeled red blood cells, and
lung perfusion with albumin aggregates. Table 1-3 lists radiopharmaceuticals used in
nuclear medicine.

Radiopharmaceuticals have other unique properties when compared with conven-
tional therapeutic drugs. Intrinsically, they are radioactive and have an associated radia-
tion risk. Therefore, before radiopharmaceuticals are marketed for use in humans, tissue
distribution studies are performed in animals to identify the critical organs (those that
receive the highest radiation absorbed dose) and to estimate the radiation dose. The



TABLE 1-3 Radiopharmaceuticals Used in Nuclear Medicine

Typical Dosage

Radionuclide Dosage Form Use (Adult?)
Carbon C 11 Carbon monoxide Cardiac: Blood volume measurement 60-100 mCi
Carbon C 11 Flumazenil injection Brain: Benzodiazepine receptor imaging 20-30 mCi
Carbon C 11 Methionine injection Neoplastic disease evaluation in brain 10-20 mCi
Carbon C 11 Raclopride injection Brain: Dopamine D, receptor imaging 10-15 mCi
Carbon C 11 Sodium acetate injection Cardiac: Marker of oxidative metabolism 1240 mCi
Carbon C 14 Urea Diagnosis of Helicobacter pylori infection 1 pCi
Chromium Cr 51 Sodium chromate injection Labeling red blood cells (RBCs) for measuring RBC volume, survival, ~ 10-80 puCi
and splenic sequestration
Cobalt Co 57 Cyanocobalamin capsules Diagnosis of pernicious anemia and defects of intestinal absorption 0.5 uCi
Fluorine F 18 Fludeoxyglucose injection Glucose utilization in brain, cardiac, and neoplastic disease 10-15 mCi
Fluorine F 18 Fluorodopa injection Dopamine neuronal decarboxylase activity in brain 4-6 mCi
Fluorine F 18 Sodium fluoride injection Bone imaging 10 mGi
Gallium Ga 67 Gallium citrate injection Hodgkin's disease, lymphoma 8-10 mCi
Acute inflammatory lesions 5 mCi
Indium In 111 Capromab pendetide injection Metastatic imaging in patients with biopsy-proven prostate cancer 5 mCi
Indium In 111 Indium chloride sterile solution =~ Radiolabeling various 'In radiopharmaceuticals Various
Indium In 111 Indium oxine sterile solution Labeling autologous leukocytes 500 pCi
Indium In 111 Pentetate injection Cisternography 500 pGi
Indium In 111 Pentetreotide injection Neuroendocrine tumors 3 mCi (planar)
6 mCi (SPECTF)
Indium In 111 Ibritumomab tiuxetan Biodistribution imaging prior to therapeutic dosing with Y Zevalin 5 mCi
(Biogen Idec) in the treatment of non-Hodgkin’s lymphoma
lIodine 1123 Sodium iodide capsules and Thyroid gland imaging 400-600 uCi
solution Thyroid metastases (total body) 2 mCi

lodine 1123

Iodine 1125
Iodine 1125
Iodine T 131

Tobenguane injection

Albumin injection
Iothalamate sodium injection
Iobenguane injection

Pheochromocytoma, carcinoid tumors, nonsecreting paragangliomas,
neuroblastoma

Plasma volume determination

Glomerular filtration rate (GFR) determination

Pheochromocytoma, carcinoid tumors, nonsecreting paragangliomas,
neuroblastoma

0.14 mCi/kg (child!
10 mCi (adult)

5-10 uGi

30 uCGi

0.5 mCi/1.7m?

Route®

Inhalation
v

v

v

v

PO

v

s - CE

v

v
Intrathecal
v

Y

PO
PO
v

v
vV
v
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TABLE 1-3 Radiopharmaceuticals Used in Nuclear Medicine (Continued)

Typical Dosage

Radionuclide Dosage Form Use (Adult?) Route®
Iodine 1131 Sodium iodide capsules and Thyroid function 5-10 uCi PO
solution Thyroid imaging (neck) 50-100 puCi

Thyroid imaging (substernal) 100 pCi

Thyroid metastases (total body) 2mCi

Hyperthyroidism 5-33 mCi

Carcinoma 150-200 mCi
lIodine T 131 Iodohippurate sodium injection =~ Recoverable renal function 200 pCi (2 kidneys) IV

75 uCi (1 kidney)
Todine I 131 Tositumomab Treatment of refractory low-grade non-Hodgkin's lymphoma Patient-specific v
dosing; not >75
cGy whole body
Nitrogen N 13 Ammonia injection Myocardial perfusion studies 10-20 mCi IV
Oxygen O 15 Water injection Cardiac perfusion 30-100 mCi v
Phosphorus P 32 Chromic phosphate suspension  Peritoneal and pleural effusions 10-20 mCi Intraperitoneal
or intrapleural
(Not for IV use)
Phosphorus P 32 Sodium phosphate injection Polycythemia 1-8 mCi v
Rubidium Rb 82 Rubidium chloride injection Myocardial perfusion studies 30-60 mCi vV
Samarium Sm 153 Lexidronam injection Bone pain palliation in confirmed osteoblastic metastatic bone lesions 1.0 mCi/kg IV
Strontium Sr 89 Strontium chloride injection Bone pain palliation in confirmed osteoblastic metastatic bone lesions 4 mCi v
Technetium Tc 99m  Albumin injection Heart blood pool imaging 20 mCi v
Technetium Tc 99m  Albumin aggregated injection Perfusion lung imaging 3 mCi v
Technetium Te 99m  Arcitumomab Recurrent or metastatic colorectal carcinoma 20 mCi v
Technetium Tc 99m  Bicisate injection Adjunct to CT/MRI in patients with confirmed stroke 20 mCi v
Technetium Tce 99m  Disofenin injection Hepatobiliary imaging 5 mCi v
Technetium Tc 99m  Exametazime injection With or without methylene blue for regional cerebral perfusion 20 mCi v
in stroke

Without methylene blue for leukocyte labeling 10 mCi v
Technetium Te 99m  Gluceptate injection Brain imaging ‘ 20 mCi v

Renal perfusion imaging 10 mCi 1Y
Technetium Tc 99m  Mebrofenin injection Hepatobiliary imaging 5 mCi v

l
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Technetium Tc 99m  Medronate injection Bone imaging 20-30 mCi v g
Technetium Tc 99m  Mertiatide injection Kidney imaging 5 mCi v s
Renogram—renal transplant 1-3 mCi v -
Renogram—captopril 1-3 mCi v 2
Technetium Tc 99m  Oxidronate injection Bone imaging 20-30 mCi v ?,
Technetium Tc 99m  Pentetate injection GFR (quantitative) 3 mGi 18Y E
Renogram (diuretic) 3 mCi v 2
Renal perfusion imaging 10 mCi I\ =Y
Technetium Tc 99m  Pyrophosphate injection Infarct-avid scan 15 mCi v >
TechnetiumTc 99m Red blood cells injection Gl bleed (intermittent) 15 mCi v g
TechnetiumTc 99m  Sestamibi injection Myocardial perfusion and function, parathyroid imaging 840 mCi v I3
Technetium Tc 99m  Sodium pertechnetate injection ~ Brain imaging 20 mGi v S
Thyroid imaging 10 mCi v z
Radionuclide ventriculogram 20 mGi Y %
Radionuclide cystography 1mGi Urethral 5
Dacryocystography 0.1 mCi Eye drops ‘:
Meckel’s diverticulum 5 mCi jAY o
Technetium Tc 99m  Succimer injection Renal scan—differential renal function 5 mCi v o
Renal scan—cortical anatomy 5 mCi v s
Technetium Tc 99m  Sulfur colloid injection Liver—spleen scan 5 mCi v *,',E
Lymphoscintigraphy (breast) 0.4-0.6 mCi Interstitial =
Lymphoscintigraphy (melanoma) 0.5-0.8 mCi Intradermal =]
Gastric emptying (scrambled egg) 1 mGi PO 3
GI bleed (acute) 10 mCi v 3
Lung aspiration 5 mCi PO %
Gastroesophageal reflux 0.2 mCi PO 3
Technetium Tc 99m  Tetrofosmin injection Myocardial perfusion and function 840 mCi v 9
Thallium TI 201 Thallous chloride injection Myocardial perfusion imaging 34 mCi v g
Parathyroid imaging 2 mCi v o
Xenon Xe 133 Xenon Lung ventilation imaging 10-20 mCi Inhalation z
Yttrium Y 90 Ibritumomab tiuxetan Treatment of refractory low-grade non-Hodgkin's lymphoma 0.3-0.4 mCi/kg v

+ Except where otherwise noted.

b IV = intravenous; PO = oral.

¢ SPECT = single-photon emission computed tomography.

¢ CT =computed tomography; MRI =magnetic resonance imaging.
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10 Radiopharmaceuticals in Nuclear Pharmacy and Nuclear Medicine

magnitude of this dose estimate sets limits on the amount of radioactivity that can be
safely administered to humans in diagnostic studies.

Radiopharmaceuticals are administered in extremely small amounts, so chemical tox-
icity is not as great a concern as with traditional pharmaceuticals. In fact, the amount of
a radiopharmaceutical administered in a standard dosage is not enough to produce a
pharmacologic response. Therefore, the premarket testing required to identify acute and
chronic toxic effects of traditional drugs is usually not as extensive for radiopharmaceu-
ticals. For example, a typical 10 pCi diagnostic dose of '*'I-sodium iodide contains only 8
% 10 gram of iodine, one eighty-millionth of the normal total-body iodine stores and
about one two-millionth of the daily dietary intake of iodine. It is easy to see that this
amount of radioiodine should pose no threat to patients, even to those who may be allergic
to iodine-containing substances.

Because of the radioactive nature of radiopharmaceuticals, there are specific require-
ments for the safe and efficacious use of these agents. Procedures are needed to protect
patients from unnecessary radiation exposure, personnel from the radioactive material
that they handle, and the general public from unnecessary exposure to radioactive envi-
ronmental waste. The use of radioactive material is therefore strictly controlled by state
and federal agencies. Because radiopharmaceuticals are radioactive drugs, they are regu-
lated by the U.S. Food and Drug Administration in regard to their chemical safety and efficacy
and by the U.S. Nuclear Regulatory Commission (NRC) and the appropriate state licensing
agencies in regard to radiation safety. The use of radioactive material in human subjects
requires that physicians and paramedical personnel be properly trained and experienced in
the handling of such materials and be recognized in this regard by specific licensure.

HISTORICAL PERSPECTIVES IN NUCLEAR PHARMACY:
PRACTICE, EDUCATION, AND SPECIALTY CERTIFICATION

Nuclear Pharmacy Practice

In 1950, John Christian? published an article encouraging hospital pharmacists to become
informed about radioisotopes in medical practice and to take the initiative to establish
facilities for handling radioactive material. He also put forth a plan for a laboratory design
with a separate “hot element” room for storage and handling operations and a measure-
ment room for low-level radioactive counting. Christian could advise and counsel with
authority, because in 1946 he received the first shipment of radioactive isotopes for bio-
chemical research from Oak Ridge National Laboratory and used them in pharmaceutical
development at Purdue University School of Pharmacy and Pharmacal Sciences. Soon
thereafter, in 1947, he initiated the first formal lecture and laboratory courses in the United
States for teaching the basic principles of radioisotope methodology.

The roots of a pharmacist-run nuclear pharmacy (radiopharmacy) service can be traced
to the University of Chicago Clinics, where a radioisotope laboratory was established by
Chief Pharmacist Paul Parker in the early 1950s® and continued to be operated by Chief
Pharmacist Peter Solyom.! The staff pharmacist in charge of the radioisotope laboratory
where radioactive medications were procured and dispensed for patient use was Larry
Summers. In those days, decay tables and a slide rule were used to make calculations.
After the establishment of this laboratory, a report on radioisotopes in hospital pharmacy
was published.? The report was the work of the Committee on Isotopes appointed by
George Archambault, then president of the American Society of Hospital Pharmacists, to
study the role of the hospital pharmacist in handling radioisotopes. The committee had
specific charges to develop special courses in isotope handling and to assess the feasibility
of an isotope section in a pharmacy department and determine its layout and design.

e T e s S
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In 1958 William Briner® informed hospital pharmacists about radiopharmacy and
introduced them to pertinent terminology and basic considerations of radiologic health.
This was followed in 1960 by another article strongly promoting the role hospital phar-
macists should have in the preparation and handling of radiopharmaceuticals for patient
use, citing the U.S. Atomic Energy Commission (AEC) requirement that “byproduct mate-
rial shall not be used in humans until its pharmaceutical quality and assay have been
established.”® Although the program at the University of Chicago Clinics predated the
program at the National Institutes of Health (NIH), it is well recognized in the profession
that Briner, at NIH, established and maintained a long-standing, active practice of nuclear
pharmacy, stalwartly promoted the involvement of pharmacists in nuclear medicine, and
was directly responsible for training many of those pharmacists. Early radiopharmacist
colleagues who worked with Briner were Edgar Adams, Robert Chandler, and Raymond
Farkas. Briner preached the value of pharmacist involvement in nuclear medicine through
his professional presentations and publications for more than 40 years. For his pioneering
efforts he is affectionately remembered as the “father of radiopharmacy.” Briner’s leader-
ship helped to create the regulatory and practice environment within which nuclear
pharmacists and nuclear medicine professionals work today.

The introduction of ™ Te-sodium pertechnetate into nuclear medicine practice changed
the face of practice dramatically. Its clinical use began in 1961 at the University of Chicago,
where several *™Tc-labeled radiopharmaceuticals were developed by Paul Harper and
radiopharmacist Kathryn Lathrop.” Shortly thereafter, the “Mo—"*"Tc generator became
available commercially and the national growth of nuclear medicine procedures escalated.
The short half-life of “™Tc demanded local preparation of pharmaceutical agents labeled
with this nuclide and increased the demand for nuclear pharmacy services.

The shortage of pharmacists trained in radioisotope methodology stimulated the estab-
lishment of a Master of Science in Radiopharmacy training program at the University of
Southern California School of Pharmacy in 1968, under the direction of Walter Wolf and
Manuel Tubis. This program ran until 1986 and graduated more than 210 students.

The dearth of nuclear pharmacists also inspired the concept of a shared nuclear phar-
macy service, the progenitor of today’s centralized or commercial nuclear pharmacy
practice. The idea was conceived, established, and evaluated by Thomas Gnau in the
Nuclear Medicine Division at Bowman Gray School of Medicine in Winston-Salem, North
Carolina, in 1969.%* The intent was to reduce cost, improve staffing efficiency, and ensure
a high level of quality control in the delivery of radiopharmaceuticals to several nuclear
medicine facilities in a metropolitan area.

The centralized nuclear pharmacy concept proved successful, and such pharmacies
developed in the early 1970s. Of note were those established at the University of Wash-
ington by David Allen, the University of Tennessee (UT) by James Cooper, the University
of Nebraska Medical Center by J. William Dirksen, and the Indiana University Medical
Center by Michael Kavula, and the radiopharmacy program at the University of New
Mexico (UNM) directed by Richard Keesee.

William Baker, who interned with Gnau at Bowman Gray, joined Keesee and set up
the UNM radiopharmacy record-keeping system following the Bowman Gray model. Soon
thereafter, in 1972, Keesee established the first centralized radiopharmacy to be licensed
by a state board of pharmacy and the AEC. In 1973 Baker moved to the University of Utah
Medical Center to establish the Intermountain Radiopharmacy program. He was later
joined there by Robert Beightol, who had trained under Cooper at UT.

The UNM program graduated several nuclear pharmacists trained in the centralized
pharmacy model who themselves went on to establish private centralized radiopharma-
cies. Notable among these were Nuclear Pharmacy Inc. (Robert Sanchez and Richard
Sakasitz), Pharmatopes (Mark Hebner and Monty Fu), and Texatopes (Nunzio Desantis
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and Larry Oliver). In 1975 Richard Keesee and David Hurwitz opened Pharmaco Nuclear,
which eventually merged with Syncor in 1981. Pharmatopes merged with this company
in 1982, followed by Nuclear Pharmacy Inc. in 1984, to become Syncor International
Corporation, which is now a part of Cardinal Health. Other large to moderate-sized
commercial nuclear pharmacy companies in operation today include Mallinckrodt Med-
ical, Nycomed / Amersham, Geodax Technology Inc., Central Pharmacy Services Inc., and
PETNET. While the bulk of nuclear pharmacy service throughout the United States is
provided by these operations, there are a few dozen smaller-scale independent nuclear
pharmacies that operate in several states. Over 400 centralized nuclear pharmacies staffed
by 800 to 1000 nuclear pharmacists provide more than 80% of the radiopharmaceutical
dosage forms used in nuclear medicine in the United States today.

Nuclear Pharmacy Education Programs

The initial lecture and laboratory courses created by Christian at Purdue University led
eventually to the creation of the Department of Bionucleonics. The educational efforts of
this group resulted in the training of many nuclear pharmacy researchers and practitioners,
several of whom are recognized as nuclear pharmacy pioneers (see Table 1-4). The Purdue
program is still in operation today under the apt leadership of Stanley Shaw, who is head
of the Division of Nuclear Pharmacy. The current program was established in 1972 by
Shaw and Gordon Born and has produced hundreds of nuclear pharmacists.

In the 1950s and early 1960s, there were few radioisotope programs where pharmacists
could receive training. One program available at the time was at the Division of Radio-
logical Health, U.S. Public Health Service, Robert A. Taft Sanitary Engineering Center,
Cincinnati, Ohio; another was the course on radioisotope techniques at the Oak Ridge
Institute of Nuclear Studies in Oak Ridge, Tennessee.

The tremendous growth of nuclear medicine in the 1960s demanded more nuclear
pharmacists and therefore more training programs. The earliest sites (before 1970) for
nuclear pharmacy education and training were at the University of Southern California,
Purdue University, and the NIH Radiopharmaceutical Service. Other programs to even-
tually develop courses and training programs for pharmacists were the University of
Arkansas, the University of New Mexico, the University of Utah, the University of
Nebraska, the University of Pittsburgh, William Beaumont Hospital in Michigan, the
University of Minnesota, the University of Wisconsin, the University of Tennessee, the
Massachusetts College of Pharmacy, the University of North Carolina, the Medical Uni-
versity of South Carolina, the University of Indiana, the University of Toronto, the Uni-
versity of Cincinnati, Mercer University, Temple University, the University of Michigan,
and the University of Oklahoma. These sites offered a variety of programs, including
radiopharmacy residencies, short courses, semester courses, condensed (200 hour) author-
ized nuclear pharmacist programs, and nuclear pharmacy certificate programs.

Despite the apparent large number of institutions offering training, only a few of these
programs were turning out pharmacists with tiaining sufficient to obtain licensure as
authorized nuclear pharmacists, and the supply of adequately trained nuclear pharmacists
could not meet the demand of nuclear pharmacy practice. As a consequence, one nuclear
pharmacy company (Syncor) established its own university-associated authorized nuclear
pharmacist training program. Other companies utilized certificate programs, such as those
directed by Shaw at Purdue University, Kavula at Mercer University, and George Hinkle
at Ohio State University, to train their nuclear pharmacists. These programs have proven
to be especially useful for pharmacists who wish to make a career change into nuclear

-pharmacy. More recently a joint program between the University of Arkansas Medical
Center (UAMS) and UNM has been developed to train nuclear pharmacists via distance
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TABLE 1-4 Nuclear Pharmacy Pioneers

David R. Allen John E. Christian Mark T. Hebner Larry Oliver
William J. Baker Clyde N. Cole Kenneth R. Hetzel William C. Porter
Robert W. Beightol James F. Cooper Dennis R. Hoogland Richard Sakasitz
Gordon S. Born Nunzio Desantis David Hurwitz Robert Sanchez
Barry M. Bowen J. William Dirksen Rodney D. Ice Stanley M. Shaw
Kenneth Breslow Raymond ]. Farkas Michael P. Kavula Anne C. Smith
William H. Briner Monty Fu Tom K. Kawada Arthur C. Soloman
Ronald J. Callahan Thomas R. Gnau Richard Keesee Dennis P. Swanson
Robert P. Chandler Robert F. Gutkowski Richard ]. Kowalsky Walter Wolf

Henry M. Chilton Donald R. Hamilton Geoffrey Levine A. Michael Zimmer

learning on the Internet. The program is managed by Nicki Hilliard at UAMS and Kristina
Wittstrom at UNM. Students completing this program are eligible for NRC certification.
A description of nuclear pharmacy education at colleges of pharmacy has been pub-
lished.! Schools of pharmacy that have comprehensive nuclear pharmacy programs are
located at Arkansas, Mercer, Purdue, Massachusetts, New Mexico, North Carolina, Okla-
homa, Duquesne, Temple, South Carolina, and Toronto.

A Syllabus for Nuclear Pharmacy Training, assembled by the Educational Affairs
Committee of the Section on Nuclear Pharmacy, Academy of Pharmacy Practice and
Management of the American Pharmaceutical Association (APhA), was published in 1995.
The syllabus was based on the NRC requirements for authorized nuclear pharmacist
training: 200 didactic hours in the basic areas of radiation physics and instrumentation,
radiation protection, math related to radioactivity, radiation biology, and radiopharma-
ceutical chemistry, and 500 hours of off-campus practical training in a nuclear pharmacy
under the direction of an authorized nuclear pharmacist. The syllabus is intended as
guidance for pharmacy school faculty and nuclear pharmacy preceptors who are involved
in the education and training of nuclear pharmacists. Currently, the Code of Federal
Regulations (10 CFR 35.980) specifies that training for an authorized nuclear pharmacist
should consist of a structured educational program containing 700 hours of didactic and
experiential training in the areas noted above.

Specialty Certification of Nuclear Pharmacists

Specialty certification in nuclear pharmacy became a reality only after nuclear pharmacists
organized as a section within APhA. The process began in Chicago in August 1974 during
the Nuclear Pharmacy Symposium at the APhA annual meeting. A petition submitted by
these nuclear pharmacists was accepted by APhA, and the Section on Nuclear Pharmacy
was officially established in 1975 as the first section within the Academy of General
Practice, with James Cooper as chairman pro tem.

The section soon established an education committee, directed by Ronald Callahan,
which initiated the comprehensive Task Analysis of Nuclear Pharmacy Practice to identify
the types and extent of activities in which nuclear pharmacists were involved. These were
organized into the following domains: procurement, compounding, quality assurance,
dispensing, distribution, health and safety, and provision of information and consultation.
This analysis culminated in practice standards that delineated the recognized duties and
responsibilities of nuclear pharmacists. These standards were revised and reissued by
APhA in 1995 as Nuclear Pharmacy Practice Guidelines. The guidelines contain the original
practice domains and two more: monitoring patient outcome, and research and develop-
ment. Each domain identifies a list of tasks and a knowledge statement related to each task.
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TABLE 1-5 Nuclear Pharmacy Specialty Petition Committee

Ronald ]. Callahan
Robert P. Chandler
Henry M. Chilton
William ]. Christopherson

James E. Cooper
John Coupal

Robert Gutkowski
Donald R. Hamilton

Kenneth R. Hetzel
Michael P. Kavula
Tom K. Kawada

Alan S. Kirschner

Geoffrey Levine
Susan G. Rowles
Stanley M. Shaw
Arthur C. Soloman

TABLE 1-6 First Nuclear Pharmacy Specialty Council

David R. Allen
Ronald ]. Callahan

Paul G. Grussing
Rodney D. Ice

Sam H. Kalman
Richard D. Penna

Stanley M. Shaw
Arthur C. Soloman

James E. Cooper, Chair

Shortly after the establishment of the Section on Nuclear Pharmacy, the Board of
Pharmaceutical Specialties (BPS) was established in 1976 by APhA. BPS immediately
recognized nuclear pharmacy as a likely candidate for specialization. Chairman Cooper
assembled 16 volunteers to serve as the nuclear pharmacy specialty petition committee
(Table 1-5). This committee used the previously identified nuclear pharmacy practice
standards as its guide in the petition to BPS. The petition was approved by BPS in 1978,
and nuclear pharmacy became the first recognized specialty within the profession of
pharmacy.

After approval of the nuclear pharmacy specialty petition, BPS established a Specialty
Council on Nuclear Pharmacy (composed of six nuclear pharmacists, three non-nuclear
pharmacist generalists, and a test developer/consultant) and charged it with the task of
developing a certification program for the new specialty. The first specialty council mem-
bers are listed in Table 1-6. The standards were again used in this process, serving as the
basis for determining the areas of knowledge and skills to be tested on the certification
exam. The process involved item writing, test assembly, test administration, and score
interpretation.!? The first nuclear pharmacy specialty certification exam was adminis-
tered simultaneously in Las Vegas and Atlanta on April 24, 1982. The test resulted in 63
practitioners becoming board certified in nuclear pharmacy (BCNP). Today the Nuclear
Pharmacy Practice Guidelines are used as the basis for constructing the specialty examina-
tion. At the time of this writing there are 475 BCNPs (Figure 1-4).

To ensure the competence of board-certified practitioners, BPS instituted a program
of recertification every 7 years after initial certification. Recertification assures the public
and the profession that certified practitioners undergo periodic evaluation. A BCNP is
recertified by a three-step process: self-assessment, peer review, and formal assessment.
Self-assessment involves annual review of the BCNP’s nuclear pharmacy practice activities
since initial certification or last recertification. Peer review involves the review of docu-
mented nuclear pharmacy practice and continuing education activities over the 7 year
certification period by the Specialty Council on Nuclear Pharmacy. Formal assessment
involves either achieving a passing score on a 100 item recertification exam or completing
70 hours of continuing education in a BPS-approved professional development program.
Information on nuclear pharmacy certification and recertification can be obtained from
the Board of Pharmaceutical Specialties, 2215 Constitution Ave. N.W., Washington, DC
20037-2985.

As James Cooper' remarked in his description of the nuclear pharmacy specialization
process, “the unexpected benefit of the process was that it allowed scores of Section members
to participate as item writers for the exam and take pride and ownership for the specialty
process.” The process demonstrated the powerful results that the collaborative effort of a

e ———



1 B

Radiopharmaceuticals, Nuclear Medicine, and Nuclear Pharmacy: An Overview 15
3,750
3,500 _— [
3,250 | 288 = |
] a23 ) |
3,000 i il M £ T TR
2,750 418 | _31'{ ™ 352 % 7.7'_ 391 | |

FIGURE 1-4 Pharmacists
0™ 4ess 1995 1986 1987 1988 1999 2000° 2001°  2002° certified by the Board of
Pharmaceutical Specialties
Exam Year (BPS); numbers of phar-
M Nuclear [ Pharmacotherapy  [] Nutrition Support macist specialists holding
[ Psychiatric 1 Oncology BPS certification in each
year. (Used with permis-

“individuals who failed lo recertify have been excluded from these figures. sion of BPS_)

group of dedicated professionals can have. The ultimate benefit, however, is improved phar-
maceutical care of patients through the services provided by nuclear pharmacists.
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% Radioactive Decay

The chemical and physical properties of a radiopharmaceutical are responsible for its
localization in the body, whereas its radioactive decay properties dictate how it can be
detected and measured and whether it has diagnostic or therapeutic applications. This
chapter considers the radionuclide decay properties associated with radiopharmaceuticals.

NUCLIDES

An atom is the smallest particle of an element possessing the properties of the element.
It is made up of a nucleus consisting of protons and neutrons surrounded by electrons in
orbitals, or shells. The electron shells are designated with the principal quantum numbers
1,2, 3, and so forth or with the letters K, L, or M, respectively, with the K shell closest to
the nucleus. Electrons fill the shells in order, with a specified number per shell. A neutral
atom has the same number of electrons as protons (Figure 2-1). Removal of one or more
electrons produces an ionized atom. Ionization can occur by several processes. One is the
interaction of radiation with matter, which is discussed later in this chapter.

A nuclide is an atom characterized by the number of protons and neutrons in its
nucleus. Nuclides are designated by the following notation, where X represents the ele-
mental symbol, Z is the number of protons, and N is the number of neutrons. The mass
number A is the sum of protons and neutrons:

A
ZXN

Nuclides are classified according to their A, Z, and N values, illustrated by the following
examples.

* Isotopes are nuclides with the same Z but different A and N:

He o H iH,

1

e Isobars are nuclides with the same A but different Z and N:
5 Niz 021,

e [sotones are nuclides with the same N but different Z and A:
;1; Ky gﬁcazz

* Isomers are nuclides with the same A, Z, and N but different nuclear energy
states:

a9 99m
5 1Cs5 5 1Cs

The lowercase “m” in the mass number denotes the metastable state, an excited nuclear
condition that occurs for a measurable period of time.

17
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FIGURE 2-2 Chart of the nuclides in the region of the light elements. Reprinted with permission
from reference 1. The complete chart is available from Lockheed Martin at http://www.chartofthe
nuclides.com.

The periodic table lists 103 elements. If the isotopes of each element are included, the
total number of nuclides is in excess of 1900, and 266 of them are stable. The remaining
unstable species are called radionuclides. A radioisotope is a radionuclide of a particular
element. Figure 2-2 illustrates a portion of the chart of the nuclides in the region of the

. light elements.!
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[ ) electron shells: (A) characteristic x-ray pro-
duction after ejection of a K-shell electron
Optical — after fill-in by an M-shell electron, (B) Auger
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electron production after ejection of a K-
shell electron (as an alternative to x-ray pro-
duction), (C) optical radiation production
after an excited valence electron falls back
to its ground state. Numbers are energy in
70 1 2_5 kiloelectron volts, explained in text.
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ORBITAL ENERGY LEVELS

Electrons are bound in their shells by an electron-binding energy, which is the energy that
must be applied to remove an electron from its shell. The K-shell elecirons have the highest
binding energy because they reside closest to the positive attractive force of the nucleus.
In general, inner shells fill with electrons before outer shells. If an inner-shell electron is
removed, an outer-shell electron will fill the vacancy. When this occurs, energy is released
from the atom equal to the difference between the binding energies of the two shells. A
diagram of the tungsten (W) atom is shown in Figure 2-3. If its K-shell electron is removed
and the vacancy is subsequently filled by an L-shell electron, a characteristic x-ray is
produced equal to 59 kiloelectron volts (keV), the difference between the K- and L-shell
binding energies (Figure 2-3A). The characteristic x-rays released from some radionuclides
(e.g., "I and 'TI) are the principal radiations used for their detection in nuclear medicine.

An alternative process to characteristic x-ray production is emission of an Auger
electron (Figure 2-3B). When this occurs, the available x-ray energy is given to an outer-
shell electron, which is ejected from the atom. The Auger electron’s kinetic energy is equal
to the x-ray energy given to it minus its binding energy. In the case of tungsten, a 59 keV
x-ray produces a 56.5 keV Auger electron from its M shell.

Optical radiation may also be produced from an atom (Figure 2-3C). This occurs when
outer-shell valence electrons are excited to higher-energy suborbits. When the electrons
return to their ground state, visible light is emitted. An example is the excitation of minerals
with ultraviolet light, which causes them to fluoresce.

NUCLEAR ENERGY LEVELS

Neutrons and protons (collectively know as nucleons) exist in the nucleus of an atom in
discrete energy levels. In a stable atom, nucleons are in their ground state. They may,
however, be excited to higher-energy states by interaction with a high-speed particle or
during radioactive decay. When these excited nucleons return to their ground state, energy
is emitted from the nucleus as a gamma ray. The energy may be released as one discrete
gamma ray or in a cascade as multiple gamma rays of different energies (Figure 2-4). The
nuclear de-excitation process is analogous to the electron shell changes discussed previously,
but certain differences exist. First, the electron shell de-excitation process immediately follows
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FIGURE 2-4 Nuclear de-excitation by emission of 200
gamma rays after the return of excited nucleons to their
ground state. Energy is emitted as a single gamma ray
or as a cascade of two gamma rays. B
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atomic excitation, whereas nuclear de-excitation may be immediate or delayed. When
nuclear de-excitation is delayed, the excited nucleus is said to be in the metastable state.
Also, although characteristic x-rays and gamma rays are high-energy electromagnetic
radiation, they differ in that gamma rays typically have much higher energy and originate
from nuclear energy changes, while characteristic x-rays are lower in energy and arise
from electron shell energy changes.

NUCLEAR MASS AND ENERGY

In 1905, Albert Einstein proposed his famous equation relating mass to energy: E = mc?,
where E is energy in erg units, m is mass in gram units, and ¢ is the velocity of light (2.998
x 10 cm/sec). The standard atomic mass unit (AMU) is defined as one-twelfth the mass
of a ?C atom. The mass of 1 AMU is calculated as

__L2gmis LalOm g i 10 craen [ AMIU

6.023%10% atoms 12 AMU

The energy equivalent of this small mass can be calculated from Einstein’s equation, where
the erg has units of cm?g-sec™

E=(1.6603x 10 gram/AMU)(2.998 x 10" mm/sec)2

E=1.49228x107 erg/ AMU

In the radiation sciences, the basic energy unit used is the electron volt (eV) and its
multiples, the kiloelectron volt (keV) and the megaelectron volt (MeV). An electron volt
is a unit of energy equal to the energy acquired by 1 electron falling through a potential
difference of 1 volt (V). The energy equivalent of 1 AMU is

49228 %10 erg/ AMU
1423810 g/ AMU _ o, MeV/AMU @-1)
1.602 x 10" erg/MeV
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TABLE 2-1 Mass—Energy Relationship of Atomic Particles

Particle Mass (AMU) Energy (MeV)
Electron 5.48597 x 10~ 000.511
Proton 1.0072766 938.278
Neutron 1.0086654 939.572
Hydrogen atom 1.0078252 938.789

Source: Reference 2, p. 535.

This simple relationship between mass and energy allows calculation of the energy
released in a nuclear reaction or in a radioactive decay process. Some useful atomic
mass—energy relationships are listed in Table 2-1.

NUCLEAR FORCES

Opposite poles of a magnet attract and like poles repel. The attractive and repulsive forces
become greater as the poles come close together. A similar phenomenon occurs with
protons and electrons. Protons, however, can exist in close proximity within the nucleus
of an atom without repulsion. This is possible because an attractive force is present in the
nucleus. This attractive force is called the nuclear force and is about 100 times greater than
the electrostatic repulsive force. It is responsible for holding the neutrons and protons in
the nucleus.

The nuclear force is greatest between unlike and uncharged particles (i.e., the attraction
between n and p [n,p] > n,n > p,p). The nuclear attractive force is appreciable only over
a finite range and is strongest when nucleons are 1 x 10-"* cm apart. The force becomes
repulsive at distances less than 0.4 x 10"* cm and negligible at 2.4 x 107 cm.

NUCLEAR BINDING ENERGY

Atoms are created from neutrons, protons, and electrons. When a *C atom is created, the
sum of its individual parts (i.e., six neutrons, six protons, and six electrons) is

n = 6(1.0086654 AMU) = 6.0519924 AMU
p = 6(1.0072766 AMU) = 6.0436596 AMU
e = 6(0.0005486 AMU) = 0.0032916 AMU
Sum of components = 12.0989436 AMU

However, the nuclidic mass of a finished atom of 2C is only 12.0000000 AMU, or 0.0989436
AMU less than the sum of its individual components. The mass that is apparently lost is
called the mass defect and occurs each time atoms are created from individual atomic
particles. Because most of the atom’s mass is in the nucleus, this mass defect is associated
with the nucleus and in actuality is not lost but converted into an equivalent amount of
energy called the nuclear binding energy. The amount of this energy can be calculated for
2C as follows:

(0.0989436 AMU)x(931.5 MeV/AMU)=92.166 MeV
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FIGURE 2-5 The average binding energy per nucleon as a function of mass number, A. The line
drawn connects the odd A points. (Reprinted with permission of John Wiley & Sons, Inc., from
reference 2.)

The nuclear binding energy is thus defined as the energy released when a nucleus is
produced from its component nucleons, or the energy required to separate a nucleus into
its individual components. The average binding energy (BE,,,) per nucleon for *C is
calculated as

_ 92.166 MeV

BE,, =
Y2 12 nucleons

=7.68 MeV/ nucleon

The average binding energy per nucleon has been determined for all stable nuclides and
is plotted as a function of mass number in Figure 2-5.2 For mass numbers greater than 11,
the BE,,, is between 7.4 and 8.8 MeV throughout the table of elements. Maximum values
of about 8.8 MeV occur in the vicinity of A = 60, for iron and nickel, elements that represent
a high percentage of the earth’s crust. Higher BE,,, nuclides are more stable because it
takes more energy to break their nuclei apart. The trend in nature is for elements to achieve
the greatest nuclear stability. This is evident from the fission of heavy nuclei to form lighter
and more stable ones and from the fusion of light nuclei (occurring in the stars) to form
heavier ones with higher nuclear stability.

RADIATION AND RADIOACTIVE DECAY

Radiation can be defined as the emission and propagation of energy through space. Radi-
ation can be particulate or electromagnetic. The principal forms of radiation emitted from
radionuclides are alpha particles, beta particles, gamma rays, and x-rays. An alpha particle
is a helium nucleus, *He?, or a helium atom stripped of its two orbital electrons. Alpha
particles are emitted primarily from heavier nuclei such as uranium, thorium, plutonium,
and radium, but a few lighter nuclides are also alpha emitters. Beta particles are electrons

|
J
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TABLE 2-2 Carbon Isotopes
Isotope Neutron:Proton Ratio Radiation Half-life % Isotopic Abundance?
e 0.50 Bt 0.127 sec -
10C 0.67 B* 19.29 sec -
ne 0.83 p* 20.3 min =
gl 1.00 None Stable 98.90
B 1.17 None Stable 1.10
el 1:33 p 5715 yr Trace amounts
L 1.50 B 2.45 sec -
L 1.67 5] 0.75 sec -
HE 1.83 B 0.19 sec -
HE 2.00 B 0.092 sec -
e 217 B 0.05 sec -
e 233 B 0.01 sec -

* Amounts present in Earth’s crust; dash indicates isotope is not present in Earth’s crust.

emitted from the nuclei of unstable atoms. Negatively charged beta particles are known
as negatrons; positively charged beta particles are called positrons. Beta particles have the
same mass as orbital electrons with a rest-mass energy equivalent of 0.511 MeV. Gamma
rays are high-energy electromagnetic radiation. They have no mass or charge and are
emitted from unstable nuclei secondary to particle decay.

The ratio of neutrons to protons in a nucleus determines whether a nuclide is stable
or radioactive. For light nuclei, stability is achieved when the n/p ratio is 1. Above atomic
number 20, however, the n/p ratio must be greater than 1 for stability because the repulsive
force of additional protons becomes more prominent and extra neutrons are required to
“buffer” this proton interaction. Figure 2-6 illustrates a plot of the stable nuclides,> which
all fall on the line of beta stability. Nuclides that have too many protons for stability fall in
the region above the line of beta stability, whereas nuclides with too many neutrons fall
in the region below the line of beta stability. In either situation, nuclides in these regions
are unstable and will undergo radioactive decay until a stable n/p ratio is achieved.
Nuclides farther away from the line of beta stability, in general, have shorter half-lives,
indicating their tendency toward greater instability than those closer to the line. This is
illustrated in Table 2-2, which lists the isotopes of carbon. It demonstrates that proton-rich
nuclides with n/p ratios less than 1 undergo positron decay, whereas neutron-rich nuclides
undergo negatron decay. In positron decay an excess positive charge is reduced in the
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nucleus through the ejection of a positive electron. In negatron decay, the positive nuclear
charge is increased through the ejection of a negative electron.

Negatron Decay

Neutron-rich nuclides undergo negatron or beta-minus decay. Negatron decay begins
when a neutron is converted into a proton, an electron, and a neutrino (v) according to
the following transformation:

nop+e +v

Because the electron is not part of the nucleus, it is ejected as beta radiation. (The neutrino
is discussed later.) Consider, for example, the decay of P shown in the following decay
equation:

2Py ~ 58y + E(ﬁ:\’)

31.973908 AMU  31.972047 AMU

3P is the parent nuclide and sulfur is the daughter nuclide. We will examine this decay
and account for all particles and energy. A P atom contains 15 protons and 17 neutrons
in its nucleus, and it has 15 orbital electrons. The instant after it decays it no longer is
phosphorus; it becomes sulfur. The atom now has 16 protons (atomic number of sulfur),
16 neutrons, and 16 orbital electrons. The beta particle escapes from the 3P nucleus just
before it changes into 32S. The 2P atom weighs 31.973908 AMU before decay to S and
31.972047 AMU afterward. The difference is a mass defect of 0.001861 AMU and is equiv-
alent to 1.73 MeV of energy. This is known as the transition energy (E,,..)- The transition
energy is the total energy released when a parent radionuclide decays to its daughter
nuclide. This energy comes from the small amount of mass lost by the parent. Parent
nuclides are always “heavier” than their daughter nuclides.

In negatron decay the transition energy is dissipated as the kinetic energy of the beta
particle and the neutrino. The maximum energy a *P beta particle can have is 1.73 MeV.
Measurements made by nuclear scientists, however, have demonstrated that on average
only about one-third of the transition energy is associated with the beta particle when *P
decays. Because this contradicts the law of conservation of mass and energy, scientists
postulated that another particle must carry off the remaining two-thirds of the energy.
This particle was subsequently found, and named the neutrino. The neutrino is a charge-
less particle of extremely small mass emitted from the nucleus in all beta decay processes,
and it carries away the energy not used by the beta particle.? If the energy of each particle
from thousands of P atoms were measured and their frequency of occurrence versus
energy plotted, the beta energy spectrum would be similar to the one in Figure 2-7. If a
decaying *P atom emits a 0.73 MeV beta particle, the neutrino carries away 1.00 MeV.
The average energy carried away by beta particles is approximately one-third of the
maximum beta energy. The average beta energy varies with Z and beta energy, and ranges
from about 0.25 to 0.45.* Table 2-3 shows the relationship of beta energies for some
commonly used beta emitters.

In negatron decay, one need not account for the electron mass lost from the nucleus
of the 2P atom because an equivalent electron mass is acquired in the electron shell of 25
to offset it.
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FIGURE 2-7 Beta energy spectrum for 3P
decay. The vertical coordinate gives the rel-
ative number of beta particles that are emit-
ted at each energy on the horizontal

coordinate up to the maximum of 1.73 MeV.
l For example, about twice as many particles

No. Beta Particles/Energy Interval

1 '} 1 2

0 2 6 70 14 78 are emitted with an energy of 0.6 MeV as

i L 1

Energy of P Bela (MeV) with 1.2 MeV.

TABLE 2-3 Beta-Emitter Energy Profile

Beta Energy (MeV)

Atomic  Maximum E  Average E

Radionuclide = Number (E max) (E avg) E avg/E max
H 1 0.018 0.006 0.33
e 6 0.155 0.05 0.32
a2p 15 1.71 0.70 0.41
¥Sr 38 149 0.56 0.38
oy 39 2.28 0.93 0.41
1317 53 0.606 0.19 0.31
137Cg 55 0.512 0.24 0.47

Source: Reference 3.

“p(14.26d)
14 0.0
\\
g-/\g:—*& FIGURE 2-8 Decay scheme for *P. (Reprinted with permission of
i S(stable) the Society of Nuclear Medicine from reference 5.)

Decay schemes are often used to provide a ready reference to a variety of data, such
as mode of decay, transition energy, radiation energy and abundance, and parent and
daughter nuclides. Radiation emissions in decay schemes are indicated by diagonal arrows
drawn from the parent to the daughter nuclide, either to the right or to the left. Gamma
ray emissions are designated as vertically drawn arrows. By convention, when the daugh-
ter nuclide has a higher atomic number than the parent (e.g., in negatron decay), the
diagonal arrow depicting transition from parent to daughter is drawn to the right. When
the daughter nuclide is of lower atomic number, as occurs in alpha particle decay, positron
decay, or electron capture (EC) decay, the arrow is drawn to the left.

The decay scheme for *P is shown in Figure 2-8. P is called a pure beta emitter
because all the transition energy is distributed between the beta particle and the neutrino.
The nucleus does not receive any of this energy and is therefore not raised to an excited
state that would lead to gamma emission. For this reason, *P is not a useful diagnostic
radionuclide but is used for various types of interstitial therapies, in which the tissues
absorb all its energy. Other examples of pure beta emitters are “C, *H, %S, and Y.
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P Hg(46612d)
5/2- 0.0
- 3/2+ 02792
B
§ i
FIGURE 2-9 Decay scheme for ?*Hg. (Reprinted with per- ﬁ/_/\léaw__o.g
mission of the Society of Nuclear Medicine from reference 5.) g ail1(stable)

Some radionuclides are beta and gamma emitters. Examples of those that have been
used in nuclear medicine are !, ®Mo, *Xe, '®Au, and **Hg. The latter two are no longer
used routinely; however, the decay of 2°Hg will be illustrated because of its simplicity.
The decay equation for **Hg is as follows:

Hg = BTy + E(ﬁ: V,'Y)

202,972857 AMU  202.972330 AMU

The mass defect for this decay is 0.000527 AMU, equivalent to a transition energy of 0.471
MeV. The decay scheme is shown in Figure 2-9. *®Hg does not decay directly to the ground
state of ?TI but to its excited state of 0.279 MeV. That is, for every atom of **Hg that
decays, 0.192 MeV of the transition energy is distributed between the beta particle and
neutrino, and 0.279 MeV is released as a gamma ray when the excited **T] nucleus de-
excites to its ground state. The gamma ray is emitted simultaneously with the beta particle.

Positron Decay

Positron decay occurs when the n/p ratio is too low for stability. These proton-rich nuclides
decay by converting a proton into a neutron and a positron—neutrino pair ejected from
the nucleus. The nuclear transformation is

p’ = n+e’ +v

Because positron emission decreases the atomic number by one unit, the electron orbital
must lose one electron as soon as the nucleus ejects the positron. The atomic mass of the
daughter nuclide will thus be at least two electron masses less than the parent nuclide.
The loss of two electron masses in positron decay requires that at least 1.022 MeV (2 x
0.511 MeV /electron) of transition energy be available for the process to occur. *F-fluorine
is a positron emitter whose decay equation is

131:;9 =X ]:Om L E(B,V)

18.000950 AMU  17.9991598 AMU

The mass defect for this decay is 0.0017902 AMU and is equivalent to a transition energy
of 1.66757 MeV. Because 1.022 MeV of this energy must be used for the positron—electron
pair lost from the atom, the remaining 0.6456 MeV is dissipated between the positron
kinetic energy and the neutrino, in roughly a one-third/two-thirds distribution, respec-
tively. The decay scheme is shown in Figure 2-10.

Positrons are considered antimatter, existing only for very short periods of time. After
being ejected from the nucleus, the positron traverses a distance of a few millimeters in
tissue in about 1 microsecond, after which it has lost most of its energy and will combine
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FIGURE 2-10 Decay schemes for ''C, N, 150, and '*F. (Reprinted with permission of the Society of
Nuclear Medicine from reference 5.)

N,
X

®
\\h FIGURE 2-11 Positron annihilation reaction. Two electron
masses, one positron and one negatron, are converted into their

os1mev  equivalent electromagnetic energy of two 0.511 MeV photons.

with a negative electron. The two electron masses annihilate into two 0.511 MeV photons
(annihilation radiation), which are emitted in opposite directions (Figure 2-11). Positron
emitters always produce 0.511 MeV photons. Several positron emitters are used in nuclear
medicine, including "'C, N, PO, ¥F, %Ga, and *Rb (Figures 2-10 and 2-12). Positron-
emitting radiopharmaceuticals are discussed more thoroughly in Chapter 10. A positron
emitter may also decay by EC to excited daughter states and emit gamma rays in addition :
to annihilation radiation. **Ga is an example of this type of decay.

Electron Capture Decay

EC is the second way in which proton-rich nuclides decay to decrease an excess positive
nuclear charge. The change in nuclear composition is similar to that occurring in positron
decay, but the mechanism is different. Therefore, EC and positron decay are competing
processes. In fact, both processes of decay can occur in radionuclides with transition
energies greater than 1.022 MeV. If a proton-rich nuclide does not have at least 1.022 MeV
of transition energy, a positron cannot be created and EC decay will occur.

- A
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FIGURE 2-12 Decay schemes for ®*Ga and #Rb. (Reprinted with permission of the Society of Nuclear
Medicine from reference 5.)

51
Ser(27.704d)

FIGURE 2-13 Decay scheme for ICr. (Reprinted with
permission of the Society of Nuclear Medicine from =
reference 5.) 2 V(stable)

In EC decay, an orbital electron, usually the K-shell electron, is captured by the nucleus
and combines with a proton to produce a neutron and a neutrino. This reduces the positive
nuclear charge by one unit. The nuclear transformation that occurs is

prte—=n+v

For most EC decay processes a K-shell electron is captured unless the transition energy
is less than the K-shell binding energy, in which case L-shell capture occurs.

The neutrino carries off all the transition energy released in the EC decay process
unless an excited daughter nuclide is produced, in which case the energy is shared between
the neutrino and the gamma ray emitted by the daughter.

Several radionuclides used in nuclear medicine decay by EC: *'Cr, ¥Co, #Ga, MIn, &I,
1], and ?™T1. EC is a desirable decay mode for diagnostic radiopharmaceuticals because
no particulate radiation is produced, lowering the patient’s radiation absorbed dose. The
decay equation for *'Cr is

uCry = HVy + E(VrY)

50.944786 AMU  50.943978 AMU
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The mass defect for this transition is 0.000808 AMU and is equivalent to a transition energy
of 0.753 MeV. The decay scheme is shown in Figure 2-13. The scheme demonstrates that
91% of 5'Cr atoms decay directly to the ground state of 'V by emitting a 0.753 MeV
neutrino. In 9% of the decayed atoms, however, the neutrino carries only 0.433 MeV, and
a gamma ray of 0.320 MeV is emitted from the excited *'V daughter. Secondary radiations,
such as characteristic x-rays and Auger electrons, are also produced during EC decay.

Each of the decay processes previously discussed is called an isobaric transition
because in every case of negatron, positron, or EC decay the parent and daughter nuclides
have the same mass number. Only the numbers of protons and neutrons change.

Isomeric Transitions and Metastable States

Isomeric transition occurs when an excited nucleus loses its excess energy by emission of
only a gamma ray, with no change in the atomic number or neutron number. This process
was referred to in the earlier discussion of nuclear energy levels. A nucleus can become
excited in several ways, but the most common way is through a radioactive decay process
in which some of the transition energy remains in the nucleus after particle emission. This
excess nuclear energy can be emitted either promptly or in a delayed manner. Prompt de-
excitation occurs when gamma rays are emitted immediately after particle emission,
usually within 10-** seconds. Delayed de-excitation occurs when the excited nucleus per-
sists for a measurable period of time, with half-life in the range of 10~ seconds to several
months. These nuclei are called metastable states and are designated by writing a lower-
case “m” after the mass number. Most of the radionuclides used in nuclear medicine are
prompt gamma emitters (e.g., *'I and 'Cr). Some metastable species have a long enough
half-life that they can be separated and isolated from the parent radionuclide. These
isolated species are sometimes referred to as pure gamma emitters. A good example is
#nTe, which is produced by the decay of *Mo. A simplified decay scheme is shown in
Figure 2-14. When *Mo decays, 13.95% of the atoms decay to the *Tc ground state, but
the other 86.05% yield the metastable isomer ®™Tc, which has a half-life of 6 hours. It will
undergo de-excitation to its *Tc isomer by emitting a monoenergetic gamma ray of 0.140
MeV.

99M0
B (86%)

$9mTg

B (14%)
v 140 keV

y “Tc  FIGURE 2-14 Simplified decay scheme for “Mo.

Internal Conversion

In some isomeric transitions the energy released from the nucleus may be transferred to
an inner-shell electron instead of being emitted as a gamma ray. According to quantum
mechanics, some of the orbital electrons, particularly the K-shell electrons, spend an
appreciable amount of time near or actually within the nucleus. If an electron absorbs the
nuclear energy that is available, it is ejected from the atom, with a kinetic energy equal
to the difference between the energy available in the nucleus and the binding energy of
the electron. Such an electron is called a conversion electron, and the process is referred to
as internal conversion. Nuclides in the isomeric state may therefore emit either gamma rays
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FIGURE 2-15 Simplified decay —_—

scheme for ®®Hg illustrating the
percentage of internal conversion K
in the K, L, and M shells.

or conversion electrons during their de-excitation. This is illustrated in the decay scheme
for *®Hg (Figure 2-15); the internal conversion process is shown as an internal photoelectric
effect in which the 0.279 MeV gamma ray may undergo K-, L-, or M-shell conversion.
Because 100% of 2®Hg atoms decay by beta emission to the excited state of ?TI, theoret-
ically one should be able to detect 100 gamma rays of 0.279 MeV for every 100 atoms
decayed. Only 82 gamma rays are detectable, however, because 18% of the atoms undergo
internal conversion in the K, L, and M shells. The number of detectable photons per 100
disintegrations is known as the photon abundance. The photon abundance for **Hg is 82%.

Alpha Particle Decay

Although alpha radiation holds no current clinical usefulness, some alpha-emitting radio-
nuclides have merit, and some may be used in the future for therapeutic application. Soon
after radium’s discovery in 1898 by Marie and Pierre Curie, *Ra and its radioactive
daughter, ??Rn, were used in medicine. The most frequent use was radiation therapy with
sources sealed in glass or platinum seeds that were implanted in or near cancerous tissue
for treatment and removed at the end of treatment. Currently, "’Ir and I are used for
such purposes. 1*Pd seeds have been successfully used for treating prostate cancer.

Alpha emitters have no application in diagnostic nuclear medicine because alpha
particles produce dense ionization within tissue, accompanied by severe radiation dam-
age. However, the decay of ?Ra is discussed here because of historical interest. The decay
equation is

26 22 4
pRazy —  HRn +  ,He,

226.0254 AMU 2220175 AMU 4.0026 AMU

Alpha decay usually occurs in heavy nuclei where four nucleons (two protons plus two
neutrons) can achieve an energy that exceeds the nuclear binding energy to escape from
the nucleus. In the decay equation for ?*Ra the alpha particle is shown as a neutral helium

S ———— el
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atom with its orbital electrons, but alpha particles do not assume this state until they have
almost exhausted their kinetic energy. The sum of the *’Rn and *He masses is 0.0053 AMU
less than the mass of the **Ra atom. This mass defect is equivalent to a transition energy
of 4.94 MeV.

A simplified decay scheme depicting the principal decay routes for 2%Ra is shown in
Figure 2-16. A branching decay occurs, with 98.8% of the atoms decaying directly to ??Rn
and 1.2% to the excited state of **Rn, which subsequently de-excites by emission of a
0.187 MeV gamma ray. The difference between the alpha-1 energy of 4.78 MeV and the
transition energy of 4.94 MeV is 0.16 MeV. This difference is the recoil energy, which is
given to the nucleus as the massive alpha particle is ejected. This occurs with all alpha
emitters and is required for the conservation of energy and momentum. Recoil energy is
usually on the order of 0.1 MeV.

Table 2-4 lists some radionuclides used in nuclear medicine and their properties.

RADIOACTIVITY

Up to this point we have discussed some basic properties of all atoms and considered the
ways in which unstable atoms transform into stable nuclei. Soon after the discovery of
radioactivity by Henri Becquerel in 1896, it was observed that some elements lost their
radioactive properties in a consistent fashion that varied from one element to another. In
1900, before atomic structure was understood, Ernest Rutherford used the terms decay and
disintegrate to describe this process. It is now known that radioactivity is a nuclear process
involving the transformation of a parent nucleus into a daughter nucleus by radioactive decay.

Radioactivity can be defined as the random process of unstable nuclei undergoing
transformation to release excess energy in the form of radiation. The key words in this
definition are random process and transformation. It is not possible to predict at what point
in time a single radioactive atom will transform or decay, because radioactive decay is
spontaneous. However, when a large number of radioactive atoms of a particular radio-
nuclide decay, some of them decay immediately, some at intermediate times, and some
very late. Thus, a certain fraction of the total number of atoms decays within a definite
time period. For any radionuclide in pure form, the number of atoms that decay per unit
of time, dN/dt, is proportional to the number present, N, and a proportionality constant,
L. This relationship describes the radioactive decay law and is expressed as

=N _ N (2-2)
dt

The negative sign indicates a decreasing number with time. This first-order differential
equation provides the rate of decay for infinitely small periods of time. To obtain the rate
of decay for measurable periods of time, the equation must be integrated into the following
form:
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TABLE 2-4 Radionuclides in Nuclear Medicine

Photon Energy Half-Value Gamma Ray
(MeV) and B-Max* Layer Dose Constant
Radionuclide  Decay Mode* Half-lifeb Abundance (%)  (MeV) (mm Pb) (R/mCi-hr/em)¢

uc B* 203 min  0.511 (200) 0.960 4.0 5.91*
BN B* 9.97 min 0.511 (200) 1.198 4.0 591t
uc B 5715 yr None 0.156 None None
6] B* 122 sec 0.511 (200) 1.730 4.0 5.91*%
g B 109.8 min 0.511 (181) 0.635 4.0 5758*
=p i 14.28 days  None 1.710 None None
SICr EC 27.7 days 320 (10) None 1% 0.18
FCo EC 2718 days 122 (86) None 0.2 1.0
136 (10)
*Co EC, p* 70.9 days 0.511 (31) None 9.0 55
0.810 (99)
7Cu B 61.9 hr 0.092 (11) 0.57 7.0 0.52*
0.185 (49)
Ga EC 78.26 hr 0.093 (38) None 0.66 0.8
0.185 (24)
0.300 (16)
%Ga B* 67.8 min 0.511 (178) 1.899 4.0 5.37*
©Rb B* 75.6 sec 0.511 (189) 34 7.0 6.1
0.777 (13)
SlmKr 1T 13.1 sec 0.191 (66) None 0.019 1.6
sy B 50.52 days None 1.488 None None
ooy’ B 64.08 hr None 2.28 None None
*Mo B 65.94 hr 0.740 (14) 1214 65 0.18
0.778 (4.8)
T IT 6.01 hr 0.140 (88) None 0.17 0.78
MIn EC 2.8 days 0.023 x-rays (68) None 023 3.21
0.026 x-rays (15)
0.172 (90)
0.247 (94)
1y BC 13.2 hr 0.027 x-rays (71) None 0.05 1.6
0.031 x-rays (16)
0.159 (84)
=1 EC 594 days  0.027 x-rays (115)  None 0.017 143
0.035 (6.7)
| i 8.02 days 0.284 (5.8) 0.606 24 227
0.364 (82)
0.637 (6.5)
13Xe B 5.24 days 0.081 (36%) 0.346 0.035 0.51
s ] 30.07 yr 0.662 (95) 0.512 6.0 3.32*
1535 m B- 4627 hr 0.103 (29) 0.710 0.1 0.46
15Re B 89.2 hr 0.137 (9) 1.07 25 0.2
20 EC 72.94 hr 0.068-0.080 None 0.006 47
x-rays (94)
0.167 (10)
* EC = electron capture, IT = isomeric transition.
b Half-life values obtained from reference 1.

¢ B-max = decay transition energy (E max) minus any photon energy emitted.
¢ R = roentgen. Values with asterisk are from reference 3, pp. 737-741; other values are from package inserts. ‘
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N=Nye™ (2-3)
where:
N, = original number of atoms at t = 0
N = number of atoms remaining after decay time f = ¢
NN = number of atoms that decayed in time f = ¢
A = decay constant in reciprocal time !
f = time of decay

The rate of decay of a radionuclide is described by its activity, A, or the number of
nuclear transformations or disintegrations per unit of time; therefore, A is equivalent to
-dN/dt, and we may write

A=AN (2-4)

where:

A = number of disintegrations per unit time
N = number of radioactive atoms

L = decay constant

The decay constant describes the fraction of atoms that decays per unit of time. For
example, a decay constant of 0.01 sec™ means that approximately 1% of the atoms decay
per second. A decay constant of 0.15 sec”! means approximately 15% decay per second.
This interpretation is only approximate, because radioactive decay is a logarithmic func-
tion. A strictly linear interpretation of the decay constant gives a falsely high decay rate,
but the interpretation helps to make the decay constant tangible. The decay constant is
peculiar to the radionuclide in question. No two radionuclides are identical. As we shall
see in a subsequent section, the decay constant is related to the radionuclide half-life.

The activity of a radioactive substance is directly proportional to the decay constant
of the radionuclide and the number of radioactive atoms present in the sample, as given
by the decay law. Therefore, Equation 2-4 can be used to calculate the amount of a
radioactive material from its activity. In working with radioactive material it is convenient
to know the amount of activity present in the sample at various periods of time. Because
activity is directly proportional to the number of atoms, we can substitute the expression
A/ for N in Equation 2-3 and arrive at an exponential expression for radioactive decay
in terms of activity:

A=Ae™ (2-5)

Units of Activity

Radioactivity can be expressed in three ways: (1) as nuclear transformations per second,
frequently referred to as decays or disintegrations per second (dps); (2) as curies, millicu-
ries, microcuries, or nanocuries; and (3) as becquerels. The curie was originally defined
as the number of disintegrations per second occurring in 1 gram of **Ra. In the early days
of radiochemistry the decay rate of 1 gram of **Ra was subject to slight variations because
it was affected by the purity of a radium sample. Experiments determined that 1 gram of
“pure” radium had a disintegration rate close to 3.7 x 10'° dps, and this value was officially
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adopted in 1950. Now, the International System of Units has adopted the becquerel (Bq)
as the official SI unit of radioactivity. One Bq is defined as one nuclear transformation per
second. Therefore, the following expressions are considered to be equivalent:

1 becquerel (Bq) =1dps

1 curie (Ci) = 3.7 x 10" dps (Bq) or 37 gigabecquerels (GBq)
1 millicurie (mCi) = 3.7 x 107 dps (Bq) or 37 megabecquerels (MBq)
1 microcurie (uCi) = 3.7 x 10* dps (Bq) or 37 kilobecquerels (KBq)

1 nanocurie (nCi) = 37 dps (Bq) or 37 Bq

By definition we also have the following equivalent expression:

18q=27%10" Ci

Although the becquerel is the official unit of radioactivity, the traditional curie units are
routinely used in practice. By using the previous expressions, conversions can be made
readily.

Half-life

In 1902 Rutherford noted in his measurements of #Th that half of any quantity was gone
in 24 days. He coined the term half-life, the time for any quantity of radionuclide to decrease
to half its original quantity. Mathematically it is expressed as

(2-6)

Thus, half-life and the decay constant are inversely proportional. For the derivation of
this expression, assume that the time of decay (T) in the expression A = AT is that of
the half-life or T, so that

A=te
2

% = A e ATy

1_ o,

2

9 e+.'hT|',.T
In2=AT,

0693,
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FIGURE 2-17 Half-life determination illustrated by a plot of the decay of *™Tc over time on linear
coordinates (left) and log-linear coordinates (right) that yields a straight line characteristic of a first-
order rate process.

The half-life of a radionuclide can be determined experimentally by measuring the
activity of a sample over time, assuming that the half-life is reasonably short. Radionu-
clides with very short or very long half-lives require special techniques. Figure 2-17 shows
plots of activity versus time on linear and log-linear coordinates. Because radioactive decay
is a first-order rate process, the log-linear plot is a straight line from which the half-life is
easily determined.

Radioactivity Calculations

Sample calculations 1A and 1B illustrate the random nature of radioactive decay.

Example 1A. The half-lives of **™Tc and I are 6.01 hours and 13.1 hours, respectively. Which of
these two radionuclides has the higher probability for radioactive decay?

The probability for decay is related to the nuclide’s decay constant, A, which is defined
as the fraction of radioactivity (and atoms) that decays per unit of time. Thus, the decay
constant of *™Tc is 0.693/6.01 hr = 0.1153 hr!, or about 11.5% per hour, and the decay
constant for 71 is 0.693/13.1 hr = 0.0529 hr!, or about 5.29% per hour. Therefore, given
100 radioactive atoms of each nuclide, *™Tc has the probability of decaying about 11 atoms
in 1 hour, whereas 'l decays only about 5 atoms in 1 hour.

Example 1B. How many atoms of each radionuclide are in 1 mCi (37 MBgq) of *"Tc and '>I?

The relationship between radioactive atoms and radioactivity is expressed in the formula
A = AN. Rearranging, we have the following:

A_AT,
N= — " = A-T% '1443
A 0.693 '

Nopmy = (1 mCi)(3.7 107 dps/mC:i)(6.01 hrx 3600 sec/hr)(1.443)=1.16x10"d (atoms)

Nis, = (1 mCi)(3.7 107 dps/mCi)(13.1 hrx 3600 sec/hr)(1.443) = 2.52x 10" d (atoms)

We can see from these relationships that the number of radioactive atoms is directly propor-
tional to the radionuclide’s half-life and inversely proportional to the decay constant. Because
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1 mCi (37 MBq) of activity is equal to a defined number of atoms decaying per second, a
slower-decaying nuclide must have proportionally more atoms present to be able to decay
at the same rate as the faster-decaying nuclide. In this case the ratio of atoms (and half-
lives) of 1 to®™Tc is 2.2. In other words, '*I must have slightly more than twice the
number of atoms as *“™Tc to show the same activity.

Mean Life

The expression N = (A) (1/4) describes the total number of atoms in a radioactive source.
The term 1/A is known as the mean life of a radioactive source. The relationship between
the mean life and the half-life of a radioactive source is expressed as 1/A = T,, /0.693 =
(T,) (1.443). Consider a sample decaying at a rate of 1 mCi (37 MBq). During the first
second, 3.7 x 107 atoms decay, but during the next second less than this number decay,
and during the third second even less, and so forth (i.e., the decay rate decreases with
time). Even though the number of atoms decaying per second decreases, the fraction of
radioactive atoms decaying per second remains constant, as defined by A.

Consider an alternative hypothetical situation in which we assume the sample decay
rate does not decrease with time but continues at its initial rate until all the atoms have
decayed. The time for this to occur is the mean life. Mean life is a useful term in calculating
the radiation absorbed dose to the body, because the dosimetrist must know the total
energy that will eventually be deposited after complete decay. This can be calculated from
the energy released per atom per decay and the total number of atoms that decay. In the
preceding example 1 mCi (37 MBq) of *™Tc is equal to 1.16 x 10'2 atoms. This means that
after complete radioactive decay this many atoms of *™Tc will have transformed into *Tc.
If the gamma ray energy per decay is 140 keV and the photon abundance is 88%, then
(140 keV) (0.88) (1.16 x 10" ) or 1.62 x 10™ keV will be emitted as gamma radiation. The
remaining 12% of energy will be released as conversion electrons.

Example 2. A vial contains 100 mCi (3700 MBq) of 'I-sodium iodide in a 10 mL volume on
Monday at 12 noon. Calculate the volume of solution required for a 12 mCi (444 MBgq) dose on
Friday at noon.

This problem requires use of exponential decay Equation 2-5. First calculate the radioactive
concentration on Monday noon.

100 mCi(3700 MBq) /10 mL = 10 mCi(370 MBq) /mL

Next, calculate the new concentration on Friday noon (4 days later).

A=Ae™M

0.693
A
A=10 mCi/mL e 305days’

A=10 mCi/mL(0.7087)
A=7.09 mCi/mL

12 mCi

A dose of 12 mCi i _—
e [7.09 mCi/mL

] or 1.7mL

w
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Example 3. A vial contains 50 uCi (1850 kBq) of *'I-sodium iodide capsules. How many days are

The half-life can be used to estimate the time required.

Number of days 0 8 16 24 32
Number of half-lives 0 1 2 3 4
Capsule activity (uCi) 50 25 125 6.25 3.125

Thus, between 24 and 32 days is required. To arrive at the exact answer, use Equation 2-5 in
logarithmic form.

A= Aoef?»f
InA=InA,— At
. ) 0693
In(5 pCi)=n(50 LlCl)—m(t)

1.61=3.91-0.0861t

23

=———— =267 days
0.0861 days ' ¥

' Decay Tables

When making decay calculations on a routine basis in a nuclear pharmacy, it is more
convenient to use decay tables instead of the exponential decay equation. A decay table
15 a tabulation of specified times and the respective fraction of activity remaining at those
fimes. It is prepared using the exponential decay equation. Rearrangement of Equation 2-
5 yields the following expression:

Lot 2-7)

If Ais the activity remaining after an original amount of activity (A,) decays for a period
of time (f), then A/A, is the fraction of the original amount remaining. For example, a
decay table for '] can be generated by substituting the values of 1, 2, or 3 days and so
forth for f in Equation 2-7 to yield the following:

t (days) et

1.0000
0.9175
0.8418
0.7724
0.7087
0.6502
0.5966
0.5474
0.5022

NN U e WN 2O
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Example 4. Calculate the activity in a 10 uCi (370 kBq) capsule of "'I-sodium iodide.

a. What is the activity after 5 days’ decay?
Answer: 10 puCi (0.6502) = 6.5 puCi (240.5 kBq)

b. What is the activity after 9 days’ decay?
Answer: 10 pCi (0.5022) (0.9175) = 4.6 pCi (170.2 kBq)

Radiopharmaceuticals are labeled with the total amount of activity at a specified date and
time, referred to as the calibration time. Only at this time will the vial contain the labeled
activity. After the calibration time it will contain less activity because of radioactive decay,
and before the calibration time it will contain proportionately more activity. Radiophar-
maceuticals are often received in the nuclear pharmacy before the calibration time.

Example 5. Calculate the activity in a capsule of 3I-sodium iodide at noon on January 1 if the
label states “10 uCi (370 kBq) per capsule as of 12 noon January 6.”

Since the capsule must obviously contain more than 10 uCi (370 kBqg) on January 1, the
calibration time activity should be divided by the decay factor for 5 days. Thus, the activity
in the capsule on January 1 is (10 pCi)/(0.6502) = 15.38 pCi (569 kBq).

The same answer can be obtained by using the reciprocal of the postcalibration decay
factor, 1/0.6502 or 1.538, which is the precalibration decay factor. The answer to the
previous question is calculated as follows: 10 puCi x 1.538 = 15.38 uCi (569 kBq). Precali-
bration factors can be readily calculated for any times before the calibration time using
the following rearrangement of Equation 2-5:

A +ht
L e (2-8)
Ay

A precalibration decay table for B is

t (days) e

19912
1.8268
1.6762
1.5380
1.4110
1.2947
1.1870
1.0899
0 1.0000

= U O N ®

= N W

REFERENCES

Chart of the Nuclides. 15th ed. Cincinnati, OH: Lockheed Martin; 1996.

Friedlander C, Kennedy JW, Miller JM. Nuclear and Radiochemistry. 2nd ed. New York: Wiley; 1966:28.
Johns HE, Cunningham JR. The Physics of Radiclogy. 3rd ed. Springfield, IL: Charles C Thomas; 1969.
Quimby EH, Feitelberg S. Radioactive Isotopes in Medicine and Biology. 2nd ed. Philadelphia: Lea & Febiger;
1963:92-3.

5. Weber DA, Eckerman KF, Dillman LT, et al. MIRD: Radionuclide Data and Decay Schemes. Reston, VA:
Society of Nuclear Medicine; 1989.

= P i




3 Radiation Detection and
Measurement

The type of radiation emitted from a radioactive substance and its particular application
in medicine and science determine the method used to detect it. In nuclear medicine and
nuclear pharmacy, special types of instruments are used to quantitate the amount of
radioactivity in a radiopharmaceutical dosage, to measure the radioactivity present in the
body of a patient undergoing a nuclear medicine procedure, and to survey packages of
radioactive material and the work environment for health and safety reasons. All of the
instruments used in these types of procedures are based on the ability of radiation to
ionize matter.

INTERACTIONS OF RADIATION WITH MATTER

Radiation in nature is of two types, particulate and electromagnetic. Both types are emitted
from the radiopharmaceuticals used in nuclear medicine. The energy of these radiations
is sufficient to cause excitation and ionization of the atoms in matter. During excitation,
orbital electrons may be raised to higher-energy suborbits and then emit visible and
ultraviolet (UV) light when they return to the ground state. During ionization, electrons
are removed from atoms, producing ion pairs. An ion pair is one electron and one posi-
tively charged atom from which the electron was removed. The average energy required
to produce an ion pair in air (W) is 34 eV. A particular form of radiation will produce
thousands of excitations and ionizations in matter, depending on its total energy. Thus, a
340 keV (340,000 eV) beta particle will produce about 10,000 ion pairs in air before it comes
to rest.

The number of ion pairs produced per unit path length traveled by radiation is termed
specific ionization (SI), while the energy dissipated per unit path length is termed the linear
energy transfer (LET). SI and LET are directly related:

LET=SI x W (3-1)

Sland LET are directly proportional to particle mass and charge and inversely proportional
to particle velocity. Therefore, an alpha particle has higher specific ionization and LET
compared with a proton of the same energy because the alpha particle is roughly four
times more massive, has twice the charge, and moves more slowly through matter. An
electron of similar energy, having a unit negative charge and much smaller mass compared
with the proton or alpha particle, moves through matter at a much higher velocity and
with a lower specific ionization and LET. Tables 3-1 and 3-2 compare the specific ionization
and LET, respectively, of these particles in air.

The interaction of radiation with matter is important because it is the basis for detection
and measurement of radiation and is the initiating event that leads to biologic damage in
tissue.

39
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TABLE 3-1 Specific lonization of Radiation in Air

Specific Ionization (ion pairs per 1.0 mg-cm™)

Energy
(MeV) Beta Particle Proton Alpha Particle
10 53 1,100 13,000
5 49 2,100 22,000
- 48 2,400 26,000
3 47 3,100 32,000
2 46 4,200 41,000
1 46 6,800 54,000
0.5 50 11,200 56,000
0.2 100 16,700 40,000

Adapted from reference 1.

TABLE 3-2 Linear Energy Transfer (LET) of Radiation in Water

Energy LET (keV/um)
(MeV) Beta Particle Proton Alpha Particle
0.1 0.45 90 170 ’
0.5 0.21 47 350 [
1.0 0.18 27 300
5.0 0.18 9 110 {
|
|
=
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FIGURE 3-1 Composite diagram of alpha particle inter- ‘l

actions in matter. (A) particle velocity; (B) particle range;

(1]
(C) particle specific ionization and linear energy transfer. Distance into Absorber —— (

Alpha Particles

Alpha particles are fast-moving monoenergetic helium nuclei carrying two positive

charges. Relative to other types of radiation they are quite massive, being composed of

two protons and two neutrons. Consequently, alpha particles are not easily deflected by |
interaction with electrons in matter, and they travel in straight-line paths with a definite
range in a particular absorber.! An alpha particle produces excitation and ionization in|
matter by electrostatic attraction of electrons. After thousands of excitations and ioniza-|
tions, an alpha particle eventually comes to rest, acquiring two electrons to become a
neutral helium atom. Alpha particles have high SI and LET, as shown in Tables 3-1 andi
3-2 and Figures 3-1 and 3-2. SI and LET increase rapidly near the end of the alpha particle’s
path because of the particle’s slower speed in this region, which increases its probability
of interaction. In tissue, the dense ionization of an alpha particle with release of energy
results in a higher probability for biologic damage compared with low LET radiation. This
is a principal reason for not using alpha emitters in diagnostic applications.

‘*



Radiation Detection and Measurement

Range

.,
. Delta
""" Rays

5 [, J— FIGURE 3-2 Pathways of alpha and beta
I Alpha Source Beta Source particle interactions in matter.

Positrons

Positrons are positively charged beta particles (electrons) released from the nuclei of
proton-rich radionuclides. Positrons produce excitation and ionization of matter by elec-
trostatic attraction of orbital electrons in the matter, similar to alpha particles. However,
because of their smaller mass, positrons are easily deflected during their interaction with
orbital electrons. The path of a positron through matter is tortuous, similar to that of a
negatron (Figure 3-2). After thousands of excitations and ionizations, the positron comes
to rest in association with a negative electron to momentarily produce a species called a
positronium. The positronium can be thought of as an atom, with the positron acting as
the nucleus. The positron then combines with the electron and undergoes an annihilation
reaction, converting the two electron masses into two 0.511 MeV annihilation photons (see
discussion of positron decay in Chapter 2).

Negatrons

Negatrons are negatively charged beta particles (electrons) released from the nuclei of
neutron-rich radionuclides. Negatrons interact with matter by three major processes:
excitation, ionization, and bremsstrahlung production. The first two processes involve
interaction with orbital electrons and the third process involves an interaction with the
nucleus. Negatrons interact with orbital electrons by electrostatic repulsion. During exci-
tation, negatrons in the vicinity of an atom can cause a loosely bound valence electron to
be moved to an optical orbit, whereupon the return of the excited electron causes emission
of light. Negatrons may ionize atoms by removing an electron from either an outer shell
or an inner shell. Removal of inner-shell electrons results in the release of characteristic
x-1ays as outer-shell electrons fill in the inner-shell deficits. The electrons released from
the atom by the ionization process are called delta rays. Because the interaction is between
particles of equal mass, the path of a negatron is tortuous, being deflected at each inter-
action (Figure 3-2). A high-energy negatron may undergo a deceleration in the vicinity of
the nucleus, releasing electromagnetic radiation called bremsstrahlung (braking radiation).
The probability of bremsstrahlung production increases directly as the negatron’s energy
and the atomic number of the absorber increase. For this reason, it is best to shield high-
energy beta emitters, such as P, with an inner shield of material with a low atomic number
(Z), such as Plexiglas, and an outer shield of lead to absorb any bremsstrahlung. The
processes of negatron interaction with matter are summarized in Figure 3-3.

Neutrons

The neutron was proposed by Ernest Rutherford in 1920 as a particle of unit mass and
charge of zero that could easily penetrate a nucleus and unite with it. In 1932 James
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FIGURE 3-3 Beta particle interactions with matter: excitation, ionization, and bremsstrahlung.

Chadwick demonstrated that the neutron could not be deflected in electric and magnetic
fields, attesting to its neutral charge.?

It is known from beta-minus decay that a neutron is converted into a proton and an
electron in the nucleus. Energy is liberated in this process, since the combined mass of a
proton and electron is less than the mass of a neutron. Using the example of a hydrogen
atom, the neutron mass (1.0086654 AMU) exceeds the combined proton and electron mass
(1.0078252 AMU) by 0.0008402 AMU, so an energy equivalent to 0.782 MeV is liberated
in the process; therefore, a free neutron should decay spontaneously as follows:

in— H+ Je+v

Experiments have demonstrated that a neutron decays spontaneously with a half-life of
700 seconds.?

Although neutron emitters are not used in nuclear medicine, their interactions with
matter are of interest. Neutrons can be classified by their energies as being thermal
(approximately 0.025 eV), slow (0.03 eV-100 eV), intermediate (100 eV-10 keV), and fast
(10 keV-20 MeV). Neutrons interact with matter in three ways: (1) scatter by nuclear
collision, (2) capture by a nucleus, and (3) decay of a free neutron. Typical scatter and
capture reactions that may occur in biologic systems are as follows:?

Scatter reactions
i+ H - H+ ' (elastic scatter)

oIl & 12(: =3 ]?,C +on + (inelastic scatter)

Capture reactions
1 14 4o 1
B F GIN =3 7O H

Scatter reactions are nonionizing events typical of neutron moderation reactions that
occur in water or graphite reactors. Elastic scatter collisions are those in which the total
kinetic energy and momentum of the neutron and nucleus remain constant. This is most
likely to occur between two bodies of equal mass, as in a billiard ball collision. Paraffin,
water, and other materials rich in hydrogen are good moderators of neutrons by the elastic
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TABLE 3-3 Properties of the Electromagnetic Wave Spectrum

Wave Type Frequency? Wavelength® Photon Energy
Radio 12105 3x10° cm 413 x 100 eV

I x 10w 1.0 cm 124 x10* eV
Infrared 3 x 102 0.01 ecm 0.0124 eV

3 x 10% 0.0001 em 124 eV

(10,000 A)

Visible light 43 x 104 7000 A 1.77 eV

75 % 10" 4000 A 3.1eV
Ultraviolet 7.5 x 10 4000 A 3.1eV

3 x 10 100 A 124 eV
Soft x-rays 3 x 10w 100 A 124 eV

3% 10% 1A 124 keV
Diagnostic x-rays, gamma rays 3 x 10" 1A 12.4 keV

3% 10 0.01 A 1.24 MeV
Cosmic rays 3x10® 0.01 A 1.24 MeV

3x 102 0.00001 A 1240 MeV

* Waves/second.
b Photon emitters in nuclear medicine generally range from 0.155 A (80 keV) to 0.031
A (400 keV).

scatter process. In the reaction with hydrogen, a portion of the neutron’s energy is transferred
to the nucleus and the remaining energy is retained by the scattered neutron. Inelastic collisions
result in a loss of energy from the system. The reaction is (n,n"y) where n is the incident
neutron and n’ is the slower neutron released by the nucleus, the energy difference being
emitted as a gamma ray. Moderation of fast neutrons by carbon is primarily by this process.

Neutron capture reactions are ionizing events because a proton is ejected from the
collision with a nucleus. This type of reaction obviously has more biologic consequence
than a scatter reaction. Thermal and slow neutrons can more easily be captured by a
nucleus because the probability of capture is inversely related to neutron speed. Nuclei
with high capture cross-sections have a higher probability of capturing fast neutrons.
Boron or cadmium rods in nuclear reactors are used to control or shut down the reactor
because they have high neutron capture cross-sections. Capture reactions are an important
means of producing artificial radionuclides (see Chapter 8). An interesting proposed
medical application is boron neutron capture therapy. This simple yet elegant technique
involves targeting a boron-containing drug to a tumor and irradiating the tumor with
thermal neutrons. The capture of neutrons by boron generates alpha particles that intensely
irradiate the tumor. The success of this technique has been limited because of the difficulty
in delivering boron-containing drugs and thermal neutrons specifically to tumor cells.

Gamma and X-Rays

Electromagnetic radiation exhibits properties characterized by frequency, wavelength, and
energy. This is shown in Table 3-3 and described by the following equations:

V=— (3-2)

E=hv="- (3-3)
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where

frequency (waves/sec)

speed of light (2.998 x 10' cm/sec)
wavelength (in angstroms x 10~ cm)
energy in ergs

Planck’s constant (6.626 x 10~ erg-sec)

Il

e w
o

Thus, the energy of a 1-angstrom photon is

(6.626 x107 ergﬁsec)(2.998 x10" cm/ sec)
e A 1986x10% erg
1x10™ cm

and its equivalent energy in electron volt units is

—8
~ 1.986x10™ erg =124 keV

©1.602%10” erg/keV

Thus,

(3-4)

Long-wavelength low-energy electromagnetic radiation that occurs in the visible light
spectrum exhibits wavelike properties; however, short-wavelength high-energy radiation
such as x-rays and gamma rays does not behave as waves but more as discrete packets
of energy. These discrete packets are called quanta or photons, and they interact with matter
as if they were small particles. The three processes of photon interaction with matter are
the photoelectric effect, Compton scatter, and pair production. Each of these interactive
processes causes ionization of matter.

Photoelectric Effect

Absorption of photons by the photoelectric effect is illustrated in Figure 3-4. This process
involves a relatively low-energy photon interacting with and ejecting an inner-shell elec-
tron, usually from the K shell. The photon disappears, with all of its energy expended to
overcome the electron’s binding energy and to impart kinetic energy to the ejected electron.
For example, a 50 keV photon interacting with a K-shell electron having a binding energy
of 40 keV ejects a photoelectron with 10 keV of energy. The photoelectric interaction
produces ion pairs. Additionally, characteristic x-rays and Auger electrons are emitted
from the ionized atom when electron shell vacancies are filled in by outer-shell electrons.
The total energy emitted by an ionized atom from all processes is equal to the incident
photon energy.

In soft tissue, the photoelectric effect is the predominant interactive process for photon
energies up to 50 keV. The probability for the interaction increases as the photon energy
decreases below 50 keV and as the atomic number and density of the absorber increase.
Bone, with a Z of 13.8 and a density of 1.92, will absorb about six times more energy than
soft tissue, which has an average Z of 7.4 and density of 1. Radionuclides with photon

:———ﬁ
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FIGURE 3-4 Photoelectric absorption. The entire
photon energy is transferred to the ejected elec-
tron. The kinetic energy of the ejected electron,
KE,, is equal to the initial photon energy, hv,
minus the electron’s binding energy, BE,.

K-shell
Photoelectron

KE, = hv —BE,

FIGURE 3-5 Compton effect. An incident pho-

- ton transfers part of its energy to a loosely

Yo Ny __—" " Ke=nvw bound electron that is ejected from the atom.
E=hv 9 The remaining energy is associated with the
i T—— scattered photon. The kinetic energy of the

ejected electron (KE,) is equal to the difference

° between the incident and scattered photon ener-
gies. The electron binding energy is insignificant.

energies below 50 keV, such as '] (30 keV), are unsatisfactory for diagnostic imaging
because of high tissue absorption by the photoelectric effect.

Compton Scatter

The process of Compton scatter involves the interaction of a medium-energy photon with
a loosely bound outer-shell electron. The electron is ejected and an ion pair is produced.
As shown in Figure 3-5, only a portion of the incident photon energy is transferred to the
electron, depending on the angle of scatter (). The energy of the scattered photon (in
kiloelectron volts) can be calculated from the following relationship:

E = i (3-5)
1+£(1—cose)
511

The kinetic energy given to the Compton electron also depends on the angle of interaction.
A direct hit with a scatter angle of 180° transfers the largest amount of energy to the
Compton electron. In any event, the energy of the ejected electron is the difference between
the energies of the incident photon (E;) and the scattered photon (E,) given by

E, =E,—E, (3-6)

The secondary or Compton-scattered photon continues to undergo additional Compton
interactions until the photon is eventually absorbed by the photoelectric effect. The rela-
Honships between the energies of the incident photon, scattered photon, and Compton
slectron at various angles of interaction for %I, “™Tc, and ™I photons are given in Table
3-4. The very small energy required to overcome electron-binding energy has been ignored
n these calculations.

The probability for photon interaction by the photoelectric effect and Compton scatter
s about equal at photon energies between 10 and 50 keV. The Compton process predom-
nates at energies higher than 50 keV (Table 3-5).* Most radionuclides used in nuclear
nedicine, because of their higher energies, interact in tissue initially by Compton scatter.
[he probability of a Compton interaction depends upon electron density. High-density
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TABLE 3-4 Energy of Compton-Scattered Photons and Electrons?
Angle of Scatter, 8

Photon Energy 45° 90° 135° 180°
Radionuclide (keV) E, E, E; E. E, E., E, By
=] 27.5 271 04 26.1 14 252 23 24.8 33
#niTa 140.5 1305 105 1105 30.5 95.9 45.1 90.9 50.1
131y 364 3011 629 2126 1514 1643 199.7 150.1 2139

* E, = energy of the scattered photon, E,, = energy of the Compton-scattered photon.

TABLE 3-5 Relative Importance of
Different Types of Absorption in Water

Percent Absorption

Photon Energy  Photoelectric = Compton

Up to 10 keV 95 5
25 keV 50 50
50 keV 11 89
80 keV 3 97
100 keV 1 99
150-1000 keV 0 100

Source: Reference 4.

FIGURE 3-6 Pair production. An incident
photon of at least 1.022 MeV in the vicinity ., 5 yev
of the nuclear force field is transformed

into two electrons, one negative and one

positive. The positron eventually is anni-

hilated outside the atom, producing two /
0.511 MeV photons. 0.511 MeV

0.511 MeV

material provides more stopping power for photons undergoing photoelectric and Comp-
ton interactions, because more atoms (and electrons) are present per unit volume of
absorber compared with low-density material. For this reason, lead (density 11.35) is a
good absorber of gamma radiation.

Pair Production

The pair production process involves the interaction of a very high energy photon within
the nuclear force field with conversion of the photon into two electronic particles: one
positron and one negatron (Figure 3-6). Because the particles produced are equivalent to
the mass of two electrons, the minimum energy required for this process to occur is 1.022
MeV. Photon energy in excess of 1.022 MeV is distributed to the particles as kinetic energy.
The probability for pair production increases with increasing atomic number of the |
absorber because of the increased nuclear force field present with high-Z material. Pair

- e T T e
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production begins to be significant in soft tissue, with photon energies between 5 and 10
MeV, and therefore is not an important mode of photon absorption with the radionuclides
used in nuclear medicine.

RADIATION DETECTION INSTRUMENTATION

Detection and measurement of radiation in nuclear pharmacy and nuclear medicine is
important for radiation protection purposes and for accurate assessment of radiopharma-
ceutical activity for imaging procedures. Proper use of radiation detection equipment
requires an understanding of its construction and operation. This section covers the two
basic methods of radiation detection and measurement: ion collection and scintillation.

lon Collection Methods of Radiation Detection

lon collection methods of radiation detection are based on the ability of radiation to ionize
atoms of gas. Typical gases used are air, helium, and argon. The gas is contained in a
sealed chamber with a positive and negative electrode pair (Figure 3-7). A power supply
creates a voltage potential across the electrodes. An ammeter measures the current pro-
duced by electrons released from the ionization process. The current generated is directly
proportional to the number of ion pairs produced by the radiation source.?

Figure 3-8 illustrates the relationship between applied voltage and current in a gas-
filled detector. The change in current with change in voltage can be understood by con-
sidering a constant source of activity exposed to a chamber that contains a definite number
of ionizable gas molecules. In this situation a given amount of ionizing radiation enters
the chamber and ionizes a given number of the gas molecules. When no voltage is applied,
the ion pairs recombine (recombination region) and no current is generated. However, as
the voltage is increased, some of the electrons in the ion pairs are collected at the anode,
generating a current. A greater proportion of these electrons are collected with a propor-
tional increase in current as the voltage continues to increase. When the voltage applied
is high enough, all of the primary electrons are collected and a plateau known as the
saturation current is reached. Additional increases in voltage do not cause an appreciable
increase in current over the plateau; the primary electrons are simply collected at a faster rate
as voltage is increased. Over this voltage range simple ionization occurs. Beyond the plateau,
however, additional increases in voltage produce an increase in current proportional to
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FIGURE 3-7 A simple gas-filled radiation detec-
tor. Electrons released by ionization of the detec-
|| I I tor gas molecules are collected at the central
| I

v

anode, producing a current proportional to the
amount of ionization; i = current, v = voltage.
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gas-filled ionization detectors. See text -
for explanation. Voltage ——

voltage because of secondary ionizations. This is known as the proportional region, in which
fast-moving primary electrons produce secondary ionizations on their way to the anode.
Eventually, most of the gas molecules in the chamber are ionized, and a region of non-
proportionality is reached. As voltage is increased further above this point, another current
saturation plateau is reached, known as the Geiger region. The voltage in this region is
high enough that the initial ionizing event in the tube will result in an avalanche of ion
pairs because of ionization of all available gas molecules. In the Geiger region the same
current output is produced whether the ionizing event initially produces 1, 100, or 1000
ion pairs. At still higher voltages, a continuous discharge or arcing of current across the
electrodes occurs and should be avoided because this will damage the tube.

Three types of ion collection instruments are represented in this current/voltage
response curve: ionization chambers, proportional counters, and Geiger-Miiller (GM)
counters. lonization chambers are useful for measuring medium- to high-intensity sources
of radioactivity and have operating voltages in the range of 50 to 150 volts (saturation
current plateau region). Examples of instruments include the hand-held “Cutie Pie” ion-
ization chamber survey meter, which is useful for measuring output from high-activity
sources, and the dose calibrator, which is used to measure the activity of radiopharma-
ceuticals in the microcurie to curie range. GM detectors are used to measure low-intensity
radiation, such as in radiation surveys of the work environment. Their operating voltages
are usually set near 1000 volts (Geiger region).

Radionuclide Dose Calibrator

The dose calibrator is used routinely to measure the activity of radiopharmaceuticals. Its
output is directly proportional to the amount of activity placed into the ionization chamber.
Figure 3-9 is a block diagram of its essential components.® Operating voltage is about 150
volts. The electrode elements are configured in a sealed chamber of pressurized gas. A
typical chamber may contain approximately 12 atmospheres of argon to increase detection
sensitivity. The chamber is constructed with a central well for accepting radiopharmaceu-
tical vials and syringes. The current-to-voltage amplifier in the circuit of the dose calibrator
converts the small current generated by the jonizations into a voltage. The range selector
is a variable resistor circuit that adjusts the instrument for the activity range (microcuries,
millicuries, curies) being measured. This adjustment is automatic in newer instruments.
The useful activity range of a dose calibrator is 0.1 mCi to approximately 10 Ci (3.7 MBq
to 3.7 x 10° MBq), although activities below 0.1 mCi (3.7 MBq) can be accurately measured
if background activity is low. The chamber sensitivity of a dose calibrator is not linear |
with photon energy (Figure 3-10); sensitivity increases below 200 keV because of photo-

electric interactions and above 200 keV because of an increase in Compton interactions. |

e ———————
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Therefore, an isotope correction amplifier is necessary to adjust the detector’s output,
compensating for the different currents generated by radionuclides with different photon
energies and intensities.® Instruments typically employ preset radionuclide pushbuttons
or a calibration dial for this compensation. This adjustment permits the instrument to
display the correct activity of the radionuclide being measured.

In measuring the activity of a particular radionuclide, its calibration setting is selected
and the instrument’s display is “zeroed” to remove any background activity. The source
i then placed in the chamber well and its activity is automatically displayed on the
readout. Before each day’s use, the dose calibrator’s operation is checked with a long-
lived reference source, such as '¥Cs. The full complement of quality control tests required
- for dose calibrators is discussed in Chapter 12.

Geiger-Miiller Detectors

i A GM detector is used to detect and measure low-level beta and gamma radiation. Some

units can also detect alpha radiation through a thin end-window. The GM counter’s
- response is independent of the amount of ionization occurring within the detector, because
- single ionization event is all that is needed to produce a current pulse. This makes the
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GM counter suitable for low-level radioactivity detection; its most common use is for
surveying work areas for radioactive contamination.

GM tubes are supplied with end-window or side-window configurations. A typical
end-window tube is shown in Figure 3-11. The thin mica window allows passage of beta
particles and weak gamma rays that normally would be stopped by the metal casing of
the tube. Because of the high operating voltage in GM tubes, radiation entering a tube
produces primary ionizations that proceed to ionize the entire gas. A quenching agent in
the gas absorbs energy to momentarily stop discharge between ionizing events. This
alternating ionization—quenching sequence produces current pulses that drive an exposure
meter and are audible as ticking sounds. GM detectors have no energy-discriminating
ability but, if calibrated against a reference source such as '¥Cs, are useful for measuring
exposure rate in roentgens per hour from gamma ray sources. The most accurate exposure
measurements, however, require calibration of the GM detector with a standard radiation
source whose gamma energy is identical to or close to the energy of the source to be
measured. By contrast, an ionization chamber survey meter, such as the Cutie Pie, has
low energy dependence and will therefore give a more accurate exposure measurement
over a wide range of radionuclide energies. It is, however, less sensitive than the GM
counter and has more application with high-intensity sources.

Scintillation Methods of Radiation Detection

There are two types of scintillation detectors: solid-crystal scintillation detectors and liquid
scintillation detectors. The detector is the primary medium that interacts with the radia-
tion. A solid-crystal detector typically is a sodium iodide (Nal) crystal that is hermetically
sealed in a metal casing. Gamma radiation of sufficient energy can readily penetrate this |
casing to interact with the crystal, but particulate radiation cannot do so. Consequently, |
the counting of pure beta emitters such as H and “C is best accomplished by liquid |
scintillation. With liquid scintillation, the sample to be counted is dissolved or suspended |
in a scintillation “cocktail” that consists of a solvent with scintillator compounds. The |
intimate admixture of sample and scintillator provides efficient detection of beta radiation. !
Except for the difference in detector material, the operating principles of liquid and solid-|
crystal scintillation detectors are basically the same. Liquid scintillation detection is illus-|
trated in Figure 3-12.

The basic instrument used for counting gamma radiation in nuclear medicine is the|
scintillation counter. It consists of a sodium iodide crystal/photomultiplier tube detector|
and an electronic processing unit (Figure 3-13). The crystal may be flat-surfaced or contain|
a well for test-tube samples. The sodium iodide detector converts photon energy into
visible light after absorption of gamma rays by Compton scatter and photoelectric inter-
actions. The photomultiplier (PM) tube converts the visible light photons into electrical
pulses. The processing unit consists of an amplifier for adjusting the magnitude of elec-
trical pulses and a pulse height analyzer (PHA) for selection or rejection of pulses for
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E 3-12 Liquid scintillation detection. Decay of a beta-emitting radiochemical in the scintilla-
cocktail” releases beta particles (electrons) which, through a series of interactions, transfer
to the solvent molecules. Excited solvent molecules (5%) then transfer their energy to the
- molecules (F). Excited fluor molecules (F¥) release their energy as visible light photons (scin-
ions). The light photons strike the photocathode of the photomultiplier (PM) tube, releasing
ons. These electrons are multiplied, generating an electrical pulse that is registered as a count.
number of pulses counted is proportional to the amount of radioactivity in the sample.
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E 3-13 Block diagram of a scintillation counter. See text for explanation.
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FIGURE 3-14 Sodium iodide crystal-PM tube scintillation detector. Total light output is proportional
to gamma ray energy deposited in the crystal. If one electron ejects four electrons from each dynode,
10 dynodes will result in 4! or about 1 million electrons collected at the anode of the PM tube.

counting. A variety of devices are used for recording output pulses, including rate meters,
scalers, oscilloscopes, and computers.

Figure 3-14 shows the sodium iodide detector and PM tube. High-energy photons
interacting with the crystal transfer energy to the sodium iodide molecules by Compton
scatter and photoelectric interactions. The energy of electrons released from the ionization
process is mostly absorbed as heat, because pure sodium iodide crystals do not scintillate
well. However, if the crystal is activated with 0.1% thallium, designated Nal(Tl), some of
the excited electrons become trapped in the vicinity of the thallium atoms, whereupon
their energy is released as visible light photons of about 3 eV. This is the scintillation event.
It takes about 30 eV absorbed to generate a single 3 eV light photon. About 20 to 30 of
these light photons are produced per kiloelectron volt of energy transferred to the crystal”
The number of scintillations and thus the amount of light generated is proportional to the
amount of gamma energy deposited in the crystal. The light photons cause electrons to
be ejected from the photosensitive cathode of the PM tube, which is optically coupled to
the sodium iodide crystal. The electrons are then attracted to a series of dynodes, each
about 100 V more positive than the previous one. An average of four electrons are ejected
for each incident electron on a dynode so that electron multiplication occurs. A series of
10 dynodes will result in 41 or about 1 million electrons, which produce a small electrical
pulse at the collecting anode. The magnitude of the output pulse of the PM tube is
proportional to the gamma ray energy deposited in the crystal. Thus a 200 keV gamma
ray produces a pulse twice the height of a 100 keV gamma ray.

Processing of the output pulse from the PM tube involves amplification and discrim-
ination. A preamplifier matches impedance between the PM tube and the amplifier. The
amplifier permits adjustment of the pulse height, increasing or decreasing it proportion-
ately, to facilitate analysis. The PHA is an electronic circuit consisting of an upper-level
energy discriminator (ULD) and a lower-level energy discriminator (LLD) configured in
an anticoincidence circuit. Only those pulses that fall within the “window” created
between the LLD and ULD settings are counted (Figure 3-15). The PHA permits radionu-
clides with different photon energies to be counted independently by adjustment of the
window (Figure 3-16).

A variety of devices can record events. A scaler is a digital counter that totals the
number of counts detected. A rate meter displays counts per unit time. An oscilloscope
provides a visual display of a radionuclide’s gamma-energy spectrum in a multichannel
analyzer (Figure 3-17). The computer monitor of a gamma camera system displays the
distribution of radioactive material in the patient’s body. Detector output can also be stored |
in computer memory for data analysis and image processing. l
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'FIGURE 3-15 Schematic of pulse height analysis in a scintillation counter. Pulses A, B, and C are
‘amplified linearly before processing by the pulse height analyzer. Pulse B falls within the “window”
created by the lower-level discriminator (LLD) and upper-level discriminator (ULD) and is counted.
Pulse A is rejected by the LLD and pulse C by the ULD.
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FIGURE 3-16 Effect of pulse height analyzer settings on acceptance or rejection of various pulse

URE 3-17 Sodium iodide well counter and multichannel analyzer.
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FIGURE 3-18 Gamma energy spectra for ', %51, ¥, 5!Cr, ¥Ga, and *'Tl in a 2 x 2-inch sodium f
iodide crystal.

Gamma Energy Spectrum

When a radionuclide is counted with a scintillation counter and the count rate plotted
versus energy, a gamma-energy spectrum is produced (Figures 3-18 and 3-19). Each radio-
nuclide has a unique spectrum that identifies its photon energy peaks. This “gamma
fingerprint” can be used to identify radionuclides in an unknown source. The gamma-|
energy spectrum can also be used to establish the best instrument settings for counting
or imaging. The instruments most frequently used in nuclear medicine for countmg;
gamma radiation are the scintillation well counter, probe, and gamma camera.

Well Counter

The scintillation well counter is designed for counting test tube samples. It is a sensitiv¢
device, typically used for counting samples containing less than 1 uCi (37 kBq). The sodiun
iodide crystal may vary in size but generally is 1.5 to 2 inches in diameter and about |
inches deep. A cylindrical well is drilled into it for accepting tubes (Figure 3-20). The maj¢
advantage of this arrangement is the increased counting efficiency that results from sw

rounding the sample by the detector. The detector is shielded with lead to reduce bacl

ground radiation.

Scintillation Probe

A scintillation probe is similar to the well counter except that the sodium iodide detec|
is flat-faced and has no well. The crystal may be of various sizes depending on the intend

T T ]



Radiation Detection and Measurement

55

SmTe 137Cg
A: 32 keV Ba x-ray
A: 140 keV gamma B: 662 keV gamma
A A B
5TCo 133%g
A: 122 keV gamma
A: 31-36 keV Cs x-rays
B: 81 keV gamma
A A B
Min 18F
A A: 511 keV annihilation
B: 172 keV gamma photons
C: 247 keV gamma
A B C A
Q——— Energy (ke¥) —————————1024 0—————— Energy (keV) ————————— 1024

FIGURE 3-19 Gamma energy spectra for *"Tc, ¥Co, "In, '¥Cs, '*Xe, and '¥F in a 2 x 2-inch sodium

iodide crystal.
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FIGURE 3-20 Scintillation well counter. (Reprinted
from Handbook 80, A Manual of Radioactivity Proce-
dures, U.S. Department of Commerce, National
Bureau of Standards, 1963.)

use. Thicker crystals are more efficient detectors and are necessary for high-energy gamma
rays. Probes with crystals 1.5 to 2 inches in diameter and 1 inch thick are routinely used
for thyroid uptake measurements. Smaller hand-held portable probes are used to monitor
radioactivity over various body parts and as survey instruments in radiation safety oper-
ations. An example of a probe detector used in thyroid uptake studies is shown in Figure

3-21.
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FIGURE 3-21 Stationary scintillation thyroid uptake
probe and counter. (Used with permission of Capin-
tec Inc., Ramsey, NJ.)

Gamma Cameras

Three types of gamma cameras are used in nuclear medicine: planar cameras, single-
photon emission computed tomography (SPECT) cameras, and positron emission tomog-
raphy (PET) cameras.

Planar Cameras

The early system used in nuclear medicine for imaging procedures was the rectilinear
scanner. This imaging device had a sodium iodide crystal 3 to 5 inches in diameter and
2 to 3 inches thick. Images were made by moving the detector down and across the region
of interest, recording information line by line as the detector scanned across the organ
(Figure 3-22). The images obtained were called “scans.” Modern-day imaging employs
gamma cameras whose detectors are large enough to view the entire organ of interest in
most instances. The images obtained are often referred to as “scans,” even though the
method of acquisition no longer involves scanning.

The planar camera was the first type of gamma camera to replace the rectilinear
scanner. It acquires a two-dimensional image of a three-dimensional distribution of radio-
activity in an organ. Lesion detection is improved by acquiring images in different planes
around the patient, typically in anterior, posterior, oblique, and right and left lateral
projections. However, with this technique of image acquisition, a deep-seated lesion within
an organ may be obscured by overlying normal tissue.

The camera system includes a detector consisting of a 12 to 20 inch diameter sodium
iodide crystal % inch or % inch thick backed by an array of PM tubes and faced with a
lead collimator. The detector is wired to the camera’s electronic processing unit, which
consists of a PHA, a scaler-timer, a positioning logic system, a monitor, and a computer.
The sodium iodide crystal detects the radioactivity in the patient’s body and produces
the primary scintillation events used to generate an image. The PHA permits energy
discrimination of pulses and is used to set appropriate windows for acquiring information.
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FIGURE 3-22 Diagram of a rectilinear scanner, an imaging device used in nuclear medicine before
gamma cameras came into use. (A) sodium iodide detector, consisting of a collimator, sodium iodide
arystal, and PM tube assembly that moved laterally back and forth and vertically over the area to
be scanned, creating an image line by line; (B) photographic film recording device; (C) electronic
processing unit; (D) “dot” image recording device; (E) example of a thyroid gland scan made with
a rectilinear scanner.
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FIGURE 3-23 Diagram of types of gamma
camera collimators.

The scaler-timer records the number of counts and sets the desired time required for
image acquisition. The collimator is a lead disk with an array of holes drilled through it.
It is positioned immediately in front of the sodium iodide crystal and limits detection to
only those photons emitted from the patient within the angle of view of the collimator’s
holes. Any photon emitted from the patient outside the angle of view (greater than or less
than 90°) will be absorbed by the lead septa between the holes and not be counted. Without
the collimator, a photon could hit the crystal at a position unrelated to its point of origin
in the patient, which would result in an image with incorrect activity distribution. In short,
a collimator limits the field of view of the crystal so that detail can be resolved. Types of
collimators are shown in Figure 3-23. In general, higher-energy nuclides require collima-
tors with thicker lead septa to achieve acceptable image resolution. A positioning logic
system produces x- and y-coordinates of the pulses generated in the crystal. In essence it
determines the location of each gamma ray interaction within the crystal that, in turn, is
related to its site of origin within the organ. The acquired image is stored in computer
memory for data analysis and can be displayed on a monitor for viewing. The monitor
display is useful for patient positioning during image acquisition.
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FIGURE 3-24 Single-photon emission computed tomography (SPECT) dual-head gamma camera.

SPECT Cameras

In a SPECT camera system, the detector rotates around the patient to acquire two-dimen-
sional images over 360° similar to a planar imaging camera. Computer reconstruction
algorithms permit display of stored information in three orthogonal planes: transverse,
sagittal, and coronal. In essence electronic “slices” are made through the organ in each
plane so that the activity distribution can be seen in three dimensions (see Figure 1-3,
Chapter 1). A SPECT camera can be used both for planar and SPECT imaging. It is used
mostly to detect photons emitted singly from radionuclides, as opposed to the coincidence
detection of dual annihilation photons in PET imaging. However, the spatial resolution
of SPECT is inferior to that of dedicated PET systems. SPECT cameras use sodium iodide
crystals and can be configured with one, two, or three detecting heads. Sensitivity increases
in proportion to the number of heads. The detector typically rotates 360° about the patient
in a continuous or stepwise manner. A typical dual-head SPECT camera system is shown
in Figure 3-24.

A significant advantage of SPECT over planar imaging is an improved target-to-nontarget
ratio.® In planar imaging, nontarget foreground and background activity around the target
is recorded with the target activity, degrading image quality. In SPECT imaging this nontarget
activity is reduced significantly by the image reconstruction process (Figure 3-25).

PET Cameras

The emission of a positron from a radionuclide distributed within the body produces two
511 keV annihilation photons that travel in opposite directions 180° apart in accordance
with the momentum conservation principle. This colinear property of the photons allows
them to be detected simultaneously by opposing detectors coupled to a coincidence device
(Figure 3-26). Because only coincident photons are detected, there is no need for a lead
collimator to determine the line of origin, and that is why this process is referred to as
electronic collimation. Lines of response (coincidence lines) for coincidence events are
stored in computer memory and processed by an image reconstruction algorithm to‘

|

— =————————— 1 |




Radiation Detection and Measurement 59

nw-zcoo

E 1
- N-r

FIGURE 3-25 Schematic showing the value of
SPECT Imaging SPECT imaging (B), versus planar imaging (A), for
improving target to nontarget ratios. With SPECT,
a substantial amount of background and fore-
ground information is removed while information
from the area of interest is retained. (Reprinted with
permission from reference 8.)
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Range FIGURE 3-26 Diagram of a PET detec-

tor demonstrating position of positron
release (Rx molecule), its travel to a
point of annihilation, and the coincident
detection of the two 511 keV photons
along the coincidence line. The coinci-
dence line is also referred to as the line
of response (LOR) or line of origin.
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erate cross-sectional images of the activity distribution. Theoretically, the two detectors
detect an event at precisely the same time only if annihilation has occurred precisely
1e middle of the line between the two detectors. Because events occur at other points
g the coincidence line, the coincidence window must be adjusted to accommodate
e events. To accomplish this, the average coincidence time for PET cameras is set at
roximately 6 to 12 nanoseconds.” This resolving time is long enough to record a
cant number of true coincidence events that occur “off-center” on the coincident
line but short enough to limit the number of random coincidence events that strike the
| detector coincidently with true events.

~ A number of possible coincidence events can be recorded with PET (Figure 3-27). A
oincidence event (T) is one where the photons recorded by opposing detectors belong
same annihilation event. Unwanted events, such as random (R) and scattered (S)
hotons, may be recorded simultaneously with true events. Random coincidence events
re those in which two photons from unrelated annihilation events are detected simulta-
usly. Scatter coincidence events are those events in which one or both photons from
e same annihilation event are scattered prior to detection. In random and scattered
cidence events, the recorded line of response does not correspond to the true line of
nse. Such events act to degrade image quality, and correction factors must be applied
diminish their effect.
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FIGURE 3-27 Random (R), scattered (S)
and true (T) events detected in a PET detec-
tor. See text for explanation.

One advantage of PET imaging over planar or SPECT cameras is that no absorption
collimator is required because coincidence detection is used. The absence of a collimator
significantly increases the detection sensitivity of PET cameras, by a factor of 10 to 100.°
Another important factor with coincidence detection is that sensitivity is not dependent
on depth, because two photons must always cross a total path length to be detected in
coincidence. Thus, if one 511 keV photon travels a short distance to one detector, then the
other photon must travel the long distance to the opposing detector. Along a given coinci-
dence line the total distance two photons travel to be detected is the same regardless of where
along the line the annihilation occurs. Thus, the attenuation of annihilation radiation is a
function only of the total length of travel, independent of the depth of its origin."

Another major advantage of coincidence detection is that precise photon attenuation
correction is possible. This is typically accomplished by a transmission scan with an
external radioactive source (e.g., ®*Ge/%Ga or '¥Cs) to determine tissue density maps for
attenuation correction. Some PET cameras use a computed tomography (CT) x-ray source
to accomplish attenuation correction. Attenuation correction permits accurate quantitation
of the amount of activity at a given location and is a major advantage of PET.

Spatial resolution in PET is affected by detector size and design. Modern cameras have
a resolution of 4 to 6 mm, which is near the maximum resolution physically possible.
Resolution is limited by the distance positrons travel in tissue from their point of origin
to their point of annihilation. Positron emitters that have a short mean linear range in
tissue have better resolution than those with a longer range (Table 3-6). Additionally,
because the positron may have some residual kinetic energy when it annihilates with an
electron, the two 511 keV photons emitted will not travel in precisely opposite directions,
that is, at exactly 180°. This results in a small angular deviation from colinearity that
degrades spatial resolution.

A PET camera consists of a gantry with a patient portal and detector system, a patient
bed, and electronic components to control the unit. Different types of detectors are used.
Common detector materials in modern PET cameras are bismuth germanate (BGO), lute-
tium oxyorthosilicate (LSO), and gadolinium silicate (GSO), which have high detection
efficiency of annihilation photons and high signal-to-noise ratio. Cesium fluoride and
barium fluoride detectors offer high time resolution capability but are no longer used.
Sodium iodide detectors offer high sensitivity but poor detection efficiency. PET imaging

B R e e el i |
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TABLE 3-6 Positron Emitter Energy and Range in Tissue

Maximum Energy ~ Maximum Linear Mean Linear

Radionuclide  of Positron (MeV) Range (mm) Range (mm)
ue 0.9¢ 5.0 0.3
BN 119 54 14
@ 1.72 8.2 15
L3 0.64 24 0.2
“Ga 1.89 91 1.9
#Rb 3.35 15.6 2.6

Source: Reference 9, p. 5.

FIGURE 3-28 A CT/PET camera.

employs computer reconstruction algorithms to display images in transverse, sagittal, and
coronal planes, providing three-dimensional imaging capability similar to SPECT.

There are dedicated PET cameras and combined CT/PET cameras. A CT/PET camera
is shown in Figure 3-28. The advantage of the CT/PET camera is the ability to acquire an
anatomic image with CT and a functional image with PET sequentially. Computer pro-
grams permit exact coregistration or overlaying of the CT image with the PET image to
confirm if functional activity is associated with a suspected lesion. This combined imaging
modality provides a powerful diagnostic means of determining, for example, if a previ-
ously treated tumor is still viable.

Some SPECT cameras can also be used to image 511 keV positron annihilation photons,
. either singly, with the use of special collimators, or in coincidence mode, employing dual
heads without collimators, similar to PET cameras. In coincidence mode they differ from
PET cameras in that the dual-head SPECT camera must rotate around the patient and this
requires more time for image acquisition. In summary, the advantages of PET over SPECT
imaging are increased sensitivity; precise attenuation correction, which permits quantitative
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TABLE 3-7 Gamma Camera Properties

Camerd Properties
Type Images Detector? Collimation Utility
Planar 2-D Nal Yes Manually reposition
Single and dual head detector
SPECT 2-D, 3-D Nal Yes Detector rotates
Tomographic slices Single, dual, triple head continuously or
(transverse, stepped 360°
coronal, sagittal) around patient®
PET 2-D, 3-D BGO,LS0O(Ce), GSO(Ce),  None Patient moves
Tomographic slices Nal, BaF,, CsF Electronic collimation slowly through a
(transverse, Circular detector Coincidence detection stationary detector®
coronal, sagittal) 10-100-fold T ‘
sensitivity®

2 Nal = sodium iodide, BGO = Bi,Ge,O,,, bismuth germanate, LSO(Ce) = Lu,(5i0,)O:Ce, lutetium oxyorthosil-
icate, GSO(Ce) = Gdy(Si0,)O:Ce, gadolinium silicate, BaF, = barium fluoride, CsF = cesium fluoride.

b Uses computer-based image reconstruction algorithms.

< Short positron range = higher resolution.

measurements; higher resolution; and the use of isotopically labeled compounds that
permit physiologic tracer studies.
Table 3-7 compares the characteristics of planar, SPECT, and PET camera systems.

COUNTING RADIOACTIVE SAMPLES

Counting Statistics

Two types of errors are associated with counting radioactive samples: determinate errors |
and indeterminate errors.®* Determinate (systematic) errors are errors determined not by
chance but by bias. They are errors caused by, for example, malfunctioning equipment or
inconsistent methods of making measurements (e.g., variation in geometry between sam-
ples). Such errors are avoidable and can be controlled by the experimenter. Indeterminate |
(random) errors are errors not under the control of the experimenter that are caused by
the random variability of the system being studied. Determining the activity of a radio-
active sample is associated with random error because of the spontaneous nature of
radioactive decay.

Determinate errors in counting radioactive samples can be minimized by the worker’s
awareness of good laboratory practices. The first step in minimizing errors is to confirm
that all counting equipment is in good working order. This is accomplished by calibrating
equipment with standard radioactive sources and applying statistical tests to ensure
proper operation. Additionally, the experimenter must be aware of the limitations of
counting equipment, such as the maximum and minimum activity levels that can be
counted accurately. The second step in minimizing determinate errors is to confirm that
all samples to be counted are configured in identical geometry, that is, they must have |
the same volume and container type.

Indeterminate errors in counting radioactive samples can be minimized by being
familiar with the random nature of radioactive decay and applying statistical parameters
and tests to ensure accuracy within acceptable limits of error.

Accuracy is defined as the closeness of a measurement to the true value. Precision is
defined as reproducibility of measurement. A measurement may be precise but not accu-
rate. For example, you may count a sample multiple times and obtain a similar count each

“
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TABLE 3-8 Counting Data for a Nominal Source Count Rate
of 150 Counts per Minute (cpm)

Sample Sample Square of

Observation Count (cpm)  Deviation® Sample Deviation

1 159 +12 144

2 155 +8 64

3 141 -6 36

4 130 =17 289

5 177 +30 900

6 150 3 9

7 144 -3 8

8 123 -24 576

9 129 =18 324
10 162 +15 225
Total 1470 0 2576

a Difference from the mean of the 10 counts.

time, and thus be precise, but if the sample was pipetted incorrectly, the activity of the
sample will be inaccurate. The goal of good scientific measurement is to be both precise
and accurate.

It is not possible to predict the exact time a single radioactive atom will undergo decay,
but a given fraction of a large quantity of atoms will decay in a specified period of time.
The larger the sample of atoms, the greater the accuracy in determining the exact fraction
that will decay in a given time. The decay of radioactive atoms is a spontaneous or random
process, and therefore multiple independent counts of a source will typically yield a
different count in a given time. Thus it is difficult to identify the true count rate of the
source. Confidence can be gained in estimating the true value by making several 1-minute
counts of a source and finding an average count per minute. Consider the counting data
in Table 3-8, which shows 10 1-minute counts of a source with nominal activity of 150
counts per minute (cpm). The average or mean cpm is expressed by

1.

=t (3-7)

where 71 is the mean cpm, 2”; is the sum of individual 1-minute counts (17;), and N is
the number of observations. In the example in Table 3-8, 1 is 147 cpm. If the experiment
were repeated, 71 might be 145 cpm. One could then estimate from the two sets of data
that the true mean count rate was between 145 cpm and 147 cpm, or 146 cpm. Still another
series of counts might produce a different mean cpm. It is obvious from such experimen-
tation that the true count lies somewhere near the mean count and that the individual
counts are equal to the mean count plus or minus a few counts. Such results exemplify
the nature of a random variable. That is, for a very large number of sample counts, a plot
of each count on the x-axis versus the probability of that count on the y-axis would give
a Poisson distribution. The Poisson distribution, however, is not symmetric about the
mean. Therefore, a normal or Gaussian distribution is typically used to describe counting
statistics because it is symmetric about the mean and is very close to the Poisson distri-
bution.! A normal distribution curve is shown in Figure 3-29 and is described by the
Gaussian probability equation as

(IR
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68.39
FIGURE 3-29 Normal (Gaussian) distribution
curve displaying the mean count and random dis- _ 95.5%
tribution of counts about the mean from a radio- / i \
active source. 36 26 -© u +0 +20 +3c
2 (mn)”
G, = e (3-8)
2wy

where | is the true mean value of the source count, n is the experimental value of the
source count, and G, is the probability of an individual count n occurring. If p is 30, the
probability of obtaining a count of 28 is 0.0681, or 6.81%.

(2s-20)
G = 3 e 1)

=(.0681

The further away a count is from y, the lower its probability of occurring. The probability
of a count of 20 occurring is 0.0138, or 1.38%. Since the Gaussian distribution is symmetric,
the probability of a count of 32 is also 6.81% and the probability of a count of 40 is 1.38%.

The Gaussian distribution is defined by the parameters p, which defines the center of
the distribution, and o, the standard deviation, which defines the spread or dispersion of
data about the mean. The experimental or sample mean (#1) and the sample standard
deviation (s) are used to estimate | and .

The usefulness of statistics in dealing with random events is that it describes the
magnitude of error introduced by randomness and helps to establish conditions that will |
minimize the error between i and its estimator 7. Figure 3-29 can be interpreted to mean
that, for multiple counts of a single source, 68.3% of all observed counts are expected to
occur within one standard deviation of the mean count and 95.5%, within two standard
deviations.

The sample standard deviation, s, for multiple counts is expressed as

e (3-9)

For the data in Table 3-8
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=S8 s e (PP e
10 10-1

Thus, the sample count is expressed as 7 +s or 147 £ 16.9 cpm. In terms of the Gaussian
distribution, 68.3% of the 1-minute counts would be expected to fall within the range of
130 to 164 cpm.

Counting Error

The standard deviation gives the numerical (absolute) spread of counts about the mean
count. A useful parameter for expressing the error associated with the standard deviation
is the coefficient of variation. The coefficient of variation (CV) is the ratio of the sample
standard deviation to the sample mean, or CV =s/ 1. The percent error (%CV) in a count is

s 1
%CV = ”X—ﬁoo- (3-10)
In the example above, the percent error is
16.9 cpm x 100 _ 115
147 cpm '

Ina single 10-minute count of the source, the mean count rate (R) is 147 cpm (1470 counts/

10 minutes). For a single count #, the standard deviation is \/; and in terms of the count
rate is

r o (3-11)

Sg cpm -

Jn R
:Af— o

In the example above, sz cpm is

V1 47Q counts

Sk P 10 min

=3.8 cpm

The sample count rate is expressed, therefore, as the mean count rate R + sz cpm or in this
case 147 £ 3.8 cpm. The percent error of standard deviation in the single sample count
rate is

$p X100 _ 3.8 cpm x 100
R 147 cpm

=2.6%

SR{V():

It is obvious that the error in the standard deviation of a single count is much smaller
than that of taking multiple counts on the same sample. Consider, for example, counting
a source with a nominal count rate of 1000 cpm for a single count of 0.1, 1.0, 5.0, 10, and
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TABLE 3-9 Sample Counting Error

Percent Error in Standard Deviation

Time Net Standard (Confidence Level)

(min) Count  Deviation 68.3 95.5 99.7
0.1 100 10 10 20 30
1.0 1000 31.6 3.2 6.3 9.5
5.0 5000 70.7 14 238 42

10.0 10,000 100 1.0 2.0 3.0

100.0 100,000 316 0.32 0.63 0.95

100 minutes. The data shown in Table 3-9 demonstrate that a longer single sample counting
time yields a smaller error and therefore a mean count that is closer to the true count rate
of the sample. As a general rule in nuclear medicine, samples should be counted for a
minimum of 10,000 counts. This produces a 3% error at the 99.7% confidence level, which
is quite acceptable for clinical work. The error is actually a measure of the range of counts
about the mean caused by the randomness of radioactive decay, and the greater the number
of counts in the sample, the smaller the effect of randomness in the count rate. At this
confidence level there is only a 0.3% chance that the true count rate of the sample falls
outside the mean count plus or minus three standard deviations. Another way of saying
this is that if the source were counted 1000 times, 3 times out of 1000 the count rate would
be expected to fall outside this range and 997 times it would fall within this range.

Counting Efficiency

In its simplest form counting efficiency is counts per minute recorded by an instrument
divided by the disintegrations per minute (dpm) occurring in the sample being counted
(efficiency = cpm/dpm). Counting efficiency is typically below 100%; for a number of
reasons, the detector may not be able to capture all of the disintegrations occurring in a
radioactive sample. The main factors that affect counting efficiency are the intrinsic effi-
ciency of the detector and geometry factors.

Intrinsic efficiency is the number of radiations interacting within the detector divided
by the number of radiations incident on the detector.' It is affected by the type of radiation
and its energy and the size and composition of the detector. For example, the intrinsic
efficiency of solid-crystal sodium iodide detectors for pure beta emitters, such as *H and
MC, is zero because the weak beta particles cannot penetrate into and interact with the
sodium iodide crystal. However, if a beta emitter is dispersed within a liquid scintillation
fluid, essentially all of the emitted radiation is absorbed by the scintillation fluid and
counting efficiency is quite high, depending on the energy of the beta particles. For
example, the counting efficiency of low-energy beta particles from *H, having a maximum
beta particle energy (beta max) of 12.3 keV, is approximately 60%, whereas the efficiency
of higher-energy beta particles from ™C (beta max 156 keV) is closer to 90%. The counting
efficiency of a beta emitter is easily determined with liquid scintillation by counting an
accurate aliquot of a calibrated standard of the beta source and dividing the net counts
per minute observed by the known disintegrations per minute in the sample.

The intrinsic efficiency of a gamma emitter in a sodium iodide detector must be
adjusted for the photon abundance. The counting efficiency of a gamma emitter is deter-
mined by counting an aliquot of a calibrated sample of the gamma source and dividing
the net counts per minute observed by the known disintegrations per minute in the sample
and the photon abundance (mean number per disintegration). The photon abundance
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FIGURE 3-30 The counting geometry of a flat-field

sodium iodide (Nal) detector is less efficient than that

Flat-field Nal Well-type Nal of a well-type Nal detector, which almost completely
Detector Detector surrounds the radioactive source.

must be considered because a detectable photon will not be emitted after each disintegra-
tion. Thus

Efficiency = — ‘[\Et = . D (3-12)
(Source pCi)(2.22 x10°dpm/ uCi)( Photon abundance)

Photon energy and geometry factors, such as detector size, distance of the source from
the detector, and absorption and scatter of radiation within the source itself and in any
material between the source and the detector, can affect counting efficiency.!* The attenu-
ation coefficient of photons in sodium iodide is inversely related to photon energy. Thus,
for a sodium iodide detector of a given thickness, higher gamma energy sources will be
less efficiently detected than lower energy sources, and for a given photon energy large-
diameter crystals will be more efficient detectors than small-diameter crystals. A typical
sodium iodide well counter crystal is 1.75 inches in diameter and 2 inches thick and
contains a well that is 0.7 inch in diameter and 1.6 inches deep. Crystal detectors without
wells (flat-field detectors) range in size from 0.5 to 3 inches in diameter and 1 to 3 inches
in thickness. Higher counting efficiencies are achieved using a well counter because the
source is almost completely surrounded by the detector, thus minimizing absorption
losses, compared with counting the source using a flat-field detector, in which a greater
fraction of disintegrations escape detection (Figure 3-30).

If a radioactive source is moved farther away from the detector, fewer emissions will
reach the detector and efficiency will fall. This can be a useful technique for counting
sources that are “too hot” and would exceed the dead time of the detector.

The configuration of the source container can also affect counting efficiency. Counts
may escape detection when the volume of a sample placed in a scintillation well detector
is nearly equal to the volume of the well. In this situation, disintegrations occurring near
the surface of the sample at the top of the well are more apt to escape detection by the
crystal. It is best to keep the sample volume small and near the bottom of the well so that
most of the sample is surrounded by the crystal detector. The source container is important.
A source counted in a plastic tube will count with a different efficiency compared with
the same source counted in a glass tube, especially if the gamma energy of the source is
weak (<50 keV). This is particularly true for low-energy photon emitters, such as the 27
keV x-rays of 'Z1.

Counting instrument settings, particularly the window of the PHA, can also affect
counting efficiency. Wider windows allow more of the incident radiation to be counted.
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However, narrow windows may be needed to exclude unnecessarily high background
counts.

The most important consideration in radioactive counting is keeping source geometry
and counting instrument settings consistent when making relative counts between
unknown samples and standards.

Example: A 1.0 uCi (37 kBg) source of "%Xe gas in a 3 mL glass vial is counted in a scintillation
counter to yield 486,508 net cpm. The photon abundance for the 81 keV gamma ray for 1%Xe is
36%. Calculate the counting efficiency for '¥Xe in this configuration.

486,508 cpm
1.0 uCi)(2.22x10° dpm/uCi)(0.36)

Efficiency = ( =0.61

If one knows the detector efficiency for a particular radionuclide in a given geometry, the
source’s activity can be determined as follows:

Net cpm
(Efﬁciency)(Z.ZZ x10° dpm/ pCi)( Photon abundance)

Activity (pCi)= (3-13)

Example: A “grab-sample” of exhaust gas from a charcoal trap in a " Xe lung ventilation machine
yields 350 net cpm in a 3 mL vial. How many microcuries of '3Xe are in the saniple?

Activity (pCi)= ___ dlmpm s 107*uCi

(0.61)(222 x10° dpm/uCi)(0.36)

If the maximum permissible concentration (MPC) of " Xe in the work environment is 1 x 10~ uCi/mL,
does this charcoal trap need to be changed?

The concentration of ¥Xe in the sample is (7.19 x 10~ uCi/3 mL or 2.4 x 10~* uCi/mL).
Since this is 2.4 times higher than the MPC, the trap does need to be changed.

Resolving Time and Maximum Detectable Activity

The resolving time of a detector is the time required, between two successive interactions
in the detector, for the interactions to be recorded as separate events. It is also known as
dead time, because during this time the instrument is unable to record an interaction
occurring in the detector. For example, a detector whose resolving time is 10 microseconds
theoretically can resolve 100,000 counts per second. If the detector’s efficiency for *Xe is
61%, the theoretical maximum activity it could count accurately is

6x10° cpm
0.61(2.22x10° dpm/uCi)(0.36)

=123 uCi

In this example, any sample containing more than 12.3 puCi (455 kBq) would record a count
that is erroneously low because the number of detector interactions per second would be

o —*
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greater than its ability to resolve them as individual events. In practice, each instrument
must be challenged to determine the actual maximum detectable activity it can count for
each radionuclide.

Sometimes a source is too “hot” for counting in a scintillation well counter. Techniques
employed to not exceed instrument dead time are (1) increasing the source distance from
the detector, (2) partially shielding the source, and (3) diluting the source. Dead-time
problems are most likely to occur in a nuclear pharmacy during chromatographic analysis
of high-activity radiopharmaceuticals. For example, a *™Tc bone kit containing 200 mCi
(7400 MBg) in 10 mL contains 100 uCi (3.7 MBq) in a 5 pL spot. This amount of activity
surely exceeds the dead time of a scintillation counter. As a rule of thumb not more than
1 uCi should be counted in a well counter. The maxinum detectable activity for a scintillation
counter can be determined by counting a series of sources of increasing activity and
plotting the counts per minute versus activity on linear graph paper. The point on the
graph where the plotted line deviates from linearity is the maximum detectable activity
for that radionuclide.

Minimum Detectable Activity

In some circumstances it is necessary to measure low levels of activity, for example, in
assessing the concentration of radioactive material released into restricted or unrestricted
environments. An example is the release of ®*Xe into the workroom or the outside envi-
ronment. Such releases should not exceed the MPC for '%3Xe defined in the Code of Federal
Regulations (10 CFR Part 20). The MPC for '¥Xe is 1 x 10 pCi/mL for restricted areas
(work environment) and 5 x 107 pCi/mL for unrestricted areas (effluent air). In monitoring
released concentrations of '**Xe the question becomes, “Is the scintillation counter sensitive
enough to detect these low concentrations?” This is where determination of the minimum
detectable activity (MDA) is important. In monitoring '**Xe release, for example from a
lung ventilation machine, one method is to collect a sample of gas effluent from the
charcoal trap into a 3 mL vial and count it in a scintillation counter to determine if it
exceeds the MPC. The following discussion and examples illustrate the calculations
involved.

Minimum sensitivity (MS) is defined as the net count rate above background that must
be exceeded before a sample is said to contain any measurable radioactivity. MS is essen-
tially three times the standard deviation of the background count rate. It is calculated as
follows:

_ 3yBackground count

MS -
Count time

(3-14)

Example: A background of 400 counts in 5 minutes gives a SD of 4 cpm ( \QE)E counts/5 min).
The MS is therefore 12 cpm. From Gaussian statistics, the mean count rate is 80 cpm, and 99.7%
of background counts would be expected to fall within three standard deviations of the mean, or
80 = 12 cpm. There is only a 0.3% chance that a Frue background count would exceed this. A
sample whose count is 12 cpm above an average background of 80 cpm (>92 cpm) is considered
to confain radioactivity.

The minimum detectable activity (MDA) is defined as the smallest quantity of radioactivity
that can be measured under specific conditions of MS and counting efficiency. It is calcu-
lated as follows:
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MSm (3-15)
Efficiency . /aom )( 222 % 10° dpm/uCi )( Photon abundance
cpm/dp:

MDA =

Example: A 3 mL vial is counted for background in a scintillation counter with a baseline set at
60 keV and a window of 40 keV to center on the 3Xe photopeak of 81 keV. The background count

was 523 counts in 5 minutes. The MS is

3123
B B () =3(457)=14 cpm
5 min
The MDA for ¥¥Xe in this counter is

14 cpm = L
(0:61 cpm/dpm)(222x10° dpm/uC:i){0.36) 2.87 x10°uCi

If this activity was acquired in a 3 mL sample vial, the minimum detectable concentration
of 1¥Xe would be 9.57 x 10® nCi/mL. This value is 9.6% of the MPC for a restricted area;
therefore, the scintillation counter can easily measure **Xe activity below the MPC and
be used to monitor effluent from the lung ventilation machine. Efficiency for **Xe can be
obtained by placing a known number of microcuries in a 3 mL vial measured in a dose
calibrator and allowing it to decay down to an amount that can be counted without

exceeding the instrument dead time.
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4 Radiation Protection and Risk

The biologic effects of ionizing radiation were experienced soon after the discovery of
radioactivity. In one of the first instances, Henri Becquerel noticed skin erythema after
~ keeping a radioactive preparation in his side coat pocket. In another, Pierre Curie noted
that an ulcer on his hand from radium exposure was slow to heal. Such early experiences
caused scientists to begin using radiation more cautiously. Methods for measuring radi-
ation dose and techniques of radiation protection were eventually developed. This chapter
covers the principal issues in radiation protection and risk as they relate to the use of
radiation in nuclear medicine and nuclear pharmacy. The topics discussed include the
I units used in radiation measurement, techniques for protection against radiation exposure,
h radiation dosimetry, and radiation risk assessment.

RADIATION MEASUREMENT UNITS

: The two principal factors to be considered in radiation measurement are the ionization of

matter by radiation and the energy absorbed by matter from radiation. These are directly

| related to the biologic consequences of the interaction of radiation with the human body.

‘ Several types of units are used in the measurement of radiation: the curie (Ci) and the

. becquerel (Bq) for measuring radioactivity in a source; the roentgen (R) for measuring
exposure from electromagnetic radiation; the radiation absorbed dose (rad) and the gray
(Gy) for measuring absorbed dose; and the roentgen equivalent man (rem) and the sievert
(Sv) for measuring biologic dose.

' The Curie and the Becquerel

‘ The curie and becquerel were defined in Chapter 2. Either of these activity terms can be
: used in measuring the quantity of radioactive material present in a source. The activity
term is related to a defined number of atoms decaying per unit of time. The older term,
curie, is equivalent to 3.7 x 10" disintegrations or atoms decaying per second. Dosages of
radiopharmaceuticals are typically measured in subunits of the curie: the millicurie and
microcurie. The becquerel is the SI unit of radicactivity and is equal to one disintegration
per second or 2.7 x 10" Ci.

The Roentgen

In the past, the roentgen was defined as the quantity of x or gamma radiation that produces
1 electrostatic unit (esu) of charge in 1 cm?® (0.001293 gram) of air at standard temperature
and pressure (STP). By current definition, 1 R equals 2.58 x 10~ coulombs per kilogram
of air. The 1 esu is produced by the photoelectrons and Compton electrons released by a
photon’s interaction with the atoms of air. The passage of 1 R of radiation results in the
production of 2.082 x 10” ion pairs per cubic centimeter of air at STP. It is important to
note that the roentgen relates only to x-rays and gamma radiation and does not include
particulate radiation. Additionally, the roentgen relates only to an exposure quantity, with
no qualification of the time of exposure or the amount of radiation absorbed.
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Radiation Absorbed Dose and the Gray

The rad is the quantity of any ionizing radiation equivalent to 100 ergs of energy absorbed
per gram of absorber. This term is more inclusive and quantitative because it relates to
all types of radiation, not just x-rays or gamma radiation, and to the amount of radiation
deposited in matter, not just exposure. The value of 1 R in rad is obtained by the following
conversion.

_ 2082 x 10° lonpairs  337eV 1602 x 107 erg 1 rad

. : — S =0.869 rad (4-1)
0.001293 gram air 1 Ion pair leV 100 ergs/ gram

Because tissue is denser than air, the absorbed dose in tissue is greater by a factor of 1.108.
Thus, 1 R is equivalent to 1.108 x 0.869 rad, or 0.96 rad, in tissue. The gray is the SI unit
of absorbed dose and is equal to 100 rad. One rad is equal to 1 centigray (cGy). These
relationships allow conversion of an exposure dose to an absorbed dose; however, they
still do not indicate the biologic effects of x-ray or gamma radiation exposure or how such
exposure compares with an equivalent amount of particulate radiation exposure.

Relative Biologic Effectiveness and Quality Factors

The biologic effect of radiation relates not only to how much energy is absorbed but to
how it is distributed within the absorber. It is fairly easy to understand that if 100 ergs of
energy is deposited within 1 gram of tissue the damage that may occur within the cells
of that tissue will be greater if the 100 ergs are concentrated in a small portion of the 1
gram than if they are spread uniformly throughout the 1 gram. A simple analogy illustrates
this concept: If you expose your hand to the noonday sunlight for a few minutes, you will
notice a feeling of warmth on your skin. But if you interpose a magnifying glass between )
the sunlight and your hand so that the incident photons of sunlight are focused on a point
on your skin, you will feel a different effect, even though the same amount of sunlight J
interacts with your hand. The biologic effect differs because of the distribution of energy.
Different types of radiation may deposit the same amount of energy in tissue but have
different patterns of distribution. Relative biologic effectiveness (RBE) is a term used to
describe the degree of biologic effect produced by different types of radiation at the same
absorbed dose. RBE is defined as the dose in rad of x or gamma radiation required to
produce a given biologic effect divided by the dose in rad of any ionizing radiation /
required to produce the same biologic effect. \
Gamma rays of ®Co (average energy 1.25 MeV) and 200 to 300 keV x-rays have been ‘
used as the reference radiation in determining RBE. The RBE depends on the linear energy |
transfer (LET) of a given radiation. Generally, the larger the LET, the greater will be the |
biologic effect of a given absorbed dose. Energy absorbed over a short distance causes |
more injury than energy absorbed over a long distance. Some radiations produce more '
ionization per path length traveled. They have high specific ionization and therefore |
deposit more energy over this same path; that is, they have high LET. In general, 0.05 rad |
of alpha radiation in tissue produces the same biologic effect as 1 rad of x-ray or gamma
radiation. The RBE for alpha particles is therefore 20. One rad of beta particles produces
the same biologic effect as 1 rad of x-ray or gamma radiation and therefore has an RBE of 1. |
In radiation protection, it is convenient to sum the dose contributions from different |
types of radiation, and a modifier known as the radiation quality factor (Q) is used. Q is |
related to the type and energy of the radiation and its LET, and is assigned a value based |




Radiation Protection and Risk 73

TABLE 4-1 Radiation Weighting (Quality) Factors

Radiation Type and Energy =~ Weighting Factor (Q)

Photons, all energies j I
Electrons, all energies 1
Neutrons <10 keV

Neutrons 10 keV to 100 keV 10
Neutrons >100 keV to 2 Mev 20
Protons >2 MeV 3
Alpha particles 20

Adapted from reference 1.

on the RBE. Q values are now known as radiation-weighting factors by the International
Commission on Radiological Protection (ICRP 60) and are listed in Table 4-1.

Roentgen Equivalent Man and the Sievert

The product of the absorbed dose in rad and the radiation-weighting factor (Q) is called
the equivalent dose, expressed in rem.! The equivalent dose is used in radiation protection
and personnel radiation monitoring; the current SI unit of equivalent dose is the sievert
(Sv). One sievert is equivalent to 100 rem. One rem is equal to one centisievert (cSv). The
practical value of the equivalent dose is that it accounts for the different biologic effects
produced by equivalent doses of radiations with different LET. For example, the dose in
rem and sievert for 2.5 rad of thermal neutrons would be calculated as follows:

Equivalent dose = Dose (rad) x Q

=25rad X 5=12.5rem (0.125 SV)

In summary, the roentgen (and its subunit milliroentgen) is considered a unit of
exposure dose and is a measure of the number of electrons produced in a defined quantity
of air. It is the unit measured with a Geiger-Miiller survey meter. The rad and gray are
units of absorbed dose and are measures of the amount of energy absorbed in a defined
quantity of matter. These units are used in estimating organ dose from an administered
radiopharmaceutical or in the therapeutic application of radiation by any means. The rem
and sievert are units of equivalent dose, which takes into consideration the sensitivity of
the organ irradiated and the relative importance of that organ to the well-being of the
human body. These units are used in radiation protection to report exposures recorded
by radiation monitoring devices such as film badges and dosimeters. As a general rule,
for beta and gamma ray sources used in nuclear medicine, 1 R is approximately equal to
1 rad or 1 rem. Some useful conversions are given in Table 4-2.

RADIATION PROTECTION

Table 4-3 compares the absorption ranges of electrons and alpha particles in air and water
with the attenuation of photons of similar energy? In nuclear pharmacy the primary
concern about external exposure relates to gamma and x-ray emissions, because of their
ability to penetrate tissue and cause ionization. The data in Table 4-3 demonstrate that
low-energy photon emitters, such as '®I (27-35 keV), are absorbed close to 50% per
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TABLE 4-2 Radiation Dosimetric Conversions

1 R (tissue) = 0.96 rad

1 Gy = 100 rad

1 rad = 1 ¢Gy or 10 mGy
1 Sv =100 rem

1rem =1 cSv or 10 mSv
1Bq=1dps

1 mCi = 3.7 x 107 dps (Bq)
1 mCi = 37 MBq
1Bq=27x10"Ci

TABLE 4-3 Radiation Absorption in Air and Water

Maximum R ange in_to A@rbi(mﬂ S % Photons Absorbed

Energy Electrons ~ Alpha Particles .

(MeV) Air Water Air Water Air Water |
|

0.025 12 0.013 0.6 0.0006 <0.1 45 ‘

0.050 41 0.04 09 0.0009 <0.1 20

0.1 135 0.14 14 0.0014 <0.1 16

0.2 422 045 2 0.0022 <0.1 13

0.3 791 (.84 2.6 0.0027 <0.1 11

0.5 1656 1.77 35 0.0037 <0.1 9
|

1.0 4076 437 56 0.0059 <0.1 7 |

a % Absorbed = 100(1 — e}, where x = 1 cm.

Source: http://physics.nist.gov/ (Particle Range and Photon Attenuation Coefficient Tables).

centimeter in water (similar to soft tissue) and therefore could deposit a significant radiation
dose to tissue. The high level of tissue absorption limits detectable photons and is the
primary reason why '#I is not used for diagnostic imaging. The data in Table 4-3 also
indicate that the short range of particulate radiation in water would cause the particles
to be completely absorbed after internal administration, producing a significant radiation
body burden. ;
There appears to be little hazard to the body from external exposure to particulate
radiation, because electrons and alpha particles are readily absorbed by air or a few |
millimeters of skin. However, a few high-energy beta emitters such as *P (1.7 MeV), Y |
(2.28 MeV), and ¥5r (1.46 MeV) can pose an external threat because of the range these |
betas have in air and tissue. The maximum range in air, water, and plastic of some typical |
beta emitters used in nuclear medicine is listed in Table 4-4. The maximum range of beta i
particles of various energies in different absorbers, in grams per square centimeter, has
been tabulated (http:/ /physics.nist.gov /). Table 4-4 lists these ranges for water. The range
or distance in centimeters that a beta particle travels into an absorber is of practical interest. ‘
The range (R) in centimeters and grams per square centimeter is related to the density (d)
of an absorber as follows: R (cm) = R (grams/cm?)/d (grams/cm?). Since the density of
water is 1.0 gram/cm?, the range in centimeters that a beta particle travels in water is the
same as its range in grams/cm? Therefore, the range of a similar-energy beta particle in
a different absorber can be found by dividing its range in water in grams/cm?® by the
density of the absorber. Thus, for example, the maximum range of a 2.28 MeV “Y beta |
particle in Lucite is 1.13 grams/cm? divided by 1.19 grams/cm? or 0.95 cm. Y beta |
particles have a maximum range in air of about 8.7 m, which creates an external exposure

“
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TABLE 4-4 Beta Particle Range in Matter

Maximum Beta Particle Range into Absorber (cm)

Beta Max Beta Range Water Air Plastic®
Nuclide (MeV) in Water (g/cr?) d =1 gfem? d =1.293 x 107 g/cm? d = 1.19 g/em?
*H 0.018 0.0007 0.0007 0.58 0.0006
g 0.155 0.03 0.03 23 0.03
P 1.71 0.83 0.83 642 0.70
¥or 146 0.69 0.69 534 0.58
&Y 2.28 1.13 1.13 874 0.95
#5m 0.81 0.34 0.34 263 0.29

! Polymethylmethacrylate (Lucite, Plexiglas, Perspex).

Source of beta particle range in water: http:/ /physics.nist.gov/.

threat from *Y. However, these beta particles are completely absorbed in about 1 cm of
Lucite. This exemplifies the well-known use of low-Z material for shielding high-energy
beta particles. However, bremsstrahlung production by high-energy beta particles neces-
sitates overwrapping the plastic shield with a layer of lead to absorb these photons.

Potential sources of internal radiation exposure are ingestion of contaminated food or
water and inhalation of airborne radionuclides. The most common threat in nuclear
medicine is inhalation of radioiodine vapor during administration of therapeutic radioio-
dine solution or during radioiodination procedures. Other examples are radioaerosols and
radioactive gases used in lung imaging studies. For the most part, however, radiation
exposure of workers in nuclear medicine is from working with unshielded sources in the
lab and from patients receiving radiopharmaceuticals. Protection from all these sources
requires vigilance and the use of various techniques. Airborne contamination can be
controlled by using exhaust hoods during dose preparation and radioiodination proce-
dures. Imaging rooms for lung ventilation studies with radioactive xenon gas should have
dedicated exhaust to the outside. Additionally, functional charcoal traps should be used
on lung ventilation machines to limit room contamination from radioactive xenon during
lung ventilation studies. In general, the three most important considerations for protection
from external exposure to gamma radiation are time, distance, and shielding.

Time of Exposure

The shorter the time of exposure, the lower will be the radiation dose. This means that
work with radioactive material must be planned well and performed as quickly as pos-
sible, especially when workers are handling unshielded sources.

NRC regulations (10 CFR 20.1301) state that the total effective dose equivalent to
individual members of the public must not exceed 0.1 rem in a year and that the dose in
any unrestricted area from external sources must not exceed 2 mrem in any 1 hour. These
dose rate limits are intended only for short-term, nonoccupational exposures over periods
of not more than 50 hours (i.e., 100 mrem divided by 50 hours = 2 mrem/hour). These
limits apply particularly to “nonoccupational personnel”—persons such as hospital
nurses, visitors, and non-radiation-treated patients who may be exposed to a patient
treated with radioactive material. Listed in Table 4-5 (from NCRP Report 37, 1970°) are
approximate times for an exposure of 100 mrem from 100 mCi of various radionuclides
at specific distances.

In particular circumstances, such as in some NRC agreement states (described in
Chapter 5), the total dose to a nontreated patient near a treated patient may exceed 100
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TABLE 4-5 External Exposure from Radionuclides

Approximate Time (hours)
for 100 mrem per 100 mCi

Radionuclide At 2 Feet (0.61 m) At 6 Feet (1.83 m)
1¥Cs 1 10
Co 0.33 3
125 12 115
1317 1.5 15
1927y 0.75 7

mrem. In North Carolina, for example, the regulations permit a 125 mrem dose limit for
the duration of a brachytherapy procedure. NCRP Report 37 provides guidance on pre-
cautions in managing patients who have received therapeutic amounts of radionuclides.
If nonoccupational personnel will have chronic exposure longer than 50 hours, the hourly
dose rate must be reduced below 2 mrem so that the total exposure does not exceed 100
mrem.

Regarding exposure from patients released from an institution after receiving radio-
active materials, NRC regulations (10 CFR 35.75 and Regulatory Guide 8.39) state that a
licensee may “release from its control any individual who has been administered radio-
pharmaceuticals or permanent implants containing radioactive material if the total effective
dose equivalent (TEDE) to any other individual from exposure to the released individual
is not likely to exceed 5 mSv (500 mrem).” Since the TEDE in this situation can exceed
100 mrem, the licensee must provide the released patient with oral and written instructions
on how to maintain doses as low as reasonably achievable to other individuals. The
instructions should contain guidance on limiting the time other individuals are exposed
to the patient. The licensee must apply to NRC for exposure of members of the public up
to 500 mrem, according to 10 CFR 20.1301.

Hospital personnel may also be at risk for chronic radiation exposure if their workplace
is adjacent to a radiation therapy department that uses a linear accelerator for patient
treatment. Another example of chronic radiation exposure is a nuclear pharmacy where
the business office is adjacent to the radiation preparation or storage area. Adequate
shielding of floors, walls, and ceiling around an accelerator or high-radiation area must
be provided so that exposure does not exceed 100 mrem per year to nonradiation workers.

Distance

Maintaining as much distance as practical from a radiation source is an effective method
for reducing exposure because of the inverse square law. This law, which applies only to
gamma and x-rays, states that the amount of radiation from a point source is inversely
proportional to the square of the distance from the source. Simply stated, doubling the
distance from a source reduces the exposure to one-fourth. This principle of exposure
reduction works only if the source is small relative to the exposed body.

The specific gamma ray constant (I') of a radionuclide must be known to apply the
inverse square law. This constant is the exposure rate in R /hour at a distance of 1 cm from
a 1 mCi (37 MBq) source of radionuclide. The units of T" are R-cm?/mCi hour. Table 4-6
lists the specific gamma ray constants for several radionuclides used in nuclear medicine.

For any given number of millicuries, N, the dose rate at distance d from the source is |

given by the following equation:

*I
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TABLE 4-6 Radionuclide-Specific Gamma Ray
Constants (I') and Half-Value Layers in Lead
Half-Value Layer r

Radionuclide (mm Pb) (R-cm*/mCi hr)
18R 4.0 5.73
1y 17 0.18
Co 02 1.0
*¥Co 9.0 5.5
“Ga 0.66 0.8
FmTe 017 0.78
Mn 0.23 3.21
| 0.05 1.6
5] 0.017 1.43
L 24 220
13Xe 0.035 0.51
g 6.0 3.32
W 0.006 4.7

|

Il

‘ R/hr = % (4-2)

|

\

Example 1: What is the dose rate from a 100 mCi (3700 MBg) '3'I source at 1 cm and at 2 feet
(61 cm)?

Nr_ (100 mCi)(2.2 R-em?/mCi- b

R/hr@1 cm= re a Cm)z =220 R/hr
Ci)(2.2 R-em?/mCi-hr
R/hr@61cm=N—£=(wom 1)(22Rcin/m : )=0.059R/hr
d (61.cm)

Example 2: How much time would it take to accumulate a 100 mR (0.1 R) exposure dose from
100 mCi (3700 MBq) of "I at the distance of 2 feet?

0.1R

Time to accumulate 0.1 R= ———— =
N 0.059 R/hr

1.7 hr

Example 3: What distance would lower the dose rate to 2 mR/hr from the 100 mCi (3700 MBg)
B source?

ﬁf =2 mR/hr

=332 cm or about 11 feet

q _[100 mCix 2.2 R/hr/mCix 1000 mR/R
(em)= 2 mR/hr

B e e S
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TABLE 4-7 Photon Attenuation Coefficients

Linear Attenuation Coefficients, p (cm™)?
Energy  Soft Tissue Bone Copper Lead

(keV) d =1.06 d=192 d=894 d=1135
20 0.87 7.68 302.1 980.2
30 0.40 2.56 97.6 374.8
50 0.24 0.81 234 913

100 0.18 0.36 41 63.0
150 0.16 0.28 20 229
200 0.14 0.25 14 11.3
300 0.12 0.21 1.0 4.6
500 0.10 0.17 0.7 18
1000 0.07 0.13 0.5 0.8

4w (em™) = mass attenuation coefficient (cm?/gram) x
absorber density (gram/cm?).

Source: http:/ /physics.nist.gov/ (X-ray Mass Attenuation
Coefficient Tables).

Maintaining distance from a source reduces exposure significantly, but this alone does
not provide adequate safety in the handling of high-activity sources. These sources must
be shielded. Practical applications of the inverse square law in the handling of radioactive
sources in nuclear pharmacy are discussed in Chapter 5.

Shielding

The effectiveness of any shielding material depends upon its atomic number, density, and
thickness. Material of high density and high Z has many atoms (and electrons) packed
into a small volume, producing high stopping power. As the energy of gamma photons
increases, thicker shields are required to stop them. If one interposes an absorber between
a radiation source and a Geiger-Miiller counter, the fraction of the original intensity
transmitted through the shield will be a function of the absorber thickness, x, and the
linear attenuation coefficient, . The attenuation coefficient depends on the atomic number
(Z) of the absorber and the photon energy (E), but for given values of Z and E, p has a
constant value. The linear attenuation coefficients of various photon energies in several
absorbers are listed in Table 4-7. The following formula shows the relationship between
original intensity and transmitted intensity after shielding:

I=]e™ (4-3)

where [ is the transmitted intensity after shielding, I; is the original intensity before
shielding, and p is the linear attenuation coefficient (mm-?).

If one plots transmitted intensity (I) values for various absorber thicknesses, a linear
relationship is obtained on semi-log graph paper as shown in Figure 4-1. The absorber
thickness required to reduce the original intensity to half its value is known as the half-
value layer (HVL). HVL values for several radionuclides are listed in Table 4-6. Mathemat-
ically, the HVL is inversely related to the linear attenuation coefficient as follows:

et (44)
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| For example, the thickness of lead required to reduce the radiation intensity from a 100
mCi (3700 MBq) point source of *™Tc from its original intensity to 2 mR/hour can be
calculated. From Table 4-6, I' (*™Tc) = 0.78 R-cm?/mCi hour. Using the natural log form

of Equation 4-3 we have:

(0_73R-cm3 /mCi.hr)(l(]O mCi)(1000 mR/R) S——
_ — Y78 IOl R

, ' 1 cm?

l Inl=Inl,—px

¢

' In 2 mR/hr = In 78,000 mR/hr—— 635 (x)
0.17 mm

0.693 =11.26—-4.08x

x =2.59 mm

RADIATION DOSIMETRY

The radiation dose to the whole body and to individual organs from an administered
radiopharmaceutical is important for several reasons. The amount of radiation absorbed
must be known in order to assess the risk to the patient. This iriformation can then be
relayed to the patient in a way that compares the risk of a radiologic procedure with other
types of risky activities that are familiar to the patient. The radiation dose information also
determines the maximum amount of administered activity for a nuclear medicine procedure.

A radiopharmaceutical is distributed throughout the body, but not necessarily in a
uniform manner. Different organs absorb different amounts of radiation. The organ receiv-
ing the highest radiation dose is termed the critical organ. In some instances it is the target
organ, the one being imaged. Sometimes the critical organ is not the target organ. For
example, ¥"Tc-exametazime (*™Tc-HMPAO) is used for brain imaging, but the critical
organ is the lacrimal glands.

Radiation Dose Terms and Units

It is necessary to understand the terms used in radiation dosimetry and radiation protec-
tion. The fundamental term is the absorbed dose (D), the mean energy imparted by ionizing
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radiation to a given mass of tissue. The traditional unit of absorbed dose defined earlier
is the rad, equivalent to 100 ergs absorbed per gram of matter. The SI unit of absorbed
dose is the gray (Gy), equivalent to 100 rad. Because the biologic effect of radiation depends
not only on the absorbed dose but on the type and energy of the radiation, the term dose
equivalent (H) was instituted by ICRP 30 in 1977.* The dose equivalent is the absorbed
dose multiplied by the appropriate radiation quality factor (Q) (Table 4-1). The dose
equivalent is the traditional term used by radiation protection programs. In 1991 ICRP 60
renamed the dose equivalent as the equivalent dose (H;) and the radiation quality factor
term as the radiation-weighting factor (Wy).! Both terms have units of rem or sievert. One
sievert (Sv) is equivalent to 100 rem. The relationships of these terms are as follows:

Total energy absorbed (ergs)

Absorbed dose (rad) = TR —C . (grams) (4-5)
Dose equivalent (H) in rem (ICRP30) =D x Q (4-6)
Equivalent dose (H ) inrem (ICRP 60) =D x W (4-7)

There is a conceptual difference between the dose equivalent and equivalent dose. The
dose equivalent (H) was based on the absorbed dose at a “point” in tissue, weighted by
a distribution of quality factors that are related to the LET distribution of the radiation at
that point. The equivalent dose is based on an average absorbed dose in the tissue and
weighted by the radiation-weighting factor for the type of radiation impinging on the
body or emitted by an internal source.!

Radiation Dose Calculation

The radiation dose to an organ from an internally administered radionuclide is given by
the expression

D—(rke—n,)=ﬁ,,-5(rk€-fr,,) (4-8)

where D is the mean absorbed dose in rad to a target organ (r;) from a radionuclide
distributed uniformly in a source organ (r;). The absorbed dose to an organ depends on
several factors; those of significance are the

Amount of radioactivity in the organ
Type and energy of the radiation
Amount of energy absorbed by the organ
Residence time of radiation in the organ
Distribution of radiation in the organ and
Organ mass

It must be kept in mind that the target organ will receive the radiation dose from radio-
activity within it and from neighboring organs.
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In Equation 4-8 A, (pronounced “A tilde”) is the cumulated activity, in units of micro-
curie-hour (LCi hr), in the source region (r,). It is the sum, or accumulation, of all the
nuclear transitions occurring in the organ # during the time interval of interest, usually
taken as infinity when complete decay has occurred. For complete nuclide decay A, is
determined by the amount of activity in the organ and its effective half-life, T, as follows:

Ay (uCi)
M

i

A, (uCi-hr)= = Ay(nCi)-1.443- T4 (hr) (4-9)

The value of A, is influenced by the fraction of administered activity taken up by the
organ, which is governed by normal physiologic factors and any alterations due to organ
pathology.

The S in Equation 4-8 relates to physical data regarding the radionuclide and the organ
mass because the dose will be expressed in rad. It is given by the expression

FAD. |1, 1
S(n < 5)=— (’ ) (4-10)
m,
where
Ay=2.13-1,-E, 4-11)

In Equation 4-11, the 2.13 is a unit conversion constant, #, is the mean number of particles
or photons per nuclear transformation, and E; is the mean energy of the radiation in
megaelectron volts. The units of A; are gram-rad/pCi hr. In Equation 4-10, the term nz, is
the mass in grams of the target organ, making the S unit rad/uCi hr. The term @; is the
absorbed fraction of radiation in the target organ and is unitless. For nonpenetrating
radiations such as beta particles, the fraction absorbed is 1. For photons the fraction
absorbed is usually less than 1 and depends on photon energy.

The Medical Internal Radiation Dose (MIRD) Committee of the Society of Nuclear
Medicine has tabulated values of 5 for several radionuclides, greatly facilitating radiation
dose calculations using Equation 4-8. Table 4-8 lists the S values for *™Tc.?

Example: An investigational " Ic radiopharmaceutical for spleen imaging has the following dis-
fribution after intravenous administration: 80% spleen, 15% liver, and 5% total body. Estimate
the radiation dose to the spleen from a T mCi (37 MBg) dose. Assume very slow biologic elimination,
that is, T,e = T, (physical half-life) or 6 hours.

The first step in the process is to calculate the cumulated activities in the source organs
(spleen, liver, total body). Thus

A spl = (1000 uCi})(0.80)(1.443)(6 hr) = 6926 uCi-hr

Aliv

(1000 pCi)(0.15)(1.443)(6 hr)=1299 uCi-hr

A tb = (1000 pCi)(0.05)(1.443)(6 hr)= 433 uCi-hr




TABLE 4-8 MIRD § Values for *"T¢

S, ABSORBED DOSE PER ONIT CUMULATED ACTIVITY, (RAD/UCI-H)
TECHMNETIUN-998 HALP-LIFE 6.03 HOURS
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SOURCE ORGANS

TARGET ADRENALS BLADDER INTESTINAL TRACT KIDNEYS LIVER LUNGS OTHER
ORGANS CORTERTS === e cmmmam e = e e o o - TISSUE
STONACH SI ULI LLI (M USCLE)
CONTENTS CONTENTS CONTENTS CONTENTS

ADRENRLS 3.1B-03 1.5E-07 2.7E-06 1.0E-06 9.1E-07 3.6E-07 1.1E-05 U.5E-06 2.7B-06 1.4B-06
BLADDER WALL 1.38-07 1.6E~04 2,7B~-07 2.6E-06 2,2E-06 6.9BE-06 2.8E-07 1.6E~-07 3.6E-08 1.8E-06
BONE (TOTAL} 2,08-06 9.2E-07 9.0E-07 1.3E-06 1.1E-06 1.6E~-06 1.4E-06 1.1E-06 1.5E-06 9.8E-07
GI (STOM WALL) 2.98-06 2.7E-07 1.3E-04 3.7E-06 3.BE~06 1.8E~-06 3.6E-06 1.9E-06 1.BB-06 1.3E-06
GYI (51} 8.3E-07 3.0E-06 2.7%-06 7.BE-05 1.7E-05 9.4E-06 2.9E-06 1.6E-06 1.9E-07 1.5E-06
GI (ULT WALL) 9,3E-07 2.2E-06 3.,5E-06 2.4E-05 1.3E-04 U.2BE-06 2.9E-06 2.5E-06 2.2E-07 1.6E-06
GI (LLY WALL) 2.2B-07 7.4E~-06 1,2E-06 7.3E-06 3.2E-06 1.9E-04 7.2E-07 2.3E-07 7.1E-08 1.7E-06
KIDNEYS 1.1E~05 2.6F~07 3.5B-06 3.2E-06 2.8E-06 B,6E~07 1.9BE-04 3,9E-06 8,.4E-07 1.3E~06
LIVER 4.9g-06 1.78B-07 2.0E-06 1.8-06 2.6E-06 2.5E-07 3.9E-06 U4.6E-05 2.5E-06 1.1E-06
LUNGS 2.4B-06 2.8E~08 1.7E-06 2.28-07 2.6E~07 7.9E-08 B8.5E-07 2.5B~-06 5.2E-05 1,3E-06
MARROW (RED) 3.6E~06 2.2F-06 1.6E-06 U.3E~-06 3.7E-06 S5.1E-06 3.8E-06 1.6E-06 1.9E-06 2.0E-06
OTH TISS (MUSC) 1.4E-06 1.8B-06 1.uE-06 1.5F-06 1.5E-06 1.7E-06 1.3E-06 1.1E-06 1.3E-06 2.7E-06
OVARIES 6.1E-07 7.3E-06 5.0B-07 1.%1E-05 1.2E-05 1.8E-05 1.1E-06 U4.5E-07 9.4E-08 2.0E-06
PANCREAS 9.0E~-06 2.3E-07 1.8E-05 2.1E-06 2,3E-06 7.4E-07 6.6E-06 U.2E-06 2.6E-06 1|.8E-06
SKIN 5.18-07 5.58-07 4,U4E-07 U.1E-07 4.1E-07 U.8E-07 5.3E~-07 U4.9E-07 5.3E-07 7.2E-07
SPLEEN 6.3E-06 6.6E-07 1.0B-05 1.5E-06 1.4E-06 B8.0BE-07 B.6E-06 9.2E-07 2.3E-06 1.4E-06
TESTES 3.2g~-08 4.7E~-06 5.1E-08 3,1g~07 2.7E-~07 1.BE-06 B.BE-08 6.2E-08 7.9E-09 1.1E-06
THYROXID 1.3B-07 2.1E-09 8.7E-08 1.5E-08B 1.6E-08 5.4E-09 4.BE-08 1.5E-07 9.2E-07 1.3E-06
OTERUS (NONGRVD) 1,1E-06 V.6E-05 7.7B~-07 9.6E-06 S.UE-06 7.1E-06 9.8E-07 3.9E-07 8.2E~08 2.3E-06
TOTAL BODY 2.2E-06 1.9E-06 1.9B-06 2,4p-06 2.2E-06 2.3E-06 2.2E-06 2,2E~-06 2.0E-06 1.9E-06
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TARGET OVARIES PANCREAS SKELETON
ORGANS e e e e
R MARROW CORT BONE TRA BONE
ADREWALS 3.38-07 9.1E-06 2.3E-06 1.1B-06
BLADDER WALL 7.2E<06 1.4E-07 9,98-07 5.1E-07
BONE (TOTAL) 1.58-06 1.5E-06 4,0E-06 1.2E-05
GI (STOM WALL) 8.18-07 1.8E-05 9.5E-07 5.5E-07
GI (ST} 1.2E-05 1.8E-06 2.6E-06 7.3E-07
GI (ULI WALL) 1.1E-05 2.1E~06 2. 1B-06 6.9E-07
GI (LLI WALL) 1.58-05 5.7E-07 2.9E-06 1.0E-06
KIDNEYS 9.28-07 6.6E~06 2.2E-06 8.2E-07
LIVER 5.4E-07 UG.UE~06 9.2E-07 6.6E-07
LUNGS f.0E-08 2.5E~06 1.28-06 9.4E-07
HARROW (RED) 5.58-06 2,88-06 3.1E-05 4,1E-06
OTH TISS (MOSC) 2.0E-06 1.8E~06 1,2E-06 9.8E-07
OVARIES 4,.2B-03 4.1E-07 3.28E-06 7.1E-07
PANCREAS 5.0B-07 5.8E-04 1.78-06 8.5E-07
SKIN 4.18-07 6.0E-07 5.98-07 6.5E-07
SPLEEN 4.98-07 1,9B~-05 9.2E-07 5.8E-07
TESTES 0.0 5.5E-08 4,58-07 6.4E-07
THYROID 4.98-09 1.2E~-07 &6.8E-07 7.98-07
GTERUS (NONGRVD) 2.18-05 5.3E-07 2.28B-06 5.7E-07
TOTAL BODY 2.68-06" 2.6E~06 2.28-06 2.0E-06

 SOURCE ORGANS

1.1E~06
5.1E-07
1.0E-05
5.58=07
7.3E-07

6.9E~07
1.0E-06
B.2E-07
6.6E-07
9.4E-07

9.1E-06
3.8E~07
T.1E-07
8.5E-07
6.5E-07

5.8E-07
6. 4E-07
7.9E-07
5.7E-07
2.0E-06

SKIN

6.8E-07
4.98-07
9.9E-07
5.4E-07
4.58-07

4.58B-07
4.8E~-07
5,.7E~07
5.3F~=07
5.8E-07

9.5E-07
7.2E~07
3.8E-07
4,4E-07
1.6B-05

5,4E-07
9.1E-07
6,98~ 07
4.0E-07

1.3E-06

SPLEEN

6.3E-06
1.2E-07
1.1E-06
1.0E-05
1.4E-06

1.4E-06
6. 1E-07
9.1E~06
5.BE-07
2.3E-06

1.7E-06
1.4E-06
4.0E-07
1.9E-05
4.7E-07

3.3E~-04
4.8E-08
8.7E~08
4.0E-07
2.2E~-06

TESTES

3.28-08
4.8E-06
9.2E-07
3.2E-08
3.6E-07

3.1E-07
2.7E~06
4,0E~-08
3.1B-08
6.6E~09

7.3E-07
1.1E-06
0.0

5.5E-08
1.4E~06

1.7E-08
1.4E-03
5.0E~10
0.0

THYROID

1.3E-07
2. 1E-09
1.0E-06
4,.5E-08
9.3E-09

1. 1E~08
4.3E-09
3.4E-08
9. 3E-08
9.4E~-07

1. 1E~06
t. 38-06
4.9E-09
7.2E-08
7.3E-07

1. 1E~07
5.0E-10
2. 3E~03
4.6E-09
1. 8E-06

TOTAL
BODY

2.3E~-06
2.3E-06
2.58-06
2.2E-06
2.5E-06

2.48-06
2,3E-06
2.2E-06
2.2E-06
2.0E-06

2.98-06
t.98~-06
2.4E-06
2.4E~086
1.38-06

2.2E-06
1.7E-06
1.5E-06
2.6E-06
2.0E-06
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The second step is to multiply these cumulated activities by the appropriate S values from
Table 4-8 to calculate the total dose to the spleen:

Dspl=A spl-S(spI « sp1)+ A ]jv-S(spl — ]jv)+ A tb-S(spl — lb)
= (6926 uCi-hr)(3.3x10* rad/uCi-hr)+

(1299 pCi-hr)(9.2x107 rad/uCi-hr)+

(433 pCi-hr)(2.2x10 rad/Ci-hr)
= 2.286 rad + 0.001 rad + 0.001 rad
D spl =2.288 rad

Example: Estimate the radiation dose to the lungs from a ""Tc-DTPA aerosol used for lung .
ventilation imaging. Assume instantaneous uptake in lungs of 1 mCi (37 MBq) with biologic |
removal from the lungs into blood of 1.5% per minute. |

Because there is a biologic clearance component, the effective half-life will need to be
calculated as a first step. Thus, if A, A, and A are, respectively, the biologic, physical,
and effective decay constants:

Ay = 0.015 min™" -60 min/hr = 0.900 hr™'

A, =0.693/6.02 hr= 0.1151 hr”

A =0.9000 +0.1151 =1.015 hr™'

The cumulated activity and dose to the lung is as follows:

5 1000 pCi
M 1.015 hr!

A,.,, -S(lu — Iu)

=985 pCi-hr

Dlu

(985 pCi-hr)(sleo-f‘ rad/pCi-hr)

=0.051 rad

RADIATION RISK ASSESSMENT

Risk is defined as the possibility of loss or injury. In regard to radiation it refers to the
probability of a defined deleterious outcome from radiation exposure. Key questions that can
be asked about the risks of ionizing radiation are, What physical harm can result from
exposure to radiation? and What is the risk of getting cancer or causing a genetic mutation?
These questions cannot be answered precisely, mainly because there is no ethical way of
experimentally exposing humans to radiation to measure its effects. However, data on radi-
ation-induced biologic effects are available from cell and animal irradiation experiments,
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accidental human exposure incidents, patients with adverse effects of exposure to radiation
for medical treatment, and Japanese survivors of atomic bombs dropped during World War
II. Even with these data, in most instances estimations and extrapolations must be made
about the risks of radiation at the low levels typical of occupational and medical exposure.

Stochastic and Deterministic Effects of Radiation

Stochastic effects of ionizing radiation exposure are those effects whose probability of
occurrence increases with dose but whose severity is independent of dose. Examples of
stochastic effects are cancer (a somatic risk of ionizing radiation exposure) and hereditary
disorders (a genetic risk of ionizing radiation exposure). A stochastic effect is an all-or-
none effect that can arise from damage to the DNA of a single cell; there is no threshold
dose required to produce it. This is because there is a finite probability for the occurrence
of a stochastic event even at very small doses so that, unless all such events can be repaired
up to some level of dose, there can be no threshold. As radiation dose increases, the
frequency of stochastic effects increases but the severity of the effect is not expected to
| increase.! Thus, the severity of cancer caused by 1 Gy of radiation is no different from that
J caused by 0.1 Gy, but the chance of developing cancer is increased at 1 Gy.
] Deterministic effects of ionizing radiation exposure are somatic and genetic effects whose
| severity does increase with dose because of a proportional increase in damage or death
to cells. Radiation-induced cell killing plays a crucial role in the pathogenesis of tissue
injury. Nonlethal damage can also contribute significant detriment by, for example, inter-
fering with the inflammatory response of cells or with the natural migration of cells in
developing organs. A threshold dose exists for deterministic effects. The threshold dose
is the dose below which no measurable effect is detected and above which an effect is
observed because tissue damage exceeds repair. Examples of deterministic effects from
radiation exposure are lens opacification, bone marrow depression, decrease in sperm
count, skin erythema, epilation, and mental retardation. Previously, these effects were
termed nonstochastic effects. However, the meaning of the term deterministic is “causally
determined by preceding events,” and ICRP 60 changed the term, considering it a more
appropriate description of the events that occur. Thus, the death of an individual cell may
be considered a random or stochastic effect, but the composite effect of killing a high
proportion of cells in an organ, altering its structure or function, is deterministic.! Figure
42 shows idealized dose-response curves for stochastic and deterministic effects of ion-
izing radiation.

Stochastic Effects

Response

Deterministic Effects

FIGURE 4-2 Idealized plot of stochastic and
deterministic responses to ionizing radiation
Dose dose.

v
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Effective Dose

The equivalent dose, discussed previously, is the product of the absorbed dose and a
radiation-weighting factor. It takes into consideration the radiation dose absorbed by tissue
and the relative biologic effectiveness of the particular radiation, which is related to its
LET. Because the risk of stochastic effects to an individual from exposure to ionizing
radiation depends not only on the absorbed dose and the radiation’s RBE but on the
radiosensitivity of the particular organ or tissue exposed, a tissue-weighting factor is
applied to the equivalent dose. For example, the risk to an individual from gonadal
irradiation or lung irradiation is greater than the risk from irradiation of the hand or skin.
The factor by which the equivalent dose in a tissue or organ (T) is weighted is termed the
tissue-weighting factor (W-). It represents the relative contribution of that organ or tissue
to the total detriment if the total body is irradiated uniformly. The weighted dose equiv-
alent was termed the effective dose equivalent (Hg) by ICRP 26. The weighted equivalent
dose is now termed the effective dose (E) by ICRP 60. The effective dose equivalent is the
sum of the products of the dose equivalents (H) to the organs or tissues and the weighting
factors (W; ) applicable to each organ or tissue irradiated; it is given by the following
ICRP 26 expression:

Hp= Y W;-H @12)

The equivalent expression for effective dose by ICRP 60 is

Be ZWT H, (4-13)

To simplify terminology, ICRP 60 changed the name from effective dose equivalent to
effective dose. ICRP 60 also expanded the list of tissue-weighting factors and modified
their values from those of ICRP 26. This was done because in the 1980s new information
became available from the Life Span Study in Japan. The data available from extended
follow-up of survivors of the atomic bombings indicated that new risk estimates would
allow improvements in dosimetry calculations. Table 4-9 lists the tissue-weighting factors
for both ICRP 26 and ICRP 60. Confusion often occurs when terminology is changed;
Table 4-10 compares the radiation dose terms and units.

To understand how these weighting factors might be used, consider the data in Table
4-11, which lists the radiation absorbed doses (dose equivalents, H) to various organs for
#mTe-medronate (“™Tc-MDP). These absorbed doses are found in the package insert for
the MDP kit. To calculate the effective dose equivalent for *Tc-MDP using ICRP 26 tissue-
weighting factors, each of the organ dose equivalents is multiplied by the organ’s weight-
ing factor. The sum of these is the effective dose equivalent. Similarly, the effective dose
can be calculated by using tissue-weighting factors from ICRP 60, which are slightly
different from those of ICRP 26.

Risk Assessment

For acute whole-body exposures above a few gray of low LET radiation, early effects occur
primarily because of cell killing. This can give rise to organ and tissue damage and, in
extreme cases, death. These are deterministic effects. A second type of effect can occur at
later times after exposure. This type is from damage to cellular nuclear material (DNA),
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TABLE 4-9 Tissue Weighting Factors

ICRP 26 (1977) ICRP 60 (1990)
Tissue or Organ Wq Tissue or Organ W,
Conads 0.25 Gonads 0.20
Breast 0.15 Breast 0.05
Red marrow 0.12 Red marrow 0.12
Lung 012 Lung 0.12
Thyroid 0.03 Thyroid 0.05
Bone 0.03 Bone surface 0.01
Remainder® 5 @ 0.06 Colon 0.12
Total 1.00 Stomach 0.12

Liver 0.05
Esophagus 0.05
Bladder 0.05
Skin 0.01
Remainder® 0.05
Total 1.00

* Remainder is equally divided between the five organs or
tissues with the highest doses.
b Remainder = adrenals, brain, upper large intestine, small
intestine, kidney, muscle, pancreas, spleen, thymus, and

uterus. If a remainder organ dose is greater than any organ
listed, use W of 0.025 for that organ and 0.025 to average
the dose of the rest of the remainder.

TABLE 4-10 Radiation Dose Terminology

87

Dose Equation Conventional Unit SI Unit

Symbol and Description

D =45 rad gray

H =D-Q rem sievert
Hy = D-Wy rem sievert
H;=X¥W;-H rem sievert
E =YW, H, rem sievert

= Absorbed dose

o il o il vo L e T

= Cumulated activity in organ (uCi-hr)
= Mean dose/unit cumulated activity (rad/pCi-hr)

= Dose equivalent (ICRP 26)
+ = Equivalent dose (ICRP 60)
H; = Effective equivalent dose (ICRP 26)
E = Effective dose (ICRP 60)
Q = Radiation quality factor (ICRP 26)
W, = Radiation-weighting factor (ICRP 60)
W, = Tissue-weighting factor (ICRP 26, 60)

resulting in radiation-induced cancer in exposed individuals (somatic effects) or hereditary

disease in their descendants (genetic effects). These effects are stochastic.

Epidemiologic studies of Japanese survivors of radiation exposure from atomic bombs
are the source of much of the data used to estimate the somatic risk of developing cancer.
This is considered a good model for risk estimation because exposure of the survivors
was uniform over the total body and people of all ages were exposed. Although exposures
of this population were spread over a wide range, from low dose to high dose, all exposures
were at high dose rate. Therefore, for radiation protection purposes the effects of this type
of exposure must be extrapolated down to the low dose and low dose rate conditions

typical of occupational exposures.
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TABLE 4-11 Absorbed Dose (Dose Equivalent) and
Effective Dose Equivalent for **"Tc-Medronate?

Dose Equivalent (H)

Organ in rad/20 mCi Wy W;-H
Kidneys 0.80 0.06 0.048
Ovaries 0.24 0.25 0.060
Red marrow 0.56 012 0.067
Bone surfaces 0.70 0.03 0.021
Bladder wall 3.40 0.06 0.204
Liver 0.06 0.06 0.004
Total body 0.13 1.00 0.130

Effective dose equivalent (rem/20 mCi) Hy = ZW,-H = 0.534.
* Based on ICRP 26 tissue weighting.

For radiation-induced hereditary disease, risk estimates are made primarily on the
basis of animal studies, mostly in mice, but only after exposures at intermediate to high
dose levels. Limited human data are available from studies carried out on the children of
Japanese survivors who were irradiated.

Radiation Risk Models

The chief sources of information on the risks of radiation-induced cancer are the Japanese
survivors of the atomic bombings, who were exposed to whole-body irradiation, and
patients treated with radiation. Follow-up of these populations has shown that there is a
minimum period of time between irradiation and the appearance of a radiation-induced
tumor, although this latency period varies with age and from one tumor type to another.
For example, the latency period for acute myeloid leukemia is about 2 years, compared
with 5 to 10 years for other cancers. Many solid tissue tumors (e.g., liver and lung) have
latency periods of 10 years or more.!

Because of the unknown effects over time, and the effects of other factors such as age
and sex, empiric models have been postulated that extrapolate data based on only a limited
portion of the lives of exposed individuals. Two models have been proposed.!® The first
is the additive or absolute risk nodel. This model postulates that radiation will induce cancer
independently of the spontaneous rate and that variations in risk due to age and sex at
exposure may occur. It predicts a constant excess of induced cancer throughout life,
unrelated to the natural spontaneous rate of cancer. The second model is the multiplicative
or relative risk model. It postulates that radiation exposure will increase the natural incidence
of cancer by a constant factor and will consequently increase with age. Both forms of
response occur after a minimum latency period.

Most organizations in the 1970s used the absolute risk model for risk assessment. This
model produces predictions of eventual probability of death that are about half the values
predicted by the relative risk model. ICRP 60 has since favored the relative risk model
and a modified relative risk model proposed by the Biologic Effects of lonizing Radiation
committee (BEIR V) that considers sex, age, age at exposure, and time since exposure”
The United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)
used both models, absolute and relative, for its estimates of lifetime probability of cancer
death.®

Compared with previous ICRP 26 estimates, the ICRP 60 estimates of the probability
of death from cancer for the period 1950 to 1985 were higher because of several factors,
including an increase in the number of excess solid tumors observed between 1975 and
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1985, new dosimetry estimates for survivors, and preference for the relative risk model
rather than the absolute model for projecting the observed numbers of solid cancers to
lifetime values.! ICRP 60 selected data from the atomic bomb survivors as the most
complete set of information on which to base quantitative risk estimates, following the
lead of BEIR V7 and UNSCEAR # The Japanese study group is large (75,991 with dosimetry
data) and includes both sexes, all ages, and an extensive dose range with uniform whole-
body exposure. Of the total survivors, 34,272 serve as an internal control group; their
radiation doses were negligible (<0.5 rad) because they were so far from the hypocenter.
The remaining 41,719 survivors had doses greater than 0.5 rad and, of these, 3,435 died
of some form of cancer between 1950 and 1985.

Dose-Response Relationship

Experimental information on dose-response relationships and the influence of dose rate
on radiation-induced cancer incidence has been comprehensively reviewed by the
National Council on Radiation Protection and Measurements (NCRP, 1980).° The general
conclusion was that the shape of the dose-response relationship for low-LET radiation,
in most biologic systems, was curvilinear with dose, that is, linear-quadratic in form given
by the relationship E = aD + BD?2. This is shown as curve A in Figure 4-3. This relationship
had its origins in the 1930s, when it was used to fit data for radiation-induced chromosome
aberrations. At low doses, the slope of the dose-response curve is less than at high doses.
At low doses and low dose rates, it is unlikely that more than one ionizing event will
occur in the critical parts of a cell (DNA) while repair mechanisms in the cell are opera-
tional. Under these conditions the effect per unit dose is constant (E/D = o). At higher
doses and dose rates, however, the effect increases more rapidly; it increases linearly with
dose squared as the quadratic term becomes operative, that is, E = BD? This response is
consistent with two or more events combining to produce an enhanced effect. At still
higher doses, the effect often declines because cell killing reduces the number of cells at
risk.

The ratio o/, which is the dose at which the linear and quadratic contributions to
the biologic effect are equal, can vary from about 1 Gy to more than 10 Gy. Fitted dashed
line B in Figure 4-3 is a high dose and high dose rate linear response derived from the
available data from Japanese survivors (data points shown). The low dose and low dose
rate linear response (dotted line C) is an extrapolation of the low dose portion of the
sigmoid curve A.
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From a radiation protection perspective, most exposures of the general public, patients
undergoing radiologic procedures, and radiation workers involve low dose, low dose rate
radiation. Estimates of risk for these groups have been obtained by direct extrapolation
from epidemiologic studies of populations exposed at high doses and dose rates. To obtain
risk estimates for radiation-induced cancer when exposures are at low doses or low dose
rates, most organizations have recommended the use of a reduction factor. Suggested
reduction factors have ranged from 2 to 10, meaning that the risk of radiation-induced
cancer from low dose, low dose rate radiation should be reduced from that of high dose,
high dose rate radiation by one-half to one-tenth. NCRP termed the reduction factor the
dose rate effectiveness factor (DREF) and defined it as the ratio of the slopes of curves C and
B shown in Figure 4-3.° ICRP prefers to call this reduction factor the dose and dose rate
effectiveness factor (DDREF). To provide a conservative risk coefficient for radiation protec-
tion purposes, ICRP 60 has applied a DDREF of 2 for doses below 0.2 Gy (20 rad) at any
dose rate and for higher doses if the dose rate is less than 0.1 Gy per hour. These dose
rates apply to curve C, which is, in effect, an extrapolation of the linear portion of the
actual dose-response relationship expected at a low dose and low dose rate.

Cancer Risk Estimates

Studies have shown that the risk of cancer depends on the particular kind of cancer, the
age and sex of the person exposed, the magnitude of the dose to a particular organ, the
quality of the radiation, the nature of the exposure, whether brief or chronic, the presence
of other factors such as exposure to carcinogens and promoters that may interact with the
radiation, and individual characteristics of the person.” Since nearly 20% of all deaths in
the United States result from cancer, the estimated number of cancers attributable to low-
level radiation is only a small fraction of the total number of deaths that occur from all
causes. Furthermore, the cancers that result from radiation have no special features by
which they can be distinguished from those having other causes. Thus, the probability of
cancer resulting from a small dose of radiation can be estimated only by extrapolation
from the increased rates of cancer that have been observed in individuals after larger
doses, on the basis of assumptions about the dose—incidence relationship at low doses.

The BEIR V report based its cancer risk estimates on the data gathered from Japanese
atomic bomb survivors. It used a time-dependent relative risk model that considered not
only how risk increases with dose but also how it varies as a function of time for persons
exposed at various ages. Only the atomic bomb survivor cohort contains persons of all
ages at exposure. Survivors who were young when exposed are just now reaching the age
at which cancer becomes an appreciable cause of death in the general population. The
number of excess cancer deaths in this group to date has been small. Estimates of how the
radiation-induced excess changes over time for those exposed as children introduce a great
deal of uncertainty into attempts to project lifetime risks for the population as a whole.

Although the number of excess cases of cancer has increased as exposed groups have
been followed for longer periods, the data are not strong when stratified into different
dose, age, and time categories for all cancers at specific sites in the body. Reliance on data
for all types of cancer has been limited, and attention has been focused on estimating the
risk for leukemia, breast cancer, thyroid cancer, and cancers of the respiratory and digestive
systems, of which the numbers of excess cases are substantial. However, to obtain an
estimate of the total risk of mortality from all cancers, the BEIR V committee also modeled
cancers other than those in Japanese survivors. The committee used epidemiologic data
from patients treated with radiation for ankylosing spondylitis, cervical cancer, and post-
partum mastitis and women who received multiple fluoroscopies in conjunction with
artificial pneumothorax treatment for tuberculosis.

*
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TABLE 4-12 Excess Cancer Mortality Estimates per 100,000 Exposed Persons

Type of Exposure Male  Female
Single exposure to 0.1 Sv (10 rem}) 770 810
Continuous lifetime exposure to 1 mSv/yr (0.1 rem/yr) 520 600
Continuous exposure to 0.01 Sv/yr (1.0 rem/yr) from age 18 to 65 2880 3070

Adapted from reference 5, pp. 172-173.

TABLE 4-13 Excess Cancer Mortality by Age at Exposure and Site for 100,000 Males
of Each Age Exposed to 0.1 Sv (10 rem)

Age (yr) at
Exposure Total Leukemia Non-Leukemia Respiratory Digestive Other
5 1276 111 1165 17 361 787
15 1144 109 1035 54 369 612
25 921 36 885 124 389 372
35 566 62 504 243 28 233
45 600 108 492 353 22 117
55 616 166 450 393 15 42
65 481 191 290 272 1 7
75 258 165 93 90 B -
85 110 96 14 17 = =
Average 770 110 660 190 170 300

Adapted from reference 5, p. 175.

Risks were calculated for the following patterns of exposure to low-LET radiation: (1)
instantaneous exposure causing a dose equivalent to all body organs of 0.1 Sv (10 rem),
varying the age at exposure by 10-year intervals, (2) continuous lifetime exposure causing
a dose equivalent in all body organs of 1 mSv (0.1 rem) per year, and (3) continuous
exposure from age 18 to 65 causing a dose equivalent to all body organs of 10 mSv (1 rem)
per year. The excess cancer risks associated with these exposure assumptions are summa-
rized in Table 4-12. The BEIR V committee stratified by age at exposure (in 10-year
intervals) the excess cancer mortality for males and females by site for a single exposure
of 10 rem (10 cSv), as summarized in Tables 4-13 and 4-14. In general, individuals exposed
at a younger age are more susceptible to radiation-induced cancer. This is especially
significant for females exposed before the age of 15; those exposed at age 45 or older show
little or no excess. Susceptibility to radiation-induced leukemia is relatively constant
throughout life, whereas susceptibility to respiratory cancers increases in middle age. The
nonleukemia cancers listed in the tables are simply the sum of respiratory, digestive, and
other risks.

From the data in Tables 4-13 and 4-14 it is estimated that if 100,000 persons of all ages
received a whole-body dose of 0.1 Gy (10 rad) of gamma radiation in a single brief exposure
(high dose rate), about 800 extra cancer deaths would be expected to occur during these
persons’ remaining lifetimes in addition to the nearly 20,000 cancer deaths that would occur
naturally in the absence of the radiation. Therefore, the 10 rad radiation exposure increases
the cancer mortality risk to 20.8% or an excess of 0.8%. Because exposures of radiation workers
and patients are considered low dose, low dose rate, the DDREF would reduce the excess
risk by one-half, to 0.4%. Thus, according to BEIR V estimates, the excess risk of death from
radiation-induced cancer would be about 0.04% per 1 rem effective dose equivalent (EDE)
for low-LET radiation exposure associated with medical procedures.
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TABLE 4-14 Excess Cancer Mortality by Age at Exposure and Site for 100,000 Females
of Each Age Exposed to 0.1 Sv (10 rem)

Age (yr)
a!gExgosu.re Total Leukemia Non-Leukemia Breast Respiratory Digestive Other
5 1532 75 1457 129 48 655 625
15 1566 72 1494 295 70 653 476
25 1178 29 1149 52 125 679 293
35 557 46 511 43 208 73 187
45 541 73 468 20 277 71 100
55 505 117 388 6 273 64 45
65 386 146 240 - 172 52 16
75 227 127 100 - 72 26
85 90 73 17 - 15 4 -
Average 810 80 730 70 150 290 220

Adapted from reference 5, p. 175.

TABLE 4-15 Probability Coefficients for Cancer Lethality by Radiation

High Dese/High Dose Rate Low Dose/Low Dose Rate
Exposed Group (10 per Sv) (1072 per Sv)
Working population® 8 4
Whole population 10 5

& Adult workers (age 25-64 years), of both sexes.

Source: Reference 1.

ICRP 60 considered all the risk estimates of its committees and others, namely BEIR
and UNSCEAR, and developed overall risk coefficients for radiation-induced cancer. Table
4-15 summarizes these coefficients for the population of all ages and the working popu-
lation (ages 25-64) at high dose and high dose rate and at low dose and low dose rate
applying a DDREF of 2. These coefficients indicate, for example, that for the whole
population exposed to low dose, low dose rate radiation the risk of cancer above the
spontaneous incidence is 5 x 102 per sievert per person. Another way of expressing this
risk coefficient is to say that an excess of 1 person out of 20 people exposed to 100 rem
(or an excess of 1 person in 2000 exposed to 1 rem) of low dose, low dose rate radiation
is estimated to die from radiation-induced cancer. This is an excess risk of 0.05% above
the natural incidence of cancer, similar to the BEIR V estimate discussed above. This total
risk coefficient was derived from the number of radiation-induced cancers that developed
in each organ in the body. Table 4-16 compares the fatal probability coefficients for organ
cancers developed by ICRP 26 and ICRP 60. The risk coefficients of ICRP 60 (5 x 1072 Sv1)
are four times higher than those of ICRP 26 (1.25 x 10 Sv'). The difference is due
principally to new data on the increased probability of cancer acquired from Japanese
survivors, new dosimetry methods used, and use of the relative rather than the absolute
risk model for projecting the observed number of solid cancers to lifetime values.

Hereditary Risk Estimates

Estimation of the probability of radiation-induced hereditary effects in humans is based
primarily on genetic studies in animals, mainly mice, exposed to ionizing radiation.
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TABLE 4-16 Nominal Risks in a Population®
from Specific Types of Fatal Cancer after Exposure
to Low Dose/Low Dose Rate Low LET Radiation

Nominal Risk
(Fatal Probability Coefficient x 10~ Sv?)

Organ ICRP 26 ICRP 60
Bladder - 0.30
Bone marrow 0.20 0.50
Bone surface 0.05 0.05
Breast 0.25 0.20
Colon - 0.85
Liver - 0.15
Lung 0.20 0.85
Esophagus = 0.30
Ovary - 0.10
Skin - 0.02
Stomach e 1.10
Thyroid 0.05 0.08
Remainder® 0.50 0.50
Total 1.25¢ 5.004

* Nominal risks are average values for a population of equal
numbers of males and females of all ages; breast and ovary
are for females only.

» The composition of the remainder is quite different in the
two cases.

¢ This total was used for both workers and the general
public.

4 General public only. The total fatal cancer risk for a work-
ing population only is taken to be 4.00 x 102 Sv'.

Animal studies provide information for estimating mutation rates; these data and certain
assumptions are used to estimate the probability of radiation-induced hereditary disorders
in humans. A hereditary disorder is a pathologic condition arising as a consequence of a
mutation or chromosomal aberration transmitted from one human generation to the next.
The disorders are classified into three groups: (1) X-chromosome-linked gene mutations
and autosomal dominant and recessive gene mutations occurring on all other chromo-
somes, (2) chromosome number or structural abnormalities such as deletions, duplications,
and translocations, and (3) multifactorial effects resulting from a combination of genetic
and environmental factors, including congenital abnormalities present at birth and com-
mon disorders of adult life.

Two models are used to estimate hereditary risks of radiation, the doubling dose
method and the direct method. These are similar to the relative and absolute carcinogenic
risk models, respectively. The doubling dose model compares radiation-induced mutations
with those that occur spontaneously and then expresses the result in terms of the doubling
dose, that is, the dose of radiation that will double the spontaneous mutation rate. The
direct model looks at the incidence of disorders that occur in the first generation exclusive
of the spontaneous rate. It ignores the natural mutation rate and looks for new mutations.
ICRP 60 prefers the doubling dose model. The estimate of doubling dose is 1 Gy (100 rad)
and is based on mouse data and low dose rate, low LET exposure.! This is a calculated
rather than measured quantity, based on the measured mutation rate per gene locus in
mice, adjusted for the estimated comparable number of loci in humans.!
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TABLE 4-18 Recommended Values of Tissue-
Weighting Factors and Risk Coefficients®
from which They Were Derived (ICRP 26)

Tissue (T) Risk Coefficient 102 Sv' W,
Gonads 0.40 0.25
Breast 0.25 0.15
Red marrow 0.20 0.12
Lung 0.20 0.12
Thyroid 0.05 0.03
Bone surfaces 0.05 0.03
Remainder® 0.50 0.30
Total* 1.65 1.00

* The risk coefficient is the probability of develop-
ing fatal cancer per person for 100 rem (1 Sv) of
exposure.

" AW, of 0.06 is assigned to each of the five remain-
der tissues receiving the highest dose equivalents,
and the other remainder tissues are to be
neglected.

¢ The total somatic risk alone is 1.25 x 102 Sv'. The
genetic risk is 0.4 x 10 Sv-!, making the total risk
1.65 x 102 Svl.

sex chromosome abnormality. Analysis of the data showed a difference in these two groups
in the direction of higher radiation, but the difference was not statistically significant. How-
ever, an average doubling dose calculated from these data was found to be 156 rem (1.56 Sv).

From the results of all types of genetic studies conducted, ICRP 60 considers the
nominal hereditary probability coefficients for severe genetic effects for the whole popu-
lation to be 1 x 102 per sievert per individual and for workers to be 0.6 x 10-2 per sievert.
When weighted further for years of life lost if harm occurs, the corresponding numbers
are 1.3 x 1072 per sievert and 0.8 x 107 per sievert.! Another way of expressing this is to
say that there would be 60 excess genetic disorders above the normal incidence in the
working population or 100 excess disorders in the whole population per million people
exposed to 1 rem (1 cSv) effective dose.

Tissue-Weighting Factors and Detriment

When the whole body is uniformly irradiated, the probability of the occurrence of cancer
and genetic effects is assumed to be proportional to the dose equivalent to the whole body,
and the risk can be represented by a single value."! Because irradiation from internally
administered radionuclides is not uniform, the concept of effective dose equivalent was
developed by a scientific committee of NCRP in 1967 and subsequently adopted by ICRP.
Tissue-weighting factors, recommended by ICRP 26, were derived from organ risk coef-
ficients. These factors and their risk coefficients appear in Table 4-18. Thus, for example,
the breast receives a tissue-weighting factor (W;) of 0.15 (0.25/1.65), because its risk
coefficient is 15% of the total risk coefficient. In 1990 ICRP 60 considered organ risk
coefficients, weighting factors, and detriment. The revised tissue-weighting factors based
on these data are listed in Table 4-9, which compares the factors of ICRP 26 and ICRP 60.

ICRP noted that detriment is a measure of the total harm that would eventually be
experienced by an exposed group and its descendants as a result of the group’s exposure
to ionizing radiation. ICRP 60 considers four main components of detriment: (1) risk of
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TABLE 4-17 Estimated Genetic Effects of 1 rem Exposure per Generation

Additional Cases/10° Liveborn

Offspring/rem/Generation
Current Spontaneous Incidence/ First

Type of Exposure 10¢ Liveborn Offspring Generation Equilibrium
Autosomal dominant

Severe 2500 5-20 25

Mild 7500 1-15 75
X-linked 400 <1 <5
Recessive 2500 <1 Very slow increase
Chromosomal

Translocations 600 <5 Very little increase

Trisomies 3800 <1 <1
Congenital abnormalities 20,000-30,000 10 10-100
Totals 37,300-47,300 20-40 115-200

Adapted from reference 5.

The induced hereditary burden from radiation exposure based on the doubling dose
method is estimated from the following equation:”

Induced burden = Spontaneous burden x (Doub]jng dose)_l x Mutation compenent x Dose

For example, if the spontaneous burden is 20,000 per million liveborn humans for some
class of genetic disease, and the doubling dose is 100 rem (1 Sv), and the average muta-
tional component for the disease is 50%, then for parents in each generation exposed to
100 rem (i.e., 100 rem /30 years) the induced burden will be 10,000 cases/10° liveborn/gen-
eration, or 100 additional cases per rem exposure.?

On the assumption of a doubling dose of 100 rem (1 Sv), the BEIR V committee has
estimated the genetic effects of 1 rem exposure per generation. Table 4-17 lists the type
and number of mutations that occur spontaneously, together with those that are produced
by radiation per million live births. The total number of spontaneous defects averages
42,300 (37,300 to 47,300), or about 4.2% of all live births. The right columns in the table
list the expected increase in the respective spontaneous mutations resulting from 1 rem
(1 cSv) of radiation exposure per 30-year generation. The number of mutations in the first
generation is small because only dominant mutations are manifested at this time. At
equilibrium, after several generations have been irradiated and there is sufficient time for
all types of mutations to become manifest, the number of mutations is larger, giving the
full measure of the radiation-induced burden. Thus, for example, the number of clinically
severe autosomal dominant mutations per million live births at equilibrium is 25 per rem,
which is predicted by the induced burden formula previously described. That is, a dou-
bling dose of 100 rem (1 Sv) will induce a mutation rate equal to the spontaneous rate of
2500 mutations at equilibrium.

Heritable effects of radiation have yet to be clearly demonstrated in humans, but the
absence of a statistically significant increase in genetically related disease in the children
of atomic bomb survivors is not inconsistent with animal data.! The only data available
are from Japanese offspring of atomic bomb survivors; parents of these offspring exposed
to low-dose (1 to 9 rad) and high-dose (=100 rad) radiation were studied.!’ In this study
the following genetic risk factors were considered: untoward pregnancy outcomes (still-
births, congenital defects, death in the first week), childhood mortality, and frequency of
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TABLE 4-19 Nominal Probability Coefficients for Stochastic Effects

Detriment® (102 Sv1)
Population Exposed Fatal Cancer Nonfatal Cancer Severe Hereditary Effects Total

Adult workers 4.0 0.8 0.8 5.6
Whole population 5.0 1.0 18 73

* Fatal cancer or hereditary effects in excess of spontaneous or naturally occurring effects.

Source: Reference 1, p. 22, and reference 10, page 31.

fatal cancer, (2) risk of serious hereditary disease in future generations, (3) morbidity from
nonfatal cancer, and (4) life lost due to fatal cancer. The probability coefficients for sto-
chastic effects from fatal cancer and hereditary effects, as previously discussed, are listed
in Table 4-19.1 These values were also endorsed by NCRP in 1993.1

Comparison of Radiation Risk and Other Risks

The concept of effective dose equivalents permits comparison of radiation risk with other
risks people are exposed to in their daily lives. This can be particularly helpful on patient
consent forms, which require disclosure of the amount of radiation risk a patient or
research subject will be exposed to during a radiologic procedure. A comparison between
various types of risky activities can facilitate a patient’s understanding of the degree of
risk involved in undergoing a radiclogic procedure. For example, the estimated risk of
smoking is 1.37 x 107 deaths per cigarette; that is, one death will occur for every 7,299,270
cigarettes smoked. The risk of dying in an automobile accident in North America is 5.6 x
10-® deaths per mile driven; that is, one death will occur for every 17,857,143 miles driven."®
The stochastic risk of death from radiation is 1.65 x 107 (somatic, 1.25 x 10~ and genetic,
0.4 x 10™*) per rem effective dose equivalent (ICRP 26); that is, one extra death above
natural causes is expected to occur for every 6060 people exposed to 1 rem EDE. Thus, if
one follows the ICRP 26 risk estimate, the risk of dying from cancer or from a severe
genetic defect due to exposure to 1 rem EDE is similar to the risk of dying from smoking
one pack of 20 cigarettes per day for 2 months (about 1200 cigarettes) or driving about
2900 miles. According to ICRP 60, the stochastic risk of death from fatal cancer and severe
hereditary effects from radiation is 6.3 x 10~ per rem EDE (Table 4-19); that is, one death
is expected to occur for about 1600 people exposed to 1 rem EDE. This would mean that
the risk of dying from 1 EDE is equivalent to smoking about 4600 cigarettes or driving
about 11,250 miles. Thus, the ICRP 60 risk estimates are about four times greater than
ICRP 26 risk estimates for exposure to radiation. As an example of communicating risk
factors in nuclear medicine, if a patient were to undergo a *™Te-MDP bone scan (EDE
about 0.5 rem or 0.5 cSv), the procedure would carry the same risk of dying as smoking
about 2300 cigarettes or driving about 5600 miles, using ICRP 60 risk guides.

Other ways of discussing radiation risk with patients are to compare the EDE for a
procedure with the average annual amount of natural background radiation of about 0.3 rem
(0.3 cSv), the annual allowable whole-body exposure for a radiation worker of 5 rem (5 cSv),
or the EDE of another radiologic procedure, such as a chest x-ray. Common radiologic
procedures and their effective dose equivalents are listed in Table 4-20. A patient undergoing
a #mTc-MDP bone scan could be told that the amount of radiation exposure from the study
is about one and one-half times the average annual background radiation or about one-tenth
the annual exposure allowed for a radiation worker. Or, as previously discussed, the patient
could simply be told that the increased risk of radiation-induced cancer from 1 rem EDE is
20.4%, whereas the natural incidence of cancer without radiation exposure is 20%.
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TABLE 4-20 Effective Dose Equivalents of Radiologic Exposures

Effective Dose

Radiation Source Equivalent (rem)
Annual occupational exposure imit™ 5.0
Average annual natural background radiation in the United States™ 0.3
X-ray procedures (average doses)”
Chest (digital x-ray, PA and lateral) 0.138
Chest (standard, nondigital) 0.06
Cervical spine 0.020
Kidneys, ureter, bladder 0.055
Pelvis and hip 0.065
Lumbar spine 0.130
Intravenous pyelogram 0.160
Upper GI 0.245
Barium enema 0.405
#“mTe radiopharmaceuticals'
Disofenin, mebrofenin 5 mCi 0.47
Exametazime 20 mCi 1.02
Gluceptate 20 mCi 0.76
Human serum albumin 20 mCi 0.58
Macroaggregated albumin 3 mCi 0.14
Medronate, pyrophosphate, RBCs 20 mCi 0.54
Mertiatide (MAG3) 5 mCi 0.22
Oxidronate 20 mCi 0.46
Pentetate (DTPA) 20 mCi 0.60
Pertechnetate 20 mCi 0.78
Sestamibi 30 mCi (rest study) 0.45
Succimer (DMSA) 5 mCi 0.30
Sulfur colloid 5 mCi 0.25
White blood cells 10 mCi 0.74
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5 Radiation Safety

Radiation safety refers to the activities and control measures used to limit the amount of
radiation exposure received by radiation workers, members of the general public, and
patients undergoing radiologic procedures. The radiation protection techniques described
in Chapter 4 are used in workplace radiation safety practices. Guidance on radiation safety
issues is found in the Code of Federal Regulations under Title 10: Energy, Part 19: Notices,
Instructions and Reports to Workers: Inspections and Investigations (10 CFR 19); Part 20:
Standards for Protection Against Radiation (10 CFR 20); and Part 35: Medical Use of
Byproduct Material (10 CFR 35). Helpful information related specifically to nuclear phar-
macies is contained in NUREG 1556, Volume 13, Program Specific Guidance about Com-
mercial Radiopharmacy Licenses. These documents are available in the U.S. Nuclear
Regulatory Commission (NRC) reference library on the Web at http://www.nrc.gov/.
Additional information regarding transport of radioactive material is found in U.S. Depart-
ment of Transportation (DOT) regulations, which can be accessed at http:/ /www.access.
gpo.gov/nara/cfr/.

This chapter discusses important points related to the safe handling of radioactive
material in nuclear medicine and nuclear pharmacy.

RADIATION PROTECTION ORGANIZATIONS

The population at risk from exposure to ionizing radiation is roughly divided into two
groups: (1) the general public (nonoccupational exposure group) and (2) radiation workers
(occupational exposure group). A number of organizations are involved in studying the
effects of ionizing radiation on biologic systems to assess the risks associated with such
exposure. This chapter focuses on those groups that monitor and analyze investigational
studies and reports and make recommendations regarding radiation dose limits.

Two principal scientific committees conduct this type of assessment. The first is the
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR),
whose mandate is to assess and report levels and effects of exposure to ionizing radiation
to the General Assembly of the United Nations. The last report by this international
organization appeared in 2000." The second committee is the Biologic Effects of Ionizing
Radiations (BEIR) Committee, appointed in the United States by the National Academy
of Sciences. This committee advises the U.S. government, through periodic reports, on the
health consequences of radiation exposure. Its last report (BEIR V) appeared in 1990.
These committees analyze and summarize data and suggest risk estimates for radiation-
induced cancer and genetic effects, but they are not obligated to make recommendations on
dose limits.

Two principal committees make recommendations regarding radiation dose limits. The
first is the International Commission on Radiological Protection (ICRP). This committee is
well respected by the scientific community and often takes a leadership role in formulating
concepts in radiation protection and in recommending dose limits. Its most recent report is
ICRP 60, published in 1991.% The second committee is the National Council on Radiation
Protection and Measurements (NCRP), a U.S. organization. NCRP often follows the recom-
mendations of ICRP. Its most recent report on dose limits is NCRP 116, published in 1993.

The principal regulatory body in the United States is NRC. It was established in 1974
by the Energy Reorganization Act and replaced the Atomic Energy Commission, the
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(B) Appoint a radiation safety officer (RSO) who agrees, in writing, to be responsible
for implementing the radiation protection program.

(C) Permit an authorized user or qualified individual to serve as a temporary RSO.

(D) Appoint more than one temporary RSO.

(E) Establish, in writing, the authority, duties, and responsibilities of the RSO.

(F) Establish a radiation safety committee if two or more different types of uses of
byproduct material or types of units are authorized; this committee must include
an authorized user of each type of use permitted in the license, the RSO, a
representative of the nursing service, and a representative of management.

(G) Provide the RSO with authority and resources to conduct the radiation safety
program to (1) identify radiation safety problems, (2) initiate, recommend, or
provide corrective actions, (3) stop unsafe operations, and (4) verify implemen-
tation of corrective actions.

(H) Retain records of action taken in (A), (B), and (E) of part 35.24 for 5 years.

In a nuclear pharmacy the RSO must have a level of basic technical knowledge suffi-
cient to understand the work to be performed with byproduct material and be qualified
by training and experience to perform the duties noted above. Any individual who has
sufficient training and experience to be named as an authorized nuclear pharmacist is also
considered qualified to serve as the facility RSO.? Typical duties and responsibilities of an
RSO in a nuclear pharmacy are outlined in Appendix H of NUREG-1556.

OCCUPATIONAL DOSE LIMITS AND RISK

An occupational dose is a radiation dose received by an individual in the course of
employment in which the individual’s assigned duties involve exposure to ionizing radi-
ation. An occupational dose does not include doses received from background radiation,
from any medical administration, or from voluntary participation in medical research.
Occupational dose limits and dose limits for the public are enforced by NRC and agree-
ment states and are found in 10 CFR 20. These limits are derived from recommendations
made by ICRP and NCRP. Table 5-1 lists the annual dose limits for exposure to ionizing
radiation. The occupational dose limits have changed considerably over the years. The
annual limit for whole-body dose was reduced by a factor of about 3 between 1934 and
1950 and by another factor of 3, to the equivalent of 50 mSv (5 rem), by 1958.! The lower

TABLE 5-1 Annual Radiation Dose Limits

A. Occupational dose limits for adults (10 CFR 20.1201)

A licensee must establish controls to not exceed the following:

1. An annual limit, which is the more limiting of
a. Total effective dose equivalent 5 rem (50 mSv)
Or
b. Sum of deep-dose equivalent and committed dose equivalent to any organ or 50 rem (500 mSv)

tissue except lens of eye
2. The annual limits to lens of the eye, to the skin, and to the extremities, which are

a. Lens dose equivalent 15 rem (150 mSv)
b. Shallow-dose equivalent to skin or any extremity 50 rem (500 mSv)
3. Cumulative exposure (NCRP limit) 1 rem x age in yr
B. Occupational dose limits for minors (10 CFR 20.1207) 10% of adult limits
C. Limits for embryo or fetus of occupational worker (10 CFR 20.1208) 0.5 rem (5 mSv)

D. Total effective dose equivalent (public) (10 CFR 20.1301) 0.1 rem (1 mSv)
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organization that previously regulated byproduct material in the United States. NRC is
composed of five members and is responsible for licensing and regulating nuclear facilities
and materials. It establishes and enforces rules and regulations concerning the safe use of
radiation and radioactive byproduct material in the United States. Its regulations are
published in 10 CER.

Naturally occurring and accelerator-produced radionuclides are regulated by individ-
ual states. NRC may grant regulatory authority for byproduct material to individual states,
in which case these so-called agreement states regulate all forms of radioactive material:
naturally occurring material, byproduct material, and accelerator-produced material. A
state’s regulation of byproduct material must be compatible with NRC regulations.

AS LOW AS REASONABLY ACHIEVABLE

The goal of any radiation protection program is to prevent the occurrence of radiation-
induced hazardous conditions. This goal is met by (1) preventing or limiting the devel-
opment of deterministic (nonstochastic) effects of radiation by setting equivalent dose
limits well below the threshold limits for a person’s working lifetime and (2) limiting the
risk of stochastic effects to a frequency no greater than the risks seen in nonradiation
occupations.* Deterministic effects of radiation exposure are those effects that become
more severe with increasing dose but manifest themselves only above a threshold dose.
Some examples are skin erythema, cataract formation, and reduction in sperm count.
Stochastic effects are those that occur without a threshold dose and whose probability of
occurrence increases with dose. Such effects include the development of cancer and genetic
defects.

As stated in 10 CFR 20.1101, a licensee must establish a radiation protection program
so that occupational doses and doses to members of the public are as low as reasonably
achievable (ALARA). Additionally, the program must establish air emission limits for the
general public, and the program must be reviewed annually to ensure compliance with
ALARA. With such radiation protection programs in place, the public is assured that
radiation will be used in a safe manner.

To keep radiation exposure ALARA, access to areas that house radiation sources must
be controlled. A restricted area is one to which access is limited for the purpose of
protecting individuals against undue risks from exposure to radiation and radioactive
materials, such as the areas in a nuclear pharmacy or nuclear medicine laboratory where
sources are stored, a radiopharmaceutical compounding and dispensing area, a nuclear
medicine imaging room, or a hospital room where a patient is being treated with radio-
nuclide therapy. Restricted areas are typically posted with signs to warn people of the
potential for exposure to ionizing radiation. An unrestricted area is one to which access
is neither limited nor controlled by the licensee, such as a nuclear pharmacy office, a
nuclear medicine waiting room, or a nuclear medicine reading room.

RADIATION SAFETY PROGRAM

The authority and responsibilities for a radiation protection program are outlined in 10
CFR 35.24. The regulation states that a licensee’s management must

(A) Approve in writing (1) license applications, renewals, or amendments before
submission to NRC, (2) individuals who work as authorized users, authorized
nuclear pharmacists, or authorized medical physicists, and (3) any radiation
protection program changes permitted under 35.26.
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dose limits became feasible mainly because radiation protection techniques and methods ’
were developed that workers could use in their practices to keep exposures ALARA. '
The philosophy of NCRP is that, for occupational exposure, the level of protection
provided should ensure that the risk of developing fatal cancer from exposure to radiation !
be no greater than that of fatal accidents in safe industries.! Quantitatively, this can be
viewed as follows. It is estimated that the average nominal lifetime excess risk from a
single, uniform whole-body equivalent dose of 1 Sv (100 rem) is 4 x 10~ for fatal cancer,
0.8 x 10 for severe genetic effects, and 0.8 x 10~ for nonfatal cancer, for a total detriment
of 5.6 x 10-* (see Table 4-19, Chapter 4). The average fatal accident rate in all industries is
1 x 10~ per year or 1 death in 10,000, with a range of 0.2 x 10~ to 5 x 104 NCRP data
from 1980 indicate that the average equivalent dose of monitored workers was approxi-
mately 2.1 mSv (0.21 rem) per year, which would suggest a total detriment of about 1.1
x 10 per year (2.1 x 10-* Sv per year x 5.6 x 102 detriment Sv').* This suggests, therefore,
that the occupational risk of the average radiation worker is roughly comparable to the
average risk of accidental death for all industries. i
NCRP considers further what the risks might be for the radiation worker who is
exposed to maximum permissible doses of radiation. The NCRP limits on occupational
radiation exposure are listed in Table 5-1: not more than 50 mSv (5 rem) per year, and al
cumulative exposure not to exceed a person’s age X 10 mSv (1 rem). Using these limits
and a hypothetical worst-case scenario of acceptable maximal exposure, the lifetime fatal
cancer risk is approximately 3 x 10-2* The worst-case scenario for accidental death ina
safe industry is 5 x 10~ per year x 50 years, which results in a lifetime fatal accident risk|
of 2.5 x 102 Thus, the risk of a fatal outcome from maximal allowable exposure for a
radiation worker is consistent with the maximal risk of accidental death for all industries.

RADIATION DOSE TERMS

In addition to the absorbed dose, dose equivalent, and effective dose equivalent discussed
in Chapter 4, there are other radiation dose terms used in the area of radiation protection|
Some of these, as defined in 10 CFR 20, are as follows:

* Committed dose equivalent (CDE, or Hysy). The dose equivalent to organs or |
tissues of reference that will be received from an intake of radioactive material |
by an individual during the 50 year period after the intake. This term considers |
internally deposited radionuclides whose dose will be determined by the time
course of radiation residing in the body. It differs from an external dose received
over a short exposure time. ICRP considers what the committed dose equivalent
will be over a person’s working lifetime of 50 years. Radionuclides with effective |
half-lives of 2.5 months or less are essentially decayed in 1 year, and the com-
mitted dose equivalent is essentially equal to the annual dose equivalent in the
year of the intake.

¢ Committed effective dose equivalent (CEDE or Hgs,). The sum of the products
of the weighting factors applicable to each of the body organs or tissues that is
irradiated and the committed dose equivalent to these organs or tissues.

HF,,S() = EWT ‘HT,S-;)

* Deep-dose equivalent (DDE or Hd). The dose equivalent at a tissue depth of 1
cm from whole-body external exposure.
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* Lens dose equivalent (LDE). The dose equivalent from external exposure of the
lens of the eye at a tissue depth of 0.3 cm (300 mg/cm?).

* Shallow-dose equivalent (SDE or Hs). The dose equivalent from external expo-
sure of the skin of the whole body or the skin of an extremity at a tissue depth
of 0.007 cm (7 mg/cm?) averaged over an area of 10 cm?

¢ Total effective dose equivalent (TEDE). The sum of the deep-dose equivalent (for
external exposures) and the committed effective dose equivalent (for internal
exposures).

DOSE LIMITS FOR VOLUNTEER SUBJECTS

Radiation safety concerns typically involve monitoring the exposure of radiation workers
(occupational exposure), the general public (nonoccupational exposure), and patients
undergoing diagnostic or therapeutic procedures. A fourth exposure group consists of
human subjects who volunteer to undergo experimental procedures that involve exposure
to ionizing radiation during research studies. Such studies are typically conducted at
universities or research centers and monitored by institutional review boards (IRBs) in
compliance with FDA regulations. The main purpose of an IRB is to ensure that the
research is conducted in an ethical manner and that the volunteer subject has been
informed of the benefits and risks of participating in the study and has consented to do
so. If the subject will receive a radioactive drug or be exposed to external beam radiation
from a source such as an x-ray or computed tomography (CT) machine, a human-use
radioisotope committee must also approve the research. The two main purposes of this
committee are to ensure that the radiation dose received by the subject is within the
acceptable guidelines for radiation exposure and that no female subject is or might be
pregnant during the study.

NCRP Report 70, Nuclear Medicine Factors Influencing the Choice and Use of Radio-
nuclides in Diagnosis and Therapy (1982), contains guidelines for radiation exposure for
adult volunteer subjects who receive radionuclides for investigative purposes. These
guidelines, which are listed in 21 CFR 361 (April 1, 2000), state that the limits for radiation
exposure of the whole body, active blood-forming organs, lens of the eye, and gonads are
3 rem per year for a single dose and 5 rem per year for an annual and total dose commit-
ment; for other organs the limits are 5 rem and 15 rem for single dose and annual and
total dose commitment, respectively. For research subjects under 18 years of age, the
radiation dose is not to exceed 10% of these limits. These guidelines can be used by a
human-use radioisotope committee in evaluating the radiation safety of proposed research
and by the principal investigator of the study in drafting the consent form that informs
the subject of the radiation risk.

SOURCES OF RADIATION EXPOSURE

Everyone is exposed to some form of ionizing radiation. In the United States, the average
annual effective dose equivalent from natural background radiation is 3 mSv (300 mrem).
About one-third of this exposure comes from radiation in the cosmos and terrestrial
sources, and about two-thirds comes from radon. Additional sources of ionizing radiation
exposure, principally from medical procedures, increase the annual exposure to about 3.6
mSv (360 mrem) (Table 5-2).¢




104 Radiopharmaceuticals in Nuclear Pharmacy and Nuclear Medicine

TABLE 5-2 Annual Effective Dose Equivalent
in the U.S. Population, 1980-1982

Average Annual

Source H; (mrem)
Natural sources

Radon 200

Cosmic, terrestrial, body 100
Medical

Diagnostic x-rays, nuclear medicine 53
Nonmedical Z
Total 360

Source: Reference 5.

Background Radiation

The natural sources of background radiation include cosmic, terrestrial, and human body
sources. Cosmic radiation, mostly from high-energy protons, varies with altitude and
latitude. The average annual dose in the United States is 26 mrem. It doubles with every
6562 feet of altitude. At 39,000 feet, which is representative of airline altitude, it is 0.5
mrem /hour® Cosmic radiation is higher at the North and South Poles, where charged
particles are attracted, and lower at the equator. Terrestrial radiation is from the earth and
building materials and varies geographically. In the Rocky Mountains, where rocks are
rich in thorium and uranium, the average annual effective dose equivalent is 63
mrem/year; in the Atlantic and Gulf Coast regions it is 16 mrem/year; and for the
remainder of the country it is 30 mrem/ year.® Natural bodily exposure comes mainly from
inhaled radon gas, with a small component from ingested nuclides, principally C, #°Po,
and “K.¢

Manufactured sources of background radiation include medical procedures in diag-
nostic radiology and nuclear medicine and nonmedical sources of exposure such as con-
sumer products (e.g., smoke detectors) and radioactive fallout from the atmosphere.

The average natural background radiation exposure varies around the world. For
example, in the United States it is 300 mrem, in the Brazilian coastal region it is 500 mrem,
in Niue Island in the Pacific it is 1000 mrem, and in Kerala, India, it is 1300 mrem.
Interestingly, despite the wide variation in these background dose rates, there appears to
be no significant difference in the rate of stochastic effects of radiation between these
populations.

Radiation Exposure in Nuclear Medicine and Nuclear Pharmacy

The primary exposure to ionizing radiation in professional practice occurs while handling
radioactive material during transport and receipt, during radiopharmaceutical compound-
ing and dispensing operations, during patient dose administration, and during patient
imaging procedures. Patient procedures pose a radiation risk to both nuclear medicine
personnel and the patients themselves. Radiation workers wear whole-body film badges
and extremity dosimeters that are processed monthly to assess exposure. The results are
reviewed by the RSO for compliance with regulations. In general, radiation worker expo-
sure is well below the occupational dose limits. A few principal areas are reviewed here
to identify the sources and magnitude of worker exposures from procedures in nuclear
medicine and nuclear pharmacy, as described in NCRP Report 124.7
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Transport and Receipt of Radioactive Material

As a general rule, radiation sources should be shielded so that the external exposure does
not exceed 20 pGy (2 mrem)/hour. For example, a 3700 MBq (100 mCi) source of ™I
requires 5 cm (2 inches) of lead to achieve 20 UGy /hour. Thus, for example, it is important
that the cart used to transport doses of P'I-sodium iodide to a patient’s room provide
adequate shielding to the transporter to keep exposure ALARA. After the patient receives
a dose of P'I-sodium iodide, exposure increases significantly because the patient is not
shielded. For example, the dose rate at 1 m from a patient immediately after receiving 100
mCi of '] is approximately 0.2 mGy (20 mrem)/hour. A typical dose rate from a shielded
radiopharmaceutical package containing 100 mCi of [ is about 60 mrem/hour at the
surface and 0.2 mrem/hour at 1 m.” This dose rate, of course, varies depending on the
amount of lead used to shield the source.

Hospital inpatients are sometimes injected with a radiopharmaceutical in their rooms
when the nuclear medicine procedure requires a waiting period between dose adminis-
tration and imaging. This typically occurs with bone imaging. In this circumstance the
radiopharmaceutical dosage should be transported to the patient room in a lead-lined
syringe carrier to minimize exposure of the technologist and others along the way. This
ensures that ALARA exposure is maintained in nonoccupational areas.

Dose Preparation and Patient Injection

NRC regulations require that a syringe shield be used in compounding radiopharmaceu-
tical kits, because hand exposure can be quite high when large amounts of radioactivity
are handled in such operations. Figure 5-1 illustrates the exposure from *“™Tc with and
without lead shielding. It demonstrates that 0.3 cm (Y% inch) of lead reduces the exposure
rate by a factor of 1000.

Exposure rate to the hands has been assessed by several investigators. The equivalent
doses reported vary because of the differing conditions of exposure and monitoring, but
they provide a guide to the potential magnitude of the exposure. Anderson et al.,® using
thermoluminescent dosimeters (TLDs) taped to the fingers, found that the average dose
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FIGURE 5-1 Rates of film exposure from a **Tc source in a syringe and a generator elution vial.
Syringe contains 20 mCi of *™Tc activity emitting a dose rate of 800 mR/minute (unshielded) and
0.8 mR/minute (shielded with 0.3 mm of lead). Generator elution vial contains 600 mCi of “™Tc
emitting 3.7 R/minute at the unshielded entrance port of the vial and 10~ R/minute at the surface
of a lead shield 0.6 cm thick. (Courtesy of Dr. John Howley, Radiation Safety Branch, National
Institutes of Health, Bethesda, MD.)
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Volume
(mL) A B c
0.5 55 125 0.30
1.0 40 1.75 0.25
20 25 595 0.20

FIGURE 5-2 Exposure rate (in mrem per mCi per
minute) of fingers at various positions on an
unshielded 2 mL plastic syringe containing *™Tc.
(Compiled from reference 9.)

to the index finger was 1600 mrem per curie of *“™Tc injected using unshielded syringes,
with a significantly smaller dose to the other fingers. For personnel who performed only
generator elution, calibration, and dose preparation (no patient injection), the average
dose was only 200 mrem per curie eluted. This report indicates that the majority of
exposure comes from patient injection and averages about 1400 mrem per curie or about
28 mrem per 20 mCi (740 MBq) dose injected.

Use of syringe shields during patient injection is considered optional by NRC regula-
tions, but dose rates, as just noted, can be high if precautions are not taken. Henson,’ using
a computer analysis and calculation method, assessed the exposure rate from unshielded
radiopharmaceutical syringes at various positions on the syringe. Figure 5-2 summarizes
the dose rates from syringes containing “™Tc and illustrates that there is a significant
difference in dose depending on how close the finger is to the volume of activity. Figure
5-2 indicates that the dose rate decreases considerably when the finger is moved away
from the active volume in the syringe. For example, if the average dose administered is
0.5 mL in a 2 mL syringe, the dose rate is 55 mrem per millicurie per minute at position
A. Considering that finger contact time with the syringe during patient injection averages
15 seconds,® a 20 mCi (740 MBq) dose would deliver 275 mrem to the finger at position
A, 6.25 mrem at position B, and 1.5 mrem at position C. The occupational dose limit for
extremity exposure is 50 rem per year or an average of 1 rem per week. From the example
just cited it is clear that one could easily exceed this limit after administering only 4
unshielded doses with the fingers held at position A and after 160 doses at position B.

B?sed on an average dose rate from radiopharmaceuticals, noted previously by Anderson
1(; 2% g}rgm per 20 mCi (740 MBq) dose injected, 35 doses per week (1000 mrem per week

mit divided by 28 mrem per dose) would be the maximum allowed in order to avoid
exceeding the 50 rem per year limit of extremity exposure.

It is obvious that the position of the fingers on the syringe relative to the radioactive

\
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FIGURE 5-3 Tungsten syringe shield with leaded-
glass viewing window. (Used with permission of
Biodex Medical Systems, Shirley, NY.)

'TABLE 5-3 Dose Rates from Patients Injected with 20 mCi *Tc-Medronate

Dose Rate in mR/hr
(patient’s waist)

Time after Position of
Injection Patient Condition Measurement At Surface At 1 Meter
5 min With and without Anterior 9 0.9
bone metastases Posterior 9 1.0
4 hr Without metastases Anterior 3 03
Posterior 5 0.6
With metastases Anterior 14 2
Posterior 49 4

Source: Reference 7, p. 21.

tamination can be a potential problem. Kereiakes' reported that complete
Ci of ®mTc on the skin can range from 200 Gy from a point source to 0.07 Gy
ead out over 1 cm® The potential for such a high dose rate emphasizes the
nce of wearing disposable gloves while handling radioactive material.
tting sources can also produce significant exposure of the hands. It has been
od that a dose of 4.5 rad is delivered to a finger held for 30 seconds in contact with
containing 10 mCi (370 MBq) of P in a 5 mL volume.? This high dose rate is
use of the penetrating power of high-energy beta particles. With the increased
emitters for radionuclide therapy, the handling of these doses should be given
deration. See Table 4-4, Chapter 4, for physical data on beta emitters used in

ies have reported on exposures of nurses and nuclear medicine technologists
ents who have received a radiopharmaceutical, and these have been summa-
me of the highest exposure doses to technologists arise from patients injected
Tc bone agent. For example, the dose rates from a 20 mCi (740 MBq) dose of
tonate are summarized in Table 5-3. NCRP Report 124 states that the exposure
ostic nuclear medicine patients is typically less than 1 mR/hour at 1 m. Bene-
L1 estimated that the dose per year to nuclear medicine personnel exposed to
 about 400 mrem.

, the following recommendations will reduce radiation dose to the hands and

I |




e Time: Work quickly and efficiently.
* Distance:
— Hold syringes at a safe distance from the active volume.
— Make venipuncture with a butterfly set and stopcock for difficult injections
to reduce handling time of the dose.
— Handle “hot” sources with tongs.
e Shielding: Use syringe shields, especially with large-activity sources.
* Protectives: Wear disposable gloves.
® Monitors:
— Monitor hands with Geiger-Miiller (GM) counter frequently to detect contam-
ination.
— Wear ring badges on index finger or finger likely to receive the highest dose
on the basis of syringe handling technique.

PERSONNEL MONITORING

Radiation workers are monitored for exposure with whole-body badges and extremity
badges such as finger dosimeters. Persons who should be badged are outlined in 10 CFR
20.1502 as follows.

External exposure monitoring is required for

1. Adults likely to receive an annual dose in excess of any of the following:
® 5 mSv (0.5 rem) deep-dose equivalent
® 15 mSv (1.5 rem) lens-dose equivalent
e 50 mSv (5 rem) shallow-dose equivalent to the skin or any extremity
2. Minors likely to receive an annual dose in excess of any of the following:
* 1 mSv (0.1 rem) deep-dose equivalent
e 1.5 mSv (0.15 rem) lens-dose equivalent
e 5 mSv (0.5 rem) shallow-dose equivalent to the skin or any extremity
3. Declared pregnant women likely to receive an annual dose during their entire
pregnancy of 1.0 mSv (0.1 rem) deep-dose equivalent

Internal exposure monitoring is required for

1. Adults likely to receive in 1 year in excess of 10% of the applicable annual limit
on intake (ALI) for ingestion and inhalation. The ALI is the intake of a given
radionuclide per year that results in a committed effective dose equivalent of 5
rem or a committed dose equivalent to an organ or tissue of 50 rem.

2. Minors and declared pregnant women likely to receive in 1 year a committed
effective dose equivalent in excess of 1.0 mSv (0.1 rem).

Beyond these regulations, a person may be badged at any time for any reason if he or she
is concerned about risk from radiation exposure during work involvement.

Whole-body badges, which monitor for deep-dose and shallow-dose equivalent expo-
sure, must be worn on the body where they are likely to receive the highest exposure (10
CFR 20.1201¢). Typically, this is the chest area or the waist.

Investigational Levels

During implementation of the radiation safety program, the RSO establishes personnel
exposure investigational levels to help identify potential areas of excessive radiation




TABLE 5-4 Investigational Levels for Radiation Exposure Monitoring

Investigational Level
(mrem per monthly

monitoring period)
Body Part Level 1 Level 2
Whole body: head, trunk, gonads, or eye lens 100 400
Extremities: elbow, arm below elbow, foot, knee, leg below knee, or skin 1000 3000
Conceptus 30 40
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FIGURE 5-4 Personnel radiation dosimetry report.

exposure and to initiate an investigation into the cause of an exposure. Investigational
level 1 exposures are typically set well below (about one-fourth) the occupational exposure
limits to identify exposure level trends in the work environment and to provide a level
of control that keeps doses ALARA. Table 5-4 gives examples of investigational levels at
an institution. If level 1 exposure is exceeded, the RSO may send the person a written
report with a request to review radiation safety procedures to keep exposure ALARA. If
level 2 exposure is exceeded, the RSO may conduct a direct investigation and an interview
with personnel involved and prepare a written report with suggested corrective actions.
Figure 5-4 illustrates a typical radiation dosimetry report for personnel exposures.
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Film Badges and Thermoluminescent Dosimeters
Film Badges

Film badges consist of radiation-sensitive photographic film housed in a plastic holder
that can be clipped to clothing. They are typically worn on the chest or waist areas for 1
month periods. The badge contains filters that selectively absorb radiation to permit
identification of the radiation type and energy. For example, an area with no filter detects
weak betas and gammas. The badge is sent to a laboratory that develops the film and
reads the exposure. The greater the exposure, the darker is the film. It is compared with
a standard known exposure to assess the person’s exposure level. The typical sensitivity
range for film badges is 30 to 1000 mrem.

Thermoluminescent Dosimeters

TLDs are small devices that contain calcium or lithium fluoride crystals. The crystals
absorb energy released in them by ionizing radiation and the molecules achieve a meta-
stable state. When heated under controlled conditions the crystals release their “stored”
energy in the form of visible light, which is analyzed for exposure intensity. The sensitivity
range is 10 mrem to 100 rem. TLDs are typically used in finger badges, but they are also
used in some body badges. Figure 5-5 shows examples of a film badge and a TLD.

Bioassays

In accordance with 10 CFR 20.1502, a licensee is required to monitor occupational intake
of radioactive material by and assess the committed effective dose equivalent to (1) adults
who are likely to receive in 1 year greater than 10% of ALI in 10 CFR 20, Appendix B,
Table 1, columns 1 and 2, and (2) minors and declared pregnant women likely to receive
a committed effective dose equivalent in excess of 0.05 rem in 1 year. A recommended
time of monitoring is within 24 hours of exposure.

A critical area of concern for nuclear medicine and nuclear pharmacy personnel is the
handling of radioiodine. The performance of thyroid bioburden measurements for all
occupationally exposed individuals involved in the preparation or administration of ther-
apeutic dosages of '] (capsules and solutions) is addressed in 10 CFR 20.1204 and 20.1501.
Each licensee must monitor (20.1204) the occupational intake of radioactive material by
and assess the committed effective dose equivalent to adults likely to receive, in 1 year,
an intake in excess of 10% of the applicable ALI(s) in 10 CFR 20.1001-20.2402, Appendix
B, Table 1, columns 1 and 2. Additionally, Regulatory Guide 8.9 (Acceptable Concepts,
Models, Equations and Assumptions for a Bioassay Program) provides guidance for eval-
uating a thyroid burden of radioiodine. The guide recommends an evaluation level when
any thyroid measurement exceeds 2% of the ALI and an investigational level when it
exceeds 10% of the ALL The ALI values for a few radionuclides are given in Table 5-5.

FIGURE 5-5 Radiation monitoring devices: fin-
ger ring badge (left) and body badge (right).
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TABLE 5-5 Annual Limits on Intake (ALI), Derived Air Concentrations (DAC), and Maximum
Permissible Concentrations (MPC) for Selected Radionuclides, from 10 CFR 20, Appendix B

Table 1 Table 2 Table 3
Occupational Values Effluent MPC Release to Sewers
Oral Ingestion Inhalation (Restricted Areas) Unrestricted Areas
Radio- Column 1 Column 1 Column 2 Column 1 Column 2 Avg Conc/Month
nuclide ALI (nCi) ALI (uCi) DAC (unCifmL) Air (pCi/mL) Water (nCi/mL) (pCi/mL)
e 3000 6000 3x10* 2x10% 1x10+* 1x107°
$81 40 60 Ix10® 3x 101 2x 10t 2x 107
i 30 50 2x10% P 1010 1 %10 1x10°
1%Xe Lae 104 5x107

An example of how the evaluation procedure works follows, taken from Appendix A of
NRC Regulatory Guide 8.9.

A technologist prepared a dose of **I-sodium iodide for thyroid therapy. A bioassay of the technol-
ogist’s thyroid indicated a thyroid content of 0.08 uCi 24 hours after dosage preparation. Does this
thyroid bioburden require further evaluation?

Determine if the thyroid intake of "' exceeds 2% of the ALIL

AuCi (thyroid content at time of measurernent)

]Ilta'ke = 131
IRF for ~'1

0.080 pCi ;
=—Fms 0.60 pCi
The intake retention fraction (IRF) for I after 24 hours is 0.133 (from the table of IRF
thyroid values in NUREG/CR 4884, Interpretation of Bioassay Measurements). The eval-
uation level for 11 is 2% (1 uCi) of the ALI (50 uCi). Since the intake for this technologist
(0.6 pCi) does not exceed this level, no further evaluation is needed. If a person’s thyroid
content is greater than 0.133 uCi, the intake value is greater than 1 uCi, and the RSO is
required to evaluate the situation by, for example, repeating measurements to verify the
results. If a person’s thyroid uptake exceeds 0.665 uCi, the intake value exceeds 10% of
50 pCi ALI, and the RSO needs to conduct a more thorough investigation (level 2) with
multiple measurements, air sampling, and so on. A thyroid content of 6.65 uCi reaches
the AL and the person should be excluded from further exposure to radioiodine for the
year. Preferably, the person should be removed from radioiodine exposure before the ALI
is reached.

Pregnant Radiation Workers

A licensee must develop a pregnancy policy to ensure that the dose equivalent to the
embryo or fetus during the entire pregnancy of a declared pregnant radiation worker does
not exceed 0.5 rem (10 CFR 20.1208). NCRP 91 (1987) also recommends a total dose limit
of 0.5 rem and no more than 0.05 rem in any month once a pregnancy becomes known.
The policy should require a woman to voluntarily declare her pregnancy in writing and
include the estimated date of conception (10 CFR 20.1003). The records may be maintained
in a separate file for privacy (10 CFR 20.2106e). Without this declaration, the licensee
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cannot be held responsible for the radiation safety of the fetus. If the dose equivalent to
the embryo or fetus is found to have exceeded the 0.5 rem limit, or to be within 0.05 rem
of this dose by the time of declaration, the licensee must take measures to ensure that any
additional dose does not exceed 0.05 rem for the remainder of the pregnancy.

AREA MONITORING
Surveys

In accordance with the new 10 CFR 35.70 (July 10, 2003), at the end of each day of use a
licensee must survey with a radiation detection instrument all areas where unsealed
byproduct material requiring a written directive was prepared for use or administered.
Records of the survey must be kept for 3 years. This requirement is less descriptive than
the previous Part 35 regulation. Therefore, the older regulations are described here because
they delineate the types of surveys and exposure level or surface contamination limits
that are practical and likely to be followed at most facilities.

1. The licensee must survey for ambient radiation levels at the end of each day of
use all areas where radiopharmaceuticals are routinely prepared and adminis-
tered and at the end of each week all areas where radiopharmaceuticals and
radiopharmaceutical waste are stored. The licensee must conduct these surveys
with an instrument capable of detecting 0.1 mR hour. The licensee must establish
dose rate trigger levels for each area surveyed and notify the RSO if trigger levels
are exceeded.

2. The licensee must survey for removable contamination (wipe test) each week
areas where radiopharmaceuticals are prepared for use, administered, and
stored. The wipe test detection method must be capable of detecting 2000 dis-
integrations per minute (dpm). The licensee must establish removable contam-
ination trigger levels for each area surveyed and notify the RSO if trigger levels
are exceeded.

3. The licensee must retain records of these surveys for 3 years, to include the
following information: (1) date of survey and plan of the area surveyed, (2)
trigger levels established for each area, (3) results of the surveys obtained,
reported in mR/hour or dpm per 100 cm?, and (4) the instruments used and
initials of the person who conducted the surveys.

An example of survey trigger levels established at an educational institution for monitor-
ing ambient and removable contamination is shown in Table 5-6.

TABLE 5-6 Trigger Levels for Workplace Surveys for Ambient and Removable Contamination

Unrestricted Areas Restricted Areas
Radiation Exposure  Surface Contamination Radiation Exposure Surface Contamination
Not >2 mR/hr Not >200 dpm/100 cm?®  Not>2mR/hrin frequently ~ Not >0.1 mrem at 5 cm from
Not >100 mrem/ occupied areas surface of interest
5 consecutive days Not >600 dpm per 100 cm?

Not >500 mrem
in any 1 year
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Eifluent Monitoring

In accordance with regulations stated in 10 CFR 20.1301, a licensee’s operation must be
conducted so that (1) the total effective dose equivalent to the public does not exceed 0.1
rem per year, and (2) the dose rate froin an external source to an unrestricted area does
not exceed 2 mrem in any 1 hour. Concerning compliance with these limits, 10 CFR 20.1302
states that the licensee must make measurements or calculations to demonstrate that the
total effective dose equivalent to any member of the public does not exceed 0.1 rem per
year or that (1) the average concentrations of radioactive material released in gaseous or
liquid effluents to an unrestricted area do not exceed the values in 10 CFR 20, Appendix
B, Table 2, and (2) if an individual is continuously present, the dose from external sources
does not exceed 2 mrem in any 1 hour and 0.05 rem in a year.

An example of demonstrating compliance with these regulations is a calculation used
to determine that the effluent concentration of **Xe gas exhausted to the outside of a
facility does not exceed the maximum permissible concentration (MPC) of *Xe in the air
exhausted, as follows.

Anuclear medicine facility conducts lung ventilation studies with Xe gas. On average, 10 doses
of 20 mCi each are administered per week. Determine if the expected levels of '*Xe released outside
the facility exceed the MPC to an unrestricted area given in 10 CFR 20, Appendix B, Table 2.

The room exhaust rate is 1714 f#/minute x 2.83 x 10* mL/f® = 4.85 x 107 mL/minute.
Assume 20% spillage of 13*Xe. The MPC of '#*Xe to an unrestricted area is 5 x 107 uCi/mL
(see Table 5-5).

20,000 pCi/dosex 10 doses/wkx0.20

3Xe uCi/mL exhausted/wk = > A T
4.85%10” mL/min x10,080 min/wk

= 8.09%10™ pCi/mL (16% of DAC)

Regulatory Guide 8.37 (ALARA Levels for Effluents) recommends aiming for only 20%
of derived air concentration (DAC) in effluents as a conservative limit for radioactive
material release.

DAC is the concentration of radionuclide breathed for 2000 working hours per year
that results in an intake of 1 ALI; 1 DAC = ALI/2.4 x 10° mL. Note: 2.4 x 10° mL = (2000
hours) x (60 minutes/hour) x (2 x 10* mL/minute). The following determination must
consider the DAC used in occupational exposure:

What is the evacuation time for a radiation worker in the imaging room if a 20 mCi (740 MBg)
dose of 13 Xe is spilled in the room (restricted area)?

Regulatory Guide 10.8 (Guide for Preparation of Applications for Medical Use) states in
Appendix 0.4 a model procedure for calculating spilled gas clearance times (f), where

A =highest activity of gas in a single container, in microcuries
=20,000 pCi
V =volume of room, in milliliters
= (5628 ft’) x (2.83 x 10* mL/ft?) = 1.59 x 108 mL
Q = exhaust rate, in mL/minute
= (1714 ft*/minute) x (2.83 x 10* mL/ft®) = 4.85 x 107 mL/minute
C = DAC ¥3Xe restricted area = 1 x 10* pCi/mL (Table 5-5)
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20,000 uCi

0.75 min

Note that this is the time until the concentration reaches the DAC for **Xe in a restricted
area, and workers must leave the room during this period.

In a comprehensive radiation safety program, dose equivalents are assessed from
surveys or other measuring devices to ensure compliance. DAC and ALI values from 10
CFR 20, Appendix B, Table 1 can be used to demonstrate compliance. This is particularly
useful for volatile nuclides such as radiciodines and radioxenons. A partial list of radio-
nuclides given in 10 CFR 20, Appendix B, is shown in Table 5-5.

Sealed Source Monitoring

A licensee must wipe test a sealed source every 6 months to ensure that not more than
0.005 uCi (185 Bq) of removable contamination is present (10 CFR 35.67 and 35.2067). This
procedure does not apply to sources with half-lives of less than 30 days, gases, and 100
uCi (3.7 MBq) or less of beta- or gamma-emitting radionuclides. Typical sources that apply
in nuclear pharmacy would be reference standards, such as '¥Cs, '*Ba, and ¥Co, used to
check the dose calibrator. Records of the leak test must be retained for 3 years.

CAUTION SIGNS

Signs are used to warn individuals that radiation is present in a container, work area, or
room. In general, all signs and labels bear the radiation symbol shown in Figure 5-6.
Caution signs for various doses of radiation, as listed in 10 CFR 20.1902, are as follows:

e (Caution, Radiation Area: >5 mrem in 1 hour at 30 cm
e Caution, High Radiation Area: >100 mrem in 1 hour at 30 cm
» Grave Danger, Very High Radiation Area: >500 rad in 1 hour at 1 m

FIGURE 5-6 Standard radiation symbol. The cross-hatched area A 4—?’
is magenta or purple; the background is yellow. (Reprinted from .
10 CFR 20.1901.)

!
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Because of the types and amounts of radioactive material used and stored in nuclear
medicine and nuclear pharmacy laboratories, these areas are likely to require no more

than

the Caution, Radiation Area sign.

NOTICES, INSTRUCTIONS, AND REPORTS TO RADIATION WORKERS

The regulations in 10 CFR 19 list the requirements for information transfer by the licensee
to workers who participate in radiation-associated activities, as well as the rights of
workers during NRC or agreement state inspections.

Posting Requirements (10 CFR 19.11)

1

. Each licensee must post the following documents or a notice stating where they
may be examined:

a. Current copies of the regulations in 10 CFR 19 and 20.

b. The radioactive materials license.

c. The operating procedures applicable to licensed activities.

A licensee must post, for 5 days or until the violation is corrected, any notice of
violation involving working conditions within 2 days of receipt of the violation
notice.

Alicensee must post NRC Form 3, “Notice to Employees,” in a sufficient number
of places to be observed by workers.

Instruction to Workers (10 CFR 19.12)

Any

1
2
3

person likely to receive an occupational dose higher than 100 mrem per year must be

. Informed of storage, transfer, or use of radioactive material.
. Instructed in radiation safety procedures.
. Instructed to report any violations to the licensee.

4. Instructed on how to respond to warnings in case of radiation exposure occurrences.

5

. Instructed about requesting radiation exposure reports.

Notification and Reports to Individuals (10 CFR 19.13)

A licensee must provide each worker with the following reports:

1

o

. A written report of radiation exposure data, analyses, and calculations of an
individual’s exposure.

An annual report of a worker’s radiation dose.

A radiation exposure record upon a former worker’s request.

A report of any radiation exposure incident report sent to NRC.

A radiation exposure report upon termination of employment.

Presence of Individuals during Inspections (10 CFR 19.14)

A licensee must comply with the following conditions of inspection:

]
2

. Alicensee must allow NRC to inspect facilities annually.

. A licensee must notify NRC of any individual authorized to represent workers

at inspection.

115
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3. The workers’ representative must be actively engaged in radiation work.
4. A consultant may accompany the inspection.

Consultation with Workers during Inspection (10 CFR 19.15)

The following conditions must prevail during inspections:

1. NRC may consult with workers privately.
2. Workers may bring any perceived violations of regulations, overexposures, and
so on to NRC's attention.

Request for Inspectioné (10 CFR 19.16)

The following conditions must prevail regarding requests for inspection:

1. Any worker may submit a written request to the NRC regional office to inspect
a licensee regarding any perceived violation. The complainant may request ano-
nymity,

2. NRC will determine if inspection is warranted.

RECEIPT OF RADIOACTIVE MATERIAL

Regulations describing the procedures and monitoring limits for receiving and opening
packages of radioactive material are found in 10 CFR 20.1906, 10 CFR 71.87 and 71.47,
and 49 CFR 172 and 173. The regulations for some agreement states may differ and may
be more stringent than NRC regulations. Part 20 requires a survey only for packages
containing greater than Type A quantities (which are typically >10 Ci), but all packages
bearing White-I, Yellow-1II, or Yellow-III labels must be wipe tested for surface contami-
nation (see Warning Labels section). Table 5-7 summarizes the package receipt require-
ments for NRC. The GM survey for external radiation levels is made at the package surface
and at 1 m distance. The 1 m survey is the transport index. Wipe testing of the external
surface is typically made with a 1 inch filter paper disk rubbed over at least 300 cm? of
multiple surfaces. The disk is counted, corrected for counter efficiency to convert counts
per minute (cpm) to dpm, and the results reported as dpm per 100 cm?. Monitoring of
packages must be performed as soon as practicable but not later than 3 hours after receipt.
If measured levels exceed the limits stated in Table 5-7, the licensee must immediately
notify (1) the final delivery carrier and (2) the NRC operations center by telephone.

TABLE 5-7 Nuclear Regulatory Commission Monitoring Requirements
for Radioactive Material Packages upon Receipt

Limit Type Qualifications Requirements
External radiation Only radioactive materials with Kadioactive Package surface levels
limits White-I, Yellow-II, or Yellow-III label containing > (not >200 mR /hr)
(Geiger-Miiller Type A quantities or if crushed, wet, or damaged.  Transport index
survey) Most radionuclide Type A quantities are >10 Ci (not >10 mR/hr at 1 m)
(see Table 5-8)
Surface contamination ~ All packages with Radioactive White-1, Yellow-1I, Averaged over 300 cm? must
limits (wipe test) or Yellow-III label except if a gas or special form. be not greater than 2200 dpm
All nuclear medicine radioactive materials are (0.001 pCi) per 100 cm?

normal form of package surface
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Each licensee must establish and maintain written procedures for safely opening radio-
active material packages, ensure that they are followed, and give any special instructions for
the type of package being opened. In addition to the monitoring requirements, the package-
opening procedures should include the following good practice guides listed in NUREG 1556:

1. Open the outer package and remove the packing slip; open the inner package
to verify contents, comparing requisition, packing slip, and label on the container.

2. Check integrity of container, inspecting for breaks in seals, loss of liquid, and
high count rates on wipes.

3. Survey packing material and packages for contamination before discarding,
treating any contaminated materials as radioactive waste.

4. Obliterate any radiation labels prior to discard of materials.

5. Maintain records of receipt, survey, and wipe tests for 3 years.

SHIPMENT OF RADIOACTIVE MATERIAL

For the most part the regulations in this section apply to pharmaceutical manufacturers
and nuclear pharmacies that ship radiopharmaceuticals to hospitals and clinics. Require-
ments for packaging and transportation of radioactive material are described in DOT
regulations (49 CFR) and in an NRC-adapted version (10 CFR 71) and are summarized in
a DOT publication.!? Specifically, 10 CFR 71.5 states that “each licensee who transports
licensed material outside the confines of its plant or other place of use, or who delivers
licensed material to a carrier for transport, must comply with the applicable requirements of
the regulations appropriate to the mode of transport of DOT in 49 CFR 170 through 189.”
The parts that particularly relate to packaging and shipment of radioactive materials are

1. Packaging: 49 CFR 173: subparts A, B, and I, and 173.400 through 173.476

2. Marking and labeling: 49 CFR 172: subpart D, 172.400 through 172.407, 172.436
through 172.440, and subpart E

3. Placarding: 49 CFR 172: subpart F, 172.500 through 172.519, 172.556, and Appen-

dices B and C

Accident reporting: 49 CFR 171.15 and 171.16

Shipping papers and emergency information: 49 CFR 172: subparts C and G

Hazardous material employee training: 49 CFR 172: subpart H

Hazardous material shipper/carrier registration: 49 CFR 107: subpart G

et S =

DOT requirements do not apply when radiopharmaceuticals are being transported by
a physician for his or her medical practice, as outlined in 10 CER 71.9, but the physician
must be licensed according to 10 CFR 35.

For purposes of transportation, radioactive materials are defined as those materials
that spontaneously emit ionizing radiation and have a specific activity in excess of 0.002
uCi/gram (74 Bq/gram) of material. All materials are radioactive to some degree. The
demarcation of 0.002 pCi/gram (74 Bq/gram) allows a distinction between materials not
normally considered radioactive and those that are regulated as radioactive in transportation.

Packaging Requirements

Packaging requirements for radioactive material are determined by the form, type, and
quantity being shipped. The two forms of radionuclide are special form and normal form.

. Special form radioactive material is material that may present a direct radiation hazard if
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released from the package but causes little hazard resulting from contamination because
it is in a nondispersible solid form or sealed in a durable capsule. Special form materials
are much less likely to spread contamination in the event of package failure. The regula-
tions therefore generally allow substantially larger quantities of special form materials
than of normal form materials to be placed in a given package. Normal form radioactive
materials may be solid, liquid, or gaseous and include any material that has not been
qualified as special form. Radiopharmaceuticals are normal form materials.

The principal types of package used to ship radioactive material are Type A, Type B,
and “excepted” packages. The criteria for testing the integrity of Type A packages are
found in 49 CFR 173.465 and those for excepted packages in 49 CFR 173.410. Packaging
normally used by nuclear pharmacies is military ammunition boxes. Radiopharmaceutical
manufacturers typically ship in cardboard or fiberboard boxes. Shippers are not required
to personally test the package, only to ensure that the testing was performed before use.

The quantity of particular radionuclides that can be shipped in a Type A package is
listed in Table 5-8. Every radionuclide is assigned an A, and an A, value. These values
are simply the maximum activity (in curies) of that radionuclide that may be shipped in
a Type A package. The A, values are for special form and A, values for normal form
radionuclides. Quantities exceeding Type A package limits require Type B packages.
Radiopharmaceuticals are shipped in Type A packages and excepted packages. The activ-
ity limits for these packages are shown in Table 5-8.

TABLE 5-8 Type A Package Activity Limits for Radionuclides in Nuclear Medicine
Package Activity Limits

A, (Special Form)* A, (Normal Form)* Excepted Quantity Package Limits®
Radionuclide (curies) (curies) (millicuries)
. o 27 185 135
Co 216 216 21.6
) 27 27 2.7
2 3 811 811 81.1
%Cs 541 135 1.35
g 27 18.5 1.35
“Ga 162 162 16.2
| 162 162 16.2
o 541 54.1 541
i | 81.1 135 1.35
Wn 45.1 54.1 541
“Mo 16.2 13.5 1.35
BN 16.5 13.5 1:35
it 8.11 8.11 0.811
18%Re 108 135 1.35
1%Re 541 541 0.541
81Rb 54.1 243 243
3Sm 108 13.5 1.35
®Sr 16.5 135 135
it 216 216 21.6
e 1080 243 243
i) 270 270 27
UG 162 54.1 5.41
133Xe 541 541 541
0y 5.41 5.41 0.541

2 From 49 CFR 173.425
b From 49 CFR 173.435 (liquids = A, x 10%; gases = A, x 107)
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An excepted package is usually one used for returned waste, such as used patient

inges. Certain quantities of radioactive material are excepted from some of the DOT
requirements that apply to Type A packages. These exceptions include not having to provide
specification packaging, shipping papers, certification, marking, or labeling. There are a
number of conditions, however, that must be met, outlined in 49 CFR 173. 421 as follows:

1. Package may not exceed excepted quantity package limits (see Table 5-8).

2. Material must be packed in strong, tight packages that will not leak any radio-
active material during normal transport conditions.

3. External radiation at any point on the external surface cannot exceed 0.5
mR/hour.

4. Removable external contamination cannot exceed 22 dpm/cm?®.

5. The outside of the inner packaging, or if there is no inner packaging the outside
of the packaging itself, bears the marking “Radioactive.”

6. A description of the contents must be on a document that is in or on the package
or forwarded with it. The document must include the name of the consignee or
consignor and the statement, “This package conforms to the conditions and
limitations specified in 49 CFR 173.421 for excepted radioactive material, limited

: quantity, N.O.S., UN 2910.”

| Marking and Labeling
| Transport Index

| The transport index (TI) is the highest dose rate at 1 m from any accessible exterior surface

 of the package of radioactive material. The TI limits are listed in Table 5-9. All TI values
are rounded to the nearest tenth, and no package offered for transport may have a TI

| greater than 10. The total of all packages in any single transport vehicle or storage location
may not exceed 50. The TI system provides control over radiation exposure of personnel
handling packages and of casually exposed persons in the immediate vicinity, as well as
the exposure of fast photographic film in close proximity to radioactive material.

Warning Labels

Each package of radioactive material, unless excepted, must be labeled on two opposite
sides with a distinctive warning label (Figure 5-7). Each of the three label types bears the
unique trefoil symbol recommended by NCRP. The labels alert persons that the package
contains radioactive materials and that the package may require special handling. A label
with an all-white background (White-I) indicates that the external radiation level is low
and no special handling is required. If the upper half of the label is yellow (Yellow-II and
Yellow-III), it signifies higher radiation levels and the need for more precautions. Radiation
level limits for these labels are given in Table 5-9.

TABLE 5-9 Labeling, Transport Index, and Radiation Limits
for Radioactive Packages

Limits of Radiation Exposure from Package

Label Required  Transport Index At Package Surface

White-1 Not applicable <05 mR/hr
Yellow-I1 <1.0 mR/hr >0.5 mR/hr and <50 mR/hr
Yellow-I1I >1.0 mR/hr >50 mR/hr
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FIGURE 5-7 U.S. Department of
Transportation (DOT) labels for
radioactive material packages. The I,
IT, or ITI referring to level of radiation
emanating from the package is in red.
Each label is diamond shaped, 4
inches on each side, and has a black
solid-line border one-fourth inch
from the edge. The background color
of the upper half is white for the I
label and yellow for the II and I
labels. The 7 is the DOT hazardous
material classification number for
radioactive material.

FIGURE 5-8 Radioactive placard for transport vehicles if any radioactive
material package on board bears a radioactive Yellow-III label. The back-
ground color of the black trefoil in the upper half of this 12 x 12 inch placard
is yellow.

The following items must be entered in the blank spaces on the warning label:

1. Contents: The name of the radionuclide or its symbol (e.g., molybdenum 99 or *Mo)

2. Activity: The activity contained in the package, expressed in curies, millicuries,
microcuries, or their abbreviations (Ci, mCi, or uCi), or becquerels (Bq)

3. Transport index: The value measured with a calibrated survey meter at 1 m from
the external surface, rounded up to the nearest tenth (not required for White-I labels)

Most packages shipped from nuclear pharmacies are either White-I or Yellow-II. Yellow-
I is rarely required but typically is found on *™Tc generators and "'I-sodium iodide
therapy packages.

Placarding

The shipper of radioactive material packages, by rail or highway, must apply a “radioac-
tive” placard (Figure 5-8) to the transport vehicle if any package on board bears a radio-
active Yellow-III label. The placard must appear on four sides of the transport vehicle.
Placarding is usually not of concern for nuclear pharmacies because they rarely offer
Yellow-III packages for transport.

Monitoring

Any package of radioactive material offered for transportation must be wipe tested for
removable contamination on its external surface in accordance with 49 CER 174.443. The
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wipe must occur over at least 300 cm? of surface and not exceed a level of 2200 dpm per
100 cm?. Common sites for radioactive contamination on nuclear pharmacy shipping
containers are the handles and closure clasps on ammunition boxes.

Other Package Requirements

A package in excess of 110 pounds must have its gross weight marked on the outside of
the package; the words Type A or Type B when appropriate must be lettered (V2 inch high)
on the outside of the package; and exported packages must be marked “U.S.A.” The proper
shipping name for most radiopharmaceuticals is “Radioactive Material, N.O.S., UN 2982.”
Other shipments, involving primarily small quantities of radicactive material, and espe-
cially return shipments by nuclear pharmacy clients, are labeled as excepted packages of
limited quantity, as previously noted. Requirements for excepted shipments are found in
49CFR 173.421 and 173.422. A package containing more than the reportable quantity (RQ)
listed in the Hazardous Materials Table in 49 CER 172.101 must have the letters RQ noted
on the package and shipping papers. Most radionuclides in nuclear pharmacy shipments
are less than the hazardous materials limit; however, 31 has a limit of 10 mCi and “RQ”
must appear on the package markings and shipping papers (e.g., RQ Radioactive Material,
N.OS., UN 2982).

If a package contains liquid radioactive material, it must be packed with enough
absorbent material to absorb at least twice the volume of liquid. Additionally, the outside
of each package must contain a security seal that is not readily breakable and that will
give evidence that the package has not been illicitly opened.

Shipping Papers

Shipping papers must be included with transported radioactive material as described in
49 CFR 173.200 through 173.204. Items included are

* Proper shipping name (e.g, Radioactive Materials, N.O.S.)

» Hazard class: For radiopharmaceuticals, the hazard class is 7

* [D number: For the shipping name “Radioactive Material, N.O.S.,” the ID num-
ber is UN 2982

Package type: This is typically Type A

Name or abbreviation of each radionuclide in the shipment
Physical and chemical form of the radioactive material

Category of label applied to each package (e.g., White-1, Yellow-II)
TI of each package

Emergency response telephone number

Shipper’s certification and signature

An excepted quantity package needs no shipping papers, but the verbatim statement noted
earlier under excepted packages (49 CFR 173.422) must be included on or in the package.

Accident Reporting

According to 49 CFR 171.15 and 171.16, the carrier of radioactive material must ensure
that DOT and the shipper are notified in the event of fire, breakage, spillage, or suspected
radioactive contamination involving the shipment. Carriers must also ensure that vehicles,
areas, or equipment in which radioactive material may have spilled are not placed in
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service again until surveyed and decontaminated. An emergency response telephone
number must be included in the shipping papers and the number monitored at all times
that the material is being transported by a person knowledgeable of the hazardous material
being shipped. Emergency response information must be included with the shipping

papers.

Training

Subpart H of DOT regulations, 49 CFR 172.700, 172.702, and 172.704, describes the purpose
and scope, applicability, and responsibility for training of employees involved in the
transport of radioactive material. The training must include

1. Familiarization with DOT requirements and ability to identify hazardous mate-
rials

2. Training for each specific function the employee performs

3. Safety training concerning emergency response information, including measures
to protect the employee, and methods to avoid accidents, such as proper proce-
dures for handling packages containing radioactive material

Quality Control Measures

The following are important measures the shipper must attend to before and during 2
shipment of radioactive material.

1. Ensure that the package is proper for the contents.

2. Determine that the package is in good physical condition.

3. Check that the external radiation and contamination levels are within allowable
limits.

Conduct vehicle inspections for proper operation.

Review requirements pertaining to vehicle attendance and incident reporting.
Establish a procedure for loading and unloading radioactive material, including
securing packages by blocking or bracing so that packages will not move during
transport.

7. Maintain shipping papers within accessible reach while driving.

AT

Summary of Radioactive Material Shipment ‘.

Packages that contain less than the limited quantities for excepted packages shown
Table 5-8 and that have less than 0.5 mR/hour at the surface with no significant exte
contamination may be shipped in an excepted package. The container must be capab
preventing leakage during normal shipment. No outer label is required, but the n?
container must be labeled “Radioactive.” |

Packages that contain more than a limited quantity or no more than the A, quar
must be shipped in a Type A package. A surface wipe test must be performed an¢
package surveyed at the surface and at 1 m to determine the TI. The package shou/
labeled with two warning labels (White-I, Yellow-II, or Yellow-III), one each on opg
sides of the package. The labels must contain the name or symbol of the radionucli¢
activity, and the TL The package must contain the marking “Radioactive, N.O.S
2982.” It must have a security seal and be accompanied by shipping papers.
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- Empty, reusable packages such as those used to deliver radiopharmaceutical doses
must be surveyed inside and out before they are returned to the shipper and should have
any external “Radioactive” signs removed if no activity is present.

DISPOSAL OF RADIOACTIVE WASTE

The following methods are acceptable for the disposal of radioactive waste according to 10
CFR 20.2001: (1) transfer to an authorized recipient, (2) decay in storage, (3) effluent release,
(4) release to sanitary sewer, (5) incineration, and (6) burial in the soil. Of these, the first four
methods are the most practical for nuclear medicine and nuclear pharmacy practice.

Transfer to an Authorized Recipient

Radicactive material may be transferred to an authorized commercial radiation waste
dump, but this is very costly and is rarely, if ever, used for nuclear medicine waste because
of the relatively short half-lives of the material. Transfer of waste applies mostly in
situations in which a hospital participates in a return shipment program with a radio-
pharmaceutical manufacturer that reuses the lead shielding material. A typical example
is the ®™Tc generator return program. Another example is a nuclear medicine lab returning
used syringes to the nuclear pharmacy that supplied the patient doses. Of course, DOT
regulations for shipment must be followed if radioactive material is returned.

Decay in Storage

Since most radionuclides used in nuclear medicine have short half-lives, a licensee may
allow a radioactive material with a physical half-life of less than 120 days to decay in
storage before disposal (10 CFR 35.92). If this option is chosen, the licensee must survey
the vial to confirm background levels of radioactivity and obliterate all radiation labels
before discarding into ordinary trash. This method is particularly suitable if sufficient
storage space for waste is available.

Effluent Release

This method applies to the release to an unrestricted area of volatile radionuclide waste
such as B!l and **Xe. The requirements under 10 CFR 20.1301 must be followed. See the

previous section on Effluent Monitoring.

Release to Sanitary Sewer

In accordance with 10 CFR 20.2003, the following conditions must be met in order to
dispose of radioactive waste to a sanitary sewer: (1) The radioactive material must be
readily soluble or dispersible in water, (2) the monthly release must not exceed the con-
centration listed in 10 CFR 20, Appendix B, Table 3, and (3) the total quantity released in
a year cannot exceed 5 Ci of 3H, 1 Ci of *C, and 1 Ci of all other radioactive material
combined. All radioactive excreta are exempt from this regulation.

Example: How much ' can be disposed of in the sewer each month from a 200 bed hospital?

The monthly limit for **'I in 10 CFR 20, Appendix B, Table 3 is 1 x 10 uCi/mL (see Table
5-6). Sewer release, based on 10° mL/bed/day)," is (1 x 10® mL/bed/day) (30 days/
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TABLE 5-10 Radionuclide Activities above Which Major
Spill Procedure Is Used

Radionuclide Millicuries Radionuclide Millicuries

2p 10 n 10
SICr 100 123] 10
Co 100 1251 1
“Ga 100 | 1
e 1] 100 1] 100

Source: Regulatory Guide 10.8.

month) (200 beds) = 6 x 10° mL/month. So the allowed release is 1 x 105 pCi/mL x 6 x
10 mL/month = 60,000 pCi (2220 MBq)/month.

Incineration and Burial in Soil

Each of these methods requires a special license and is not generally applicable to nuclear
medicine or nuclear pharmacy.

RADIATION EMERGENCY PROCEDURES

The most common radiation emergency in nuclear medicine or nuclear pharmacy is
accidental spill of radioactive material. Spills may be minor or major depending on the
amount of activity released. The general guide to follow in the event of any spill is
confinement and shielding of the spilled activity to protect personnel from exposure. NRC
Regulatory Guide 10.8 provides a model spill procedure in Appendix ] and lists items that
can be used to assemble a spill kit.

The decision to implement a major spill procedure instead of a minor spill procedure
depends on several variables, including the number of individuals affected, the radiation
energy and exposure rate, the likelihood of spread of contamination, and the radiotoxicity
of the spilled material. For some short-lived radionuclides the best spill procedure is to
simply restrict access to the area until complete decay occurs. Shielding spilled material
that has a low gamma energy, such as #*Tc, is an effective way to limit exposure of workers.
In any event the RSO should be consulted. Regulatory Guide 10.8 lists several radionu-
clides and the amounts above which a major spill procedure should be instituted; these
are reproduced in Table 5-10. These amounts can be used as a guide for developing any
laboratory spill procedure guidelines. The model procedures for minor and major spills
recommended by Regulatory Guide 10.8 are as follows.

Minor Spill Procedure (Liquids and Solids)

1. Notify persons in the area that a spill has occurred.

2. Prevent spread by covering with absorbent material.

3. Clean spill using disposable gloves and absorbent paper, placing material into
a plastic bag.

4. Survey area with a survey meter, also checking hands, clothing, and shoes for
contamination. Shield nonremovable contamination.

5. Report the incident to the RSO.

6. The RSO will follow up and complete the necessary reports.
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Major Spill Procedure (Liquids and Solids)

L
2,

alinel

Clear the area. Notify all persons not involved in the spill to vacate the room.
Prevent spread by covering with absorbent material, but do not attempt to clean
up the spilled material. Limit the movement of any personnel who may be
contaminated.

Shield the source if possible.

Close the room and lock or secure the area to prevent entry.

Notify the RSO immediately.

Decontaminate personnel by removing contaminated clothing, flushing contam-
inated skin with water, and washing with mild soap.

The RSO will supervise cleanup of the spill and completion of necessary reports.
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6 Radiation Biology

Scientists learned in their earliest experiments with ionizing radiation that it had the
capacity to produce biologic effects. A radium source that Henri Becquerel carried in his
vest pocket produced skin erythema. Pierre Curie’s exposure of his hand to radium caused
an ulcer that was slow to heal. We now know that electromagnetic and particulate radiation
interacts with matter to produce excitation and ionization of atoms, and during such
interactions part or all of the radiation’s energy is released and deposited within the
volume of interaction. This fact has been put to good use in tailoring radiation treatment
regimens for patients with cancer.

Biologic tissue is composed of various substances held together by chemical bonds,
principally those between carbon, hydrogen, oxygen, and nitrogen. The average energy
dissipated per ionizing event is about 34 eV, more than enough to break a covalent bond.
Scientists studying the interactions of ionizing radiation with biologic material have dis-
covered that the energy deposited can produce a variety of effects on cells and tissue.
Tissues vary in their radiosensitivity to radiation, some tissues being more resistant than
others. Survival studies after irradiation of cells at low doses have demonstrated that cells
have the ability to repair damage from radiation, but that cells can be killed by radiation
if the dose is large enough. These findings come from experimental work carried out in
scientific laboratories by radiobiologists and in hospitals by radiotherapists.

This chapter covers the basic principles of radiation biology, including the effects of
ionizing radiation on normal living cells and on tumors.

BIOLOGIC EFFECTS OF IONIZING RADIATION

Figure 6-1 is a flow diagram of the significant elements to be considered in a discussion
of the biologic effects of radiation. We are concerned only with ionizing radiation, that is,
alpha, beta, gamma, and neutron radiation. These are penetrating types of radiation that
pose a potential risk from internal and external exposure. Although ultraviolet radiation
has potential for biologic damage, primarily to the skin or the eyes, it is not an ionizing
radiation and will not be included in this discussion.

The primary interactions of ionizing radiation within cells of the body cause excitation
and ionization, releasing high-speed electrons that cause further interactions with biologic
molecules. Energy is transferred, by direct or indirect action, to critical components of the
cell during these events. The energy deposited may break the bonds of molecules that are
necessary for cellular function or reproduction. The most critical target is DNA. If the
radiation dose is small and the damage slight, the cell may be able to repair the damage
and return to health. Higher doses and dose rates may cause harm that exceeds the cell’s
ability to repair, and permanent damage will become evident within days or weeks of
exposure. Such results are known as deterministic effects. If the dose is high enough,
deterministic effects can be life threatening, as in the deaths caused by the Chernobyl
nuclear reactor accident in 1986. Some examples of non-life-threatening deterministic
effects are skin erythema caused by x-ray exposure, loss of hair (epilation) in a patient
being treated with radiation therapy for a brain tumor, and the development of cataracts
several years after high-dose radiation exposure of the eye. Deterministic effects have a
threshold dose below which no effect is observed but above which the severity of effect
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The direct and indirect processes of radiation interaction are illustrated in Figure 6-2.
In each situation the primary event is the same: release of a high-speed electron from an
ionizing event. In the direct effect, this primary electron deposits its energy directly within
the DNA molecule. In the indirect effect, the primary electron interacts first with water,
producing a free radical that then goes on to deposit its energy within DNA.

The reactions between radiation and water molecules to produce free radicals are

H,0 & H' +OH" (6-1a)
H,O—* H +OH (6-1b)
RH—" R +H (6-1c)

Equation 6-1a describes, for comparison, the normal dissociation of water into hydrogen
ions and hydroxyl ions. This process does not involve any interaction with radiation.
When the water molecule dissociates, all the electrons involved in the covalent bond
between oxygen and hydrogen are possessed by the hydroxyl group. This leaves it with
one more electron than its number of protons and, therefore, with a single negative charge.
The hydrogen atom, having no electrons, remains as a positively charged proton.

Equation 6-1b describes the production of hydrogen and hydroxyl free radicals. The
radiation interaction with a water molecule separates the atoms so that the hydrogen
retains its lone unshared electron, leaving the hydroxyl group with an unshared electron.
Both, therefore, have neutral ionic charges. Equation 6-1c shows a similar reaction with a
biologic molecule (represented by RH).

The stepwise mechanism for the radiolysis of water into hydrogen and hydroxyl free
radicals is shown in Equations 6-2a, b, and c.

H,0—"5H,0" +e (6-2a)
H,0" +H,0 — H,0" + OH' (6-2b)
e +H,O—->OH +H’ (6-2¢)
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increases in proportion to the dose. Radiation protection practices to keep exposure as
low as reasonably achievable are designed to prevent deterministic effects.

If any repair process from radiation-induced damage is incomplete or defective, the
cell may be altered in such a way that it will become cancerous or contain a heritable
defect. These late effects are known as stochastic effects. Stochastic effects do not have a
threshold dose, that is, a particular cancer may occur after a low dose or a high dose of
radiation exposure, but the likelihood is greater after a high dose. Stochastic effects can
be somatic or genetic. The development of cancer is a somatic stochastic effect. Genetic
stochastic effects occur when germinal cells (oocytes or spermatogonia) sustain radiation-
induced damage resulting in a mutation that is passed on to future generations.

The International Commission of Radiological Protection (ICRP) has estimated that
the risk of fatal cancer to the general population from uniform whole-body exposure is
5% per sievert.! The chance of anyone receiving this magnitude of exposure is extremely
rare, so the risk to the general population and radiation workers from typical radiation
exposure in the environment or on the job, in general, is much smaller.

DIRECT AND INDIRECT EFFECTS OF RADIATION

Experiments have shown that the sensitive target within cells for interactions with ionizing
radiation is DNA. Two principal mechanisms are involved in this interaction. Direct effects
occur when radiation produces primary ionization, releasing a high-speed electron in the
vicinity of a chromosome that interacts directly within DNA. For example, photons may
interact by the photoelectric effect or Compton effect, releasing a free electron that then
deposits its energy within the DNA molecule and causes a bond to break. The critical
points are the bonds between base, sugar, and phosphate molecules in the DNA chain.
Direct effects are more probable with high linear energy transfer (LET) radiation, such as
alpha particles, protons, and neutrons, because the kigh ionization density of their tracts
releases many electrons as the radiation passes through the DNA molecule.

Indirect effects of radiation are mediated by free radicals produced secondarily in the
interaction of radiation with water molecules. The free radical, which carries an unpaired
electron, is highly reactive and may interact with DNA, causing bond breakage. Indirect
effects are more probable with low-LET radiation, such as beta particles, gamma rays, and
x-rays. Since water constitutes such a high percentage of biologic matter, about two-thirds
of x-ray damage in mammalian cells is due to the hydroxyl radical (OH").2
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In the first step, a photon ionizes a water molecule, producing a fast electron and an
ion radical. In the second step, the ion radical combines with another water molecule to
produce the hydronium ion and a hydroxyl radical. Finally, the fast electron combines
with a water molecule to produce a hydroxide ion and the hydrogen radical.

Free-Radical Reactions

The radiolysis of water is a significant event in radiobiology because of the free radicals
formed. Electrons not only orbit around the nucleus of an atom but also spin on their own
axes. The most stable atoms have electrons paired and spinning in opposite directions. If
one electron is removed from the pair, for example by a radiation interaction, an unpaired
electron remains, creating a free radical. The free radical is much less stable, making it
very reactive chemically as it seeks to pair with another electron of opposite spin. If the
free radical is produced in the vicinity of a cell’s DNA, it may react with the DNA helix,
breaking one of its bonds. If the broken bond is not repaired correctly, the cell may not
be able to replicate, may fail to produce a critical protein required for cell viability, or may
produce conditions that lead eventually to the development of cancer or a genetic mutation.

A number of free-radical reactions are possible. Some of the more significant ones are

R'+H —RH (restored organic molecule) (6-3a)
R'+0, > RO; (restoration b]ocked) (6-3b)

H +0, - HO; (hydroperoxy radical) (6-3¢)
RH+HO; >R +H,0, (molecule inactivated) (6-3d)
HO; +H — H,0, (hydrogen perc)xide) (6-3e)
OH +OH — H,0, (hydrogen peroxide) (6-3f)

Equation 6-3a demonstrates the possibility of restoration of a biologic molecule after it
interacts to form free radicals, and Equation 6-3b shows how the presence of oxygen can
combine with a free-radical molecule to block its restoration. Oxygen can also combine
with a hydrogen radical to produce the reactive hydroperoxy radical shown in Equation
6-3c. The hydroperoxy radical can in turn inactivate a biologic molecule, as shown in
Equation 6-3d. If the inactivated molecule plays a significant role in the cell’s metabolism,
the cell’s viability may be threatened. The hydroperoxy radical can combine with a hydro-
gen radical (Equation 6-3e) or two hydroxyl radicals can combine (Equation 6-3f) to
produce hydrogen peroxide, a known cell toxicant. Thus, multiple mechanisms that may
cause detrimental biologic consequences are possible.
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FIGURE 6-3 Ladder structure of a portion of the DNA molecule illustrating the two phos-
phate-sugar backbone rails covalently bonded to the bases: adenine, thymine, guanine, and cytosine.
The two rails are connected by hydrogen bonds (dashed lines) between the base pairs.

Telophase

Cell Cycle

Anaphase

Mitosis

Metaphase

Prophese FIGURE 6-4 Phases of the cell cycle. See text

for description.

THE CELL CYCLE

Before we discuss the effects of radiation on biologic systems, a review of the chemical
composition and structure of DNA and the functions occurring during the cell cycle is in
order. DNA appears in the nucleus of the cell as a coiled double helix of the sugar molecule
deoxyribose, a phosphate, and the bases adenine, thymine, guanine, and cytosine. If the
DNA helix is uncoiled and flattened out, it resembles a ladder (Figure 6-3). The covalently
bonded sugar—phosphate groups form the rails or backbone of the ladder, and the rungs
are formed by hydrogen bonding of the base pairs attached to the sugar molecules in each
rail. The bases bond in specific pairs: adenine with thymine and guanine with cytosine.
The DNA molecule is replicated in the nucleus of every cell that undergoes mitosis. If it
is damaged in any way, by either chemicals or radiation, it may not be able to replicate
or may replicate in a way that creates a mutant gene. Extensive research has been done
to study the effect of radiation on cell growth, DNA, and the cell cycle.

The cell cycle is divided into two main segments: interphase and mitosis, or M phase
(Figure 6-4). These, in turn, are divided into additional phases. Interphase is the period
from the end of cell division to the beginning of a new mitosis. During this time the cell
appears to be quiescent, in part because the chromosomes in the nucleus are not readily
visible because the DNA strands are uncoiled and filamentous. However, during the 5
phase of interphase DNA synthesis occurs. This is the event that allows each new daughter




132 Radiopharmaceuticals in Nuclear Pharmacy and Nuclear Medicine

Prophase Metaphase

FIGURE 6-5 Four phases of mitosis in the cell cycle, £

illustrating movement of the chromosomes. Anaphase Telophase

cell formed during mitosis to acquire exactly the same genetic makeup. During DNA
synthesis the hydrogen bonds holding the base pairs together break, allowing the filaments
to separate. Each filament serves as a template. Available “free” bases in the cell cytoplasm
then match up with their complementary bases attached to the DNA filament (adenine
with thymine and guanine with cytosine). New phosphate and deoxyribose molecules
follow base pairing and the DNA strand is duplicated. The nucleus now contains two
identical chromatids, one for each daughter cell to be formed during mitosis. The periods
just before and immediately after the S phase, G1 and G2 respectively, are gaps during
interphase when DNA is not replicating.

The cell cycle enters mitosis at prophase (Figure 6-5). During this phase the DNA
filaments of each chromatid shorten and condense into coils, thickening the chromatin
material and making it visible after staining procedures. The nuclear membrane disap-
pears, and a centromere appears between the two chromatids. Spindle fibers begin to form
at the opposite ends of the cell. The beginning of chromatid movement toward the center
of the cell initiates metaphase. During this phase the centromeres divide, the chromatids
align themselves at the center of the cell, and each centromere attaches itself to a spindle
fiber. During anaphase the chromatids repel each other, with half the number migrating
along the spindle toward one end of the cell and the other half migrating toward the
opposite end of the cell. When they reach the opposite poles of the cell, telophase begins.
During telophase the chromosomes uncoil and elongate into filamentous strands once
again, and a nuclear membrane is formed around them. The center of the cell indents,
separating the cytoplasm into two distinct cells after the formation of a new cell membrane.
The two new daughter cells, each with a complete set of identical chromosomes, enter
interphase and the cell cycle is complete.

The length of the cell cycle and the various phases for a particular type of cell can be
determined by labeling techniques. One method uses a radioactive substrate (tritiated
thymidine) that is taken up during DNA synthesis. Cells labeled with tritiated thymidine
are allowed to grow for a period of time and then are fixed, stained, and subjected to
autoradiography. If the cells are analyzed immediately after incorporation of the label,
those cells that incorporate the radioactive thymidine are in the S phase of DNA synthesis.
If staining and autoradiography is delayed for several hours after labeling, some cells will
move on to mitosis, in which cells incorporate radioactivity at the various stages of cell
division depending on how much time has passed between labeling and the analysis. By
using this technique, the lengths of various phases of the cell cycle can be determined.
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EFFECTS OF RADIATION ON GENETIC MATERIAL

Ample evidence from radiobiologic experiments demonstrates that DNA is the critical
target for the biologic effects of radiation in cellular systems. Other molecules and
organelles in the cell may also exhibit detrimental effects from radiation, such as structural
changes in proteins, alterations in enzyme activity, and increased permeability of mem-
branes, but the most critical target is DNA. When radiation interacts with DNA, breaks
can occur in its backbone. If a break occurs in a single rail of the backbone, repair enzymes
can repair it easily, using the opposite rail as a template. Such a break in DNA is called a
single-strand break (Figure 6-6A). However, the effectiveness of enzymes in repairing a
break may be thwarted if a free radical binds to the broken strand of DNA, blocking the
enzyme’s access to the break. If both rails of the DNA molecule break in such a way that
base pairing holds them together, the strands may still be easily repaired. This is called a
separated double-strand break (Figure 6-6B). If the rails break directly opposite each other,
the DNA backbone may separate. This is called an opposite double-strand break (Figure
6-6C). This type of break is more difficult to repair and can lead to misrepair and chro-
mosomal aberrations that may cause lethal effects in the cell.

Radiobiologic studies on irradiated cells have demonstrated various types of chromo-
'some abnormalities resulting from opposite double-strand breaks in DNA in which the
chromosome breaks in two. These abnormalities typically result from breaks occurring in
two separate chromosomes, followed by misrepair of the breaks. Examples of aberrations
that cause cell death are shown in Figure 6-7. A dicentric chromosome is formed when a
double-strand break occurs in two different chromosomes during the G1 phase. A misre-
pair can occur when the broken fragment from one chromosome is exchanged with the
_'fragment from the other chromosome, resulting in one chromosome with two centromeres
(a dicentric chromosome) and one with no centromere (an acentric chromosome). Subse-
quent duplication of these chromosomes in the S phase yields an aberrant dicentric
chromosome and two acentric chromosomes (Figure 6-7A). The acentric chromosomes
lack a centromere, cannot attach to a spindle fiber, and will not be transmitted to the
daughter cell. A ring chromosome is formed when a double-strand break occurs in the same
chromosome in the G1 phase (Figure 6-7B). Misrepair occurs when the two broken ends
- attach to each other, forming a ring chromosome with one centromere and an acentric
- chromosome. When these replicate during the S phase, a ring chromosome is transmitted
to each daughter cell minus the pieces lost in the acentric chromosome. A dicentric chromatid
forms when a cell is irradiated immediately after DNA synthesis during the G2 phase.
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FIGURE 6-7 Chromosome aberrations induced by radiation. (A) Breaks in two irradiated G1-phase
chromosomes before replication followed by illegitmate union of the broken fragments. After S-
phase replication a dicentric chromosome and two acentric fragments are formed. (B) Breaks in both
arms of the same irradiated Gl-phase prereplication chromosome followed by incorrect union
forming a chromosome ring. After replication, overlapping ring chromosomes form. (C) Breaks in
each chromatid of a G2-phase irradiated postreplication chromosome followed by sister union of
the broken ends. During anaphase a dicentric chromatid is formed and each centromere migrates
to a pole, stretching the chromatid between the two poles to form an anaphase bridge.

Breaks occurring in each chromatid of the same chromosome are misrepaired by sister
union of the two ends (Figure 6-7C). After ceniromere duplication, a dicentric chromatid
attempts to migrate toward opposite poles at anaphase and the chromatid stretches across
the cell, forming an anaphase bridge, preventing individual daughter cells from forming,
An important distinction should be made regarding chromosome breaks induced by
radiation. During the S phase of the cell cycle DNA replicates, producing an exact duplicate
of itself. These two identical sister chromosomes are called chromatids. If cells are irradi-
ated at this point of the cell cycle, one of the chromatids may be damaged. If it is not
repaired, the chromatid aberration produced will be passed on to the daughter cell receiv-
ing that chromatid. The other daughter cell will receive the normal chromatid. Chromatid
aberrations, therefore, are produced in individual chromatids when irradiation occurs
after DNA synthesis. Chromosome aberrations are produced when cells are irradiated
| prior to DNA synthesis in the G1-phase. If successful repair of the damage is completed|
before DNA synthesis occurs, each daughter cell receives normal chromosomes. If the|
repair is not completed or if there is a misrepair, it will be duplicated in the S phase and|
the damaged chromatids will be passed on to both daughter cells.

e e ————————————— RN
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Chromosome breaks that lead to nonlethal aberrations are shown in Figure 6-8. A
translocation aberration involves a double-strand break in two Gl-phase chromosomes,
with exchange of the broken ends between the two chromosomes. This type of break and
misrepair has been shown to cause activation of an oncogene, which leads to malignancy.
Burkitt’s lymphoma is an example. A deletion aberration can result when two double-
strand breaks occur in the same arm of a chromosome, causing a piece of genetic material
to be removed. If the piece of genetic material that is lost is associated with the production
of a suppressor gene in the cell, cancer can develop.

CELL SURVIVAL CURVES

Cell killing by radiation is defined as a loss of proliferative ability. It may result from any
number of causes, such as point mutations, chromosome breakage, and rupture of vital
cellular membranes. The magnitude of cell killing is measured by the fraction of cells that
survive after radiation exposure, the end point being the ability of cells to form colonies
in growth media. Therefore, survival curve analysis is limited to cells that undergo mitosis.

Much of the information known about the effects of ionizing radiation on biologic
systems comes from studies in which viruses, bacteria, yeasts, and mammalian cells are
irradiated and the fraction of cells that survive as a function of dose is measured. A survival
curve is generated by irradiating cells at various doses, plating them on growth media,
and counting the number of cell colonies that survive after a given time. Unirradiated
cells are also plated as a baseline to determine the fraction of untreated cells that will
grow. This is the plating efficiency (PE). The survival fraction of treated cells at each dose
of radiation is determined by the following formula:

Number of colonies
Number of cells plated x PE

Survival fraction =

The first survival curve for mammalian cells was from measurements after x-ray
irradiation of cells derived from human squamous cell carcinoma of the cervix (HeLa
cells).* The curve had a shoulder region at low doses up to 150 rad and became exponential
at higher doses. Survival curves, in general, are of two types: exponential and sigmoid
(Figure 6-9). An exponential curve indicates that there is a single target in the cell that
must be hit or inactivated to kill the cell. With this type of survival, the fraction of cells
killed is constant as the dose increases, but the number of cells killed per unit of dose
diminishes because the starting number of live cells at higher doses is smaller, similar to
exponential decay of a radionuclide. This type of curve has been observed after irradiation
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FIGURE 6-9 Survival curves resulting from radi-
ation interaction in cells. The exponential curve

shows that cell killing increases proportionally ~

with dose, implying that a single target must be
inactivated to kill the cell. The sigmoid curve
implies that there are multiple targets that must
be hit (inactivated) to kill the cell. A shoulder
region is evident at lower doses (cell killing not
proportional to dose), signifying that damage
must be accumulated before a cell is killed or that
repair processes are in effect. At higher doses cell
killing is exponential, signifying that all targets
in a cell that is hit are inactivated and repair is
not possible. As dose increases, the probability
of more cells being inactivated increases, and the
survival fraction declines.
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FIGURE 6-10 Survival curves for mammalian cells exposed to high-LET and low-LET ionizing
radiation at high dose rates (>0.1 Gy/min). D is the applied dose of radiation, D, is the mean lethal
dose, and D, is the quasi-threshold dose. (Adapted from reference 1, p. 100.)

of viruses and certain bacteria and yeasts. A sigmoid curve indicates that multiple targets
must each be hit (inactivated) to kill the cell. This is the multitarget, single-hit theory of
cell survival kinetics. In the sigmoid curve a shoulder region is evident at lower doses
(cell killing is not proportional to dose), signifying that damage must be accumulated
before a cell is killed (i.e., sublethal damage occurs in this region). However, as th¢
radiation dose increases, a point is reached at which the amount of sublethal damage i
eventually maximized. At this point, cell killing becomes proportional to dose, and th¢
survival curve becomes exponential. A sigmoid curve is typically observed after irradia
tion of mammalian cells.
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Many studies conducted over the years have yielded survival curves typified by those
shown in Figure 6-10, which demonstrate the response of mammalian cells o high- and
low-LET radiation at high dose rates (>0.1 Gy/minute).! Looking at curve A, it is evident
that for all doses of densely ionizing radiation of high LET (alpha particles and neutrons)
and for high doses of low-LET radiation (x-rays or gamma rays), the dose-response curve
is exponential, that is, linear on a semilog plot. Survival of cells under these conditions is
given by the equation

N _DJDy 6-4
N, (&-4)

where N is the number of cells surviving, N, is the number of cells initially, N/N, is the
surviving fraction, D is the applied dose of radiation, and D, is the mean lethal dose. D,
is the dose considered to provide, on average, one inactivating event per cell. According
to this equation, when the applied dose is equal to the mean lethal dose (i.e., D = D),
then N = 0.37N,. Therefore, the D, dose is the dose at which 37% of cells survive (i.e., 63%
of cells are killed).

The question then is, if the applied dose is sufficient to kill all cells, why do 37%
survive? The answer is related to the random nature of radiation interaction with matter.
When the D, dose is applied, some cells will sustain a lethal event more than once and
some will escape being hit at all. Another way of saying this is that the random nature of
radiation interaction dictates that

* Some cells will sustain hits in all targets (lethal damage).
* Some cells will sustain hits in a few targets (sublethal damage).
¢ Some cells will sustain no hits in a cell (cells not affected).

The survival curve in Figure 6-10A for low-LET radiation is characterized by the
parameters n (the extrapolation number), D, (the D, dose), and D, (the quasi-threshold
dose). The extrapolation number is obtained by extrapolating the linear portion of the
high-dose curve to the ordinate. This was originally regarded as the number of targets
required to be hit to inactivate a cell, but it is now called simply the extrapolation number.
For mammalian cells, n ranges from 2 to 10. The D, dose was previously defined. The
quasi-threshold dose is the dose at which the straight portion of the survival curve,
extrapolated backward, intersects the dose axis drawn through a survival fraction of unity.
It can be viewed as the dose during which most of the sublethal damage occurs after a
large dose of radiation. The D, and n terms are measures of the size of the shoulder region

typically seen in the early pax?t of the curve and are related by the following equation:?

D
53 =log,n (6-5)

The survival curve in Figure 6-10A for low-LET radiation shows a shallower initial
slope (shoulder) that increases with dose. This response is explained by the multitarget
theory, which states that only sublethal damage occurs in the cell, allowing the cell to
repair the damage. The repair of cellular damage has been demonstrated in mammalian
cell experiments involving two doses of radiation separated by intervals of time.* It was
shown that when the same total ddse of radiation is administered in fractions, separated
by a period of time, the number of cells surviving increases with the time between fractions
and the survival curve after the second fraction exhibits the same Dy, 1, and D, as the
previous survival curve (Figure 6-11). Cells surviving the first dose fraction respond as
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FIGURE 6-11 Effect of dose fraction- N
ation on the survival of cells irradi- 01 -
ated with successive fractions of >
ionizing radiation separated by a set S
time interval. Each curve exhibits the
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unirradiated cells to the second fraction. This was interpreted to mean that sublethal
radiation damage had been repaired by the time the second dose was administered.

Another way of explaining what is happening in cell survival curves is shown in Figure
6-10B. The low-LET curve in B is similar to the one in curve A, but it is continuously
bending, with no final straight portion. This curve is fitted to a linear-quadratic function
that assumes there are two components to cell killing, where the frequency of lethal events
is given by F(D) = 0D + BD?, indicating that cellular effects are proportional to dose and
dose squared, depending on the magnitude of the dose. This concept is similar to the
induction of cancer and hereditary effects caused by low-dose and high-dose radiation
discussed in Chapter 4. Survival of cells is given by the equation

- (chﬂSD:)

S=e

where § is the surviving fraction (N/N,) from applied dose (D), and o and P are constants
of proportionality. The dose at which the linear and quadratic components are equal is
the ratio of o./B. This ratio has significance in radiotherapy.

According to the linear-quadratic model, radiation response in cells is related, in a
simplified way, to radiation-induced chromosome aberrations.> Recall that lethal aberra-
tions are likely the result of misrepair of double-strand breaks occurring in two separate
chromosomes. A double-strand break can be caused by a single track of radiation passing
through DNA of each chromosome, such as an electron released from a single ionizing
event. A double-strand break in each chromosome can also be caused by two electrons
produced from two separate ionizing events, one electron causing a double-strand break
in one chromosome and the other electron causing a double-strand break in the second
chromosome (Figure 6-12). At low doses, the two breaks may result from the passage of
a single electron set in motion by an x-ray, and the probability of an interaction between
the two breaks is proportional to dose. This makes the dose-response curve for chromo-
somal aberrations lihear at low doses. At higher doses the two chromosome breaks may
result from two separate electrons, and the probability is then proportional to dose
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"ﬁ“ '''''''' . FIGURE 6-12 Double-strand breaks in two adjacent chromo-
somes by one electron from a single ionizing event (single-
ﬂ track break) and by two electrons from separate ionizing

events (double-track break).

‘The quadratic effect causes the dose-response line to become curved. It is there-
sonable to link the linear-quadratic relationship characteristic of the induction of
ome aberrations to the cell survival curve.?

RADIOSENSITIVITY

many years after the discovery of x-rays and radioactivity, physicians observed
dly growing tissue such as tumors appears to be more readily affected by radiation
'hy normal tissue. To gain more objective evidence of cellular sensitivity, Bergonie
ondeau’® exposed rodent testicles to radiation, reporting their results in 1906.
contain cells at various stages of maturity, and Bergonie and Tribondeau’s experi-
onstrated that ionizing radiation is more effective against immature spermatogo-
¢ mitosis than against mature differentiated sperm cells. Their conclusions were
ding cells are more sensitive than cells that do not divide and that a cell’s
is determined by the cell’s characteristics rather than the radiation.

 Ancel and Vitemberger® modified the law of Bergonie and Tribondeau; they
that the damage to any cell from radiation is the same but the appearance of
uenced by two factors. They suggested that mitosis is an important factor
diation-induced damage is expressed only when the cell attempts to divide,
age is more apparent when various conditions are present during and after
, changing the cell’s sensitivity.

Casarett” classified cells into five categories of radiosensitivity, ranging from
undifferentiated stem cells, which are the most radiosensitive, to differentiated
, which are the most radioresistant. These categories are summarized in Table
clear from this classification that cells actively undergoing division are the most
e and are at greatest risk from excessive radiation exposure.

the first clinical symptoms to arise from high-dose whole-body exposure to
iation, such as occurred in the Chernobyl nuclear reactor accident, is nausea
ng caused by the effects of radiation on the gastrointestinal cells. In calculating
ose from radiopharmaceuticals, the cells of the body given the greatest risk
factor are the gonadal cells because of their potential for passing on radiation-
netic defects when they divide.

FACTORS AFFECTING RADIOSENSITIVITY

ed previously, several factors have a role in determining the sensitivity of cells
. The significant factors are LET, dose rate, the presence of oxygen, and the
cell cycle during irradiation.
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TABLE 6-1 Relative Radiosensitivity
of Cell Populations

Radiosensitivity Cell Type

High sensitivity Lymphocytes
# Erythroblasts
Spermatogonia
Relative sensitivity =~ Myelocytes
Intestinal crypt cells
Epidermal basal cells
Intermediate Endothelial cells
Osteoblasts
Relatively resistant ~ Granulocytes
Osteocytes
Erythrocytes
Spermatozoa
Highly resistant Fibroblasts
Muscle cells
Nerve cells

Source: Reference 7.

Linear Energy Transfer

High-LET radiation, such as neutrons and alpha particles, has a high specific ionization
and therefore produces dense ionization along its tracks, in contrast to x-rays or gamma
rays. The high density of ion pairs increases the probability for interaction within the
critical target centers of a cell. Rad for rad, biologic damage is greater than with sparsely:
ionizing radiation. The shoulder region seen on survival curves for low-LET radiation,
which is associated with cellular repair of sublethal damage, is reduced or absent with
high-LET radiation because of the increased efficiency for inflicting lethal damage (more
double-strand breaks) (see Figure 6-10). The quasi-threshold dose, D,, is absent on the
survival curve, resulting in an extrapolation number of 1.

Dose Rate

For low-LET x-rays or gamma radiation, a high dose rate is more damaging to cells than
a low dose rate because low dose rates produce more single-strand breaks, which allow
for repair of sublethal damage. Therefore, the shoulder of the survival curve is broader
with radiation at a low dose rate (Figure 6-13). High dose rates deliver more ionizing
tracks per unit of time, thus producing more double-strand breaks, and also allow less
time for repair of sublethal damage. There is no dose-rate effect with high-LET radiation
because of its dense ionization.

Oxygen Effect

Oxygen has been shown to be an effective radiosensitizer; its presence during irradiation
of cells and tissue can enhance the killing effect of radiation. The magnitude of oxygen’s
effect can be measured and is known as the oxygen enhancement ratio (OER). The OER is
the ratio of the radiation dose required to produce a given effect without oxygen to that
required to produce the same effect with oxygen. Experiments have shown that adminis-
tration of oxygen during irradiation enhances the effect more than administration before
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or after irradiation. Oxygen is most effective when it is present over a range of 0 to 20
mm Hg tension, but effectiveness falls off at oxygen tensions in the 20 to 40 mm Hg range.
Because the effect is most pronounced during irradiation, it is postulated that the mech-
anism of action is related to free radical formation of biologic molecules that combine with
oxygen, preventing the molecules from restoring themselves (see Equation 6-3b).# This
effectively increases cell damage and lethality at a lower dose than if oxygen were absent.

For mammalian cells the OER averages approximately 2.5. This means that a 100 rad
dose in the presence of oxygen will produce the same killing effect as 250 rad in the
absence of oxygen. The oxygen effect is most pronounced with x-rays or gamma rays; it
is absent or diminished with high-LET radiation (alpha and neutron) because the damage
produced by densely ionizing radiation is not repairable.

Tumors have a distinct architectural pattern consisting of a central region of necrosis
(dead cells) surrounded by a rim of viable well-oxygenated cells. In between are viable
cells that have a relative deficiency in oxygen (hypoxic cells). Hypoxic viable cells pose
the biggest problem in radiotherapy because they are relatively radioresistant compared
with well-oxygenated cells. The presence of these cells will result in tumor regrowth and
treatment failure. Exogenous methods of increasing the oxygen titer in hypoxic tumor
cells, thus increasing their radiosensitivity, have not met with much success. There is
evidence, however, that the proportion of hypoxic cells decreases after a dose of radiation
because as oxygenated cells are killed their oxygen supply is made available to the hypoxic
cells. Thus, these cells become more radiosensitive at subsequent doses of radiation (dose
fractions), and this phenomenon is believed to play a role in the effectiveness of fraction-
ated radiation treatment plans.

Cell Cycle Effects

Experiments have shown that the radiosensitivity of cells is different at different phases
of the cell cycle. The most sensitive phases are the G2 phase immediately after DNA
synthesis and the M phase. The G1 phase is less sensitive to radiation, and the S phase is
the most resistant.

When mammalian cells grown in culture are irradiated at 37°C, more cells in the G2
and M phases are killed than cells in the 5 phase. The surviving cells tend to become
partly synchronized in the cell cycle. In this situation, most surviving cells will be in the
S phase of the cell cycle. If the length of the cell cycle for the particular cell type is known,
radiobiologists can irradiate a group of synchronized cells when they reach another phase
of the cycle. In this way the relative radiosensitivities of the cell cycle can be determined.
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FIGURE 6-14 Survival of hamster cells exposed
to two fractions of x-radiation separated by var=
ious time intervals. Repair of cells is evident in
the first phase of the curve between 0 and 2
hours. Cells synchronized in the S phase from
the first dose cycle to more sensitive G2-M
phases by 6 hours, causing a fall in survival
when the second dose is given here. If the sec-
ond dose is given at 10-12 hours, cells show an
increase in survival, having exceeded their cycle
time and repopulated by mitosis. (Adapted
from reference 9_) Hours after First Dose

Survival Fraction
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The total cell cycle time for Chinese hamster cells in vivo is 11 hours. The times for
the phases of the cycle are M phase, 1 hour; S phase, 6 hours; G2 phase, 3 hours; and G1
phase, 1 hour. Elkind et al.? studied the growth of hamster cells in vitro, which have a
shorter cycle time (about 9 hours). These cells were irradiated at various times during the
cell cycle with a total dose of 1551 rad of x-rays fractionated into two doses (747 rad and
804 rad) (Figure 6-14). After the first dose, cells in the more sensitive phases have been
killed but cells in the S phase, being more resistant, are spared. The remaining cell pop-
ulation, then, is synchronized in the S phase of the cycle and can undergo repair before
the second dose is given. If 6 hours elapses before the second dose, this cohort of cells
cycle around (reassortment) to the G2 and M phases, where they become more radiosen-
sitive. If the second dose is given at this time in the cycle, the increased radiosensitivity
exceeds the effect of repair, and the surviving fraction will decrease. If the second dose is
not given until 10 to 12 hours after the first dose (i.e., more than the length of the cell
cycle), the cells will have cycled through mitosis and increased in number (repopulation).
This triad of repair, reassortment, and repopulation, coupled with reoxygenation, is known
as the “4 Rs” of radiobiology and plays a significant role in the treatment of tumors with
radiation.

DOSE FRACTIONATION IN TUMOR TREATMENT

Soon after its discovery, radiation was applied to treat cancer. The treatment schedules
that were developed fall into two main groups. Single-dose therapy involves large radi-
ation doses at one time, and multiple-dose therapy involves smaller (fractionated) doses
over a longer time.'” The information gained from clinical experience and radiobiology
research has shown that dose fractionation has several inherent advantages that enhance
the treatment of cancer with radiation.

A key factor in treating a cancerous tumor with radiation is the effect of the radiation
on surrounding normal tissue. The amount of radiation used to treat a tumor is limited
by the tolerance of normal tissue. The dose of radiation that will cause total destruction
of tumor cells is called the tumor lethal dose (TLD), while the dose that begins to cause
normal tissue necrosis is called the normal tolerance dose (NTD). The ratio of NTD to
TLD is called the therapeutic ratio. It is desirable that this ratio be large in order to spare
normal tissue and reduce morbidity. Therapeutic ratios vary by tumor type because of
the differences in tumor and normal cell radiosensitivities. The total tumor dose and
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fractionation schedule are selected to maximize tumor killing and minimize normal tissue
damage.

Dose fractionation is an important factor in planning radiation treatment. Ultimately,
the benefit of radiotherapy depends on a therapeutic gain between the responses of the
tumor and that of the normal tissue. A gain from fractionation is realized because a number
of factors are operational during therapy:

* Repair of sublethal and potentially lethal damage; normal cells often have a
greater capacity to repair intracellular effects than tumor cells do;

* Repopulation of cells between fractions, allowing regrowth of normal cells;

* Redistribution of cells throughout the cell cycle, which tends to sensitize the
more rapidly dividing cells in tumors; and

* Reoxygenation effects; repeated fractions permit reduction of the number of
hypoxic cells in tumors while little change in oxygenation occurs in normal
tissues, permitting a gradual increase in the tumor’s sensitivity to radiation.!

Survival curves of normal and tumor cells have provided insight into the effects of
different fractionation schemes on tumor destruction. In general, more rapidly dividing
fissues (skin, mucosal cells, rapidly dividing tumors) have relatively greater o./p ratios,
about 10 Gy, while more slowly dividing tissues (kidney, brain) have smaller o,/ ratios,
about 2 Gy, representing their greater capacity to repair at lower doses.!! The greater the
0,/ value in tumor cells and the lower the value in adjacent normal tissue cells, the more
fractionation will help the therapeutic ratio. If the radiation dose is divided into several
fractions, each with a smaller dose, more slowly dividing tissues like normal organ tissues
can be preferentially spared from the effects of radiation. More rapidly dividing tissues
like tumors show a relatively greater radiation effect during fractionation because they
have a greater chance of being irradiated during sensitive phases of the cell cycle. More
rapidly dividing normal cells like skin and mucosa will show a greater effect as well, but
these tissues have an excellent capacity to replenish themselves. After each treatment both
normal cells and tumor cells recover, but if normal cells recover more, a differential is
achieved and eventually a dose can be reached at which normal cells can recover but
tumor cells cannot. Thus, sometimes a greater tumor cell kill with relatively fewer late
normal tissue effects can be achieved by reducing the fraction size and increasing the total
number of fractions to create a greater therapeutic gain."

ACUTE EFFECTS OF WHOLE-BODY IRRADIATION

2,12

The acute effects that occur after whole-body irradiation are well described.?'? These effects
are deterministic in that they result in a measurable loss of cell and tissue function as a
direct consequence of radiation’s inactivation of vital elements within cells. Information
on these effects is derived mostly from Japanese atomic bomb survivors, patients who
undergo radiotherapy, and victims of nuclear reactor accidents. The effects become evident
after exposures in excess of 1 to 2 Gy (100 to 200 rad), and the sequence of effects is known
as the acute radiation syndrome.

Three principal syndromes may occur, based on the organ system principally involved
in causing death: the hematopoietic, gastrointestinal, and cerebrovascular or acute inca-
pacitation syndromes. Each of these is preceded by a prodromal phase and a latency phase.
The prodromal phase lasts about 24 hours, with peak symptoms occurring 6 to 8 hours
after exposure. The most frequent prodromal symptoms are anorexia, nausea, and vom-
iting. The time of onset and the severity of symptoms are dose dependent. The frequency
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of prodromal symptoms is about 25% in persons exposed to 150 rad and about 95% in|
those exposed to 300 rad.'? The latency phase is an asymptomatic period following the|
prodromal phase. Its length is inversely proportional to the magnitude of exposure. This!
phase may not be evident at doses in excess of 10 Gy (1000 rad) because of the severity,
of prodromal symptoms. At lower doses the latency period is the result of the time required,
for the deleterious consequences of cell depletion in mitotically active tissues to become!
clinically evident. This is most important for cells in the gastrointestinal tract and bone
marrow. Thus, after an exposure event, the stem cells of these systems may be killed but!
the mature cells that are present will continue to function for a time until they die. When|
this occurs, clinical symptoms and signs of stem cell deficiency will become evident. The|
symptoms include chills and fever due to neutropenia and infection and the development|
of petechiae and hemorrhage, which are consequential signs of thrombocytopenia.

Hematopoietic Syndrome

This syndrome results from an exposure in the range of 2 to 8 Gy. At higher doses in this|
range, stem cells in the bone marrow that produce the blood cellular elements are killed;
and thus are no longer available to replace the circulating cells as they are lost to senes-
cence. As a result, the victim experiences lymphopenia, neutropenia, thrombocytopenia,;
and anemia. The characteristic signs are petechiae, bleeding from mucous membranes,
and infection. If death occurs, it will be within 2 to 4 weeks after exposure. The cause of|
death is bone marrow suppression and hematopoietic failure.

The likelihood of death during the hematopoietic syndrome depends on the dose|
received. Experiments in monkeys exposed to a single dose of x-rays showed that no
animals died with doses up to 200 rad, whereas a dose of about 800 rad killed all the
animals exposed.? The LDy 4, which is the dose that kills 50% in 30 days, is about 530
rad for monkeys. For humans the peak time of death from hematopoietic failure is also
30 days, but the time can be as long as 60 days. Therefore, the LDy, for humans is expressedl
as LDsy, 4. Dose estimates of Japanese survivors of the atomic bombs indicate an average
LDy of 3.1 Gy, with a range of 2.7 to 4.0 Gy, depending on the circumstances of
exposure.'? The available data indicate that the LD, for healthy humans after an acute
total-body exposure in the absence of medical care is in the range of 2.5 to 3.5 Gy, increasing
to 4.5 Gy when supportive medical care is applied and 10 to 11 Gy with a successful bong
marrow transplant.’? After the nuclear reactor accident at Chernobyl in 1986, an estimateci?
203 workers received an exposure of more than 100 rad. Of these, 35 workers had sevezq
bone marrow failure and 13 died. The remainder recovered after medical care.?

Gastrointestinal Syndrome

This syndrome results from an exposure of 10 to 50 Gy. The most frequent symptoms of
gastrointestinal damage are nausea, vomiting, and bloody diarrhea. Without specific ther-
apy, the loss of body fluids and electrolytes results in dehydration, with death typically
occurring 5 to 12 days after exposure. The cause of death is necrosis and mitotic arrest of
mucosal stem cells. The cells most affected are the stem cells in the crypts of the small
intestine. As the mature cells lining the intestine become senescent and slough, no cells
are available to replace them. Thus, the intestinal wall becomes denuded and is unpro;
tected, permitting invasion of bacteria into the body. Hemorrhage and fluid loss ensue}
Similar effects occur in the stomach, colon, and rectum but at a slower rate because thes¢
cells turn over more slowly.!
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Cerebrovascular Syndrome

This syndrome results from an exposure of more than 50 Gy. Soon after exposure the
principal symptoms are apathy, lethargy, somnolence, tremors, convulsions, and coma.
Death occurs within 10 to 36 hours after exposure.'? This syndrome is so named because
the most consistent lesions involve.the arterioles and venules. Hemorrhage and leakage
of fluid occur from the vascular space. The exact cause of death is unknown, but it is
speculated to be cerebral edema from small vessel leakage, which is typically found at
autopsy."> The high-dose exposure in this syndrome is also sufficient to cause severe
damage to the hematopoietic and gastrointestinal systems, so that if the victim lives long
enough death occurs because of failure of one or both of these systems.

Prognosis and Treatment

Recovery from acute radiation exposure depends on the dose received, the health of the
victim, and the medical care provided. If the prodromal phase is short and the latency
‘period long with milder symptoms, the prognosis for recovery is better than if the latency
period is short or absent and symptoms are severe. Supportive medical treatment can
Jimprove the outcome. Typical measures include reverse isolation to protect against infec-
tion and aggressive replacement of fluids, electrolytes, and blood products. In some
instances bone marrow transplantation may be indicated. In general, if the dose received
is less than 400 to 500 rad, treatment of symptoms should be instituted. Antibiotics for
infection and platelets for bleeding are recommended, but blood transfusions should be
withheld because they suppress regeneration of new blood cells.? Animal experimentation
has shown that the use of antibiotics to control infection raises the LD, by a factor of 2.
The patient should be isolated in a sterile environment. After higher doses (800 to 1000
~ rad), bone marrow transplantation may be useful.?

The magnitude of radiation exposure may not be known in some cases. The blood
levels of cellular elements can provide some measure of exposure, because lymphopenia,
- neutropenia, thrombocytopenia, and anemia occur in that order. The absolute lymphocyte
count is especially useful in this context.

Despite the severity of effects from acute radiation exposure, heavily irradiated sur-
vivors of radiation accidents in the nuclear industry who have been followed for as long
as 30 years have shown no remarkable difference from the normal aging population in
terms of shortened life span, early malignancies, or rapidly growing cataracts.> Although
this is encouraging information for victims who survive acute exposure, it cannot be
considered definitive of the actual level of risk because of the small study population.

CARCINOGENIC EFFECTS OF RADIATION

The preceding section discussed the deterministic effects of acute large-dose radiation
exposure in which radiation terminates the reproductive and metabolic functions of cells
and causes the victim to die. The carcinogenic as well as the hereditary effects of radiation
(discussed in the next section) are known as stochastic effects because they arise from
random modifications (mutations) in somatic or germ cells. Because the cells are not killed,
the mutation produced may eventually cause somatic cells to become cancerous or germ
cells to produce genetic defects in offspring from the parent cell. As was discussed in
Chapter 4, the risk of stochastic effects increases with radiation dose, and the chance for
repair of radiation-induced alterations improves as dose and dose rate decrease.

Many reports in the literature from the early years of radiation use document the
increased incidence of cancer in persons exposed to radiation in the work environment

-
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which decays to long-lived alpha-particle emitters of high LET."* Even though
there is a clearly increased incidence of lung cancer among mine workers, it is
difficult to separate the effects of radiation from those of other contributing
factors, such as cigarette smoke. The excess cancer mortality is slightly higher
for males than females and is greatest between the ages of 25 and 65 for both
sexes (see Tables 4-13 and 4-14).

* Bone cancer. The ingestion of long-lived, alpha-emitting radium isotopes, which
have metabolism similar to calcium and localize in bone, has been associated
with the development of bone cancer. One of the two known populations affected
was the painters of luminous dials on clocks and watches who licked their
radium paint brushes to achieve a fine point. Small amounts of radium ingestion
(**Ra and *Ra) over several years produced a radiation bone burden. Bone
sarcomas and carcinomas of the epithelial cells lining the paranasal sinuses and
nasopharynx developed in these workers. The other affected population was
patients given injections of ***Ra for treatment of tuberculosis and ankylosing
spondylitis. These cancers were induced by high-LET radiation in bone with
very slow turnover.

& Skin cancer. The first person to die of radiation-induced cancer in the United
States was Clarence Madison Dally, Thomas Edison’s assistant, whose hand was
exposed to x-rays from a fluoroscope.” He developed radiation dermatitis and
finally died from metastatic epidermoid carcinoma. In the years that followed,
many such cases occurred among physicists, physicians, x-ray technologists, and
dentists before safety standards were instituted. Squamous cell and basal cell
carcinomas were observed frequently. Radiation-induced skin cancers are readily
diagnosed and treated, and there is a large difference between incidence and
mortality.?

PR e

i‘Mechanisms of Carcinogenesis

Radiation exposure does not cause a unique type of tumor; it simply increases the inci-
dence of tumors that will form spontaneously. In Chapter 4 it was shown that the incidence
of radiation-induced cancer follows a linear-quadratic relationship with dose (see Figure
43). This relationship is based on data from the Japanese survivors of the atomic bombs,
‘who were exposed at high dose and dose rates. At low dose and dose rate the relationship
is linear, being proportional to dose. At high dose and dose rate the relationship is
exponential, being proportional to dose squared. The incidence of cancer induction falls
off at very high dose because of cell killing. This dose-response relationship for cancer
induction is similar to that for induction of chromosome aberrations and therefore links
the induction of cancer to radiation’s alteration of genetic material.

A plot of cell survival and neoplastic transformation in mammalian cells as a function
of radiation dose from ®Co gamma-ray exposure is shown in Figure 6-15. The plot shows
that the frequency of neoplastic transformation per surviving cell increases with dose up
to a few gray and reaches a plateau at higher doses, representing a balance between
transformation in surviving cells and cell killing. At still higher doses the curve falls expo-
nentially, paralleling the survival curve of normal cells, indicating that cells destined to
become transformed have a survival response similar to that of untransformed normal cells.

It is known from experimental studies that control of cell proliferation is the conse-
quence of signals affecting cell division and differentiation, and if a cell turns cancerous
itis because of a change in the signaling system. The conversion of a normal cell into a
malignant state may result from activation of an oncogene, loss of a suppressor gene, or
a combination of these two mechanisms.>'?

e N — S
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Oncogenes

Cells in their normal state contain proto-oncogenes that function to regulate cell growth.
Studies have shown that proto-oncogenes may be activated to the corresponding oncogene
by various means, causing the cell to become cancerous. Activation can be induced by
chemicals, viruses, and radiation, which each can produce tumors that are indistinguish-
able from one another. The three principal mechanisms by which proto-oncogenes are
activated to produce a malignant cell are as follows: '3

® Point mutation. The change of a single base pair, resulting in a protein with a
single amino acid change. An example is the point mutation in the oncogene N-
ras found in cancer cells of acute leukemia.

e Chromosome translocation. Radiation breaks occurring in two separate chromo-
somes with translocation of the pieces. For example, breaks in chromosomes 2
and 8 with translocation activate the myc oncogene that is responsible for Bur-
kitt's lymphoma.

e Gene amplification. Extra copies (overexpression) of a proto-oncogene can lead to
activation of the oncogene. For example, gene amplification in the N-myc onco-
gene produces neuroblastoma.

Suppressor Genes

Normal cells may contain tumor suppressor genes that are associated with various chro-
mosomes. Hybridization studies have demonstrated that when these cells are combined
with certain tumor cells, tumorigenicity of the tumor cells is suppressed. One example
is chromosome 11 in normal human fibroblasts, which contains a suppressor gene for the
malignant phenotype of HeLa cells (a human tumor cell line). Studies have shown that
when HelLa cells are fused with human fibroblasts the hybrid cells do not produce the
malignant phenotype of HeLa cells. However, when chromosome 11 is removed from the
hybrid cells, the tumor is expressed again.
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Radiation may inactivate suppressor genes in chromosomes of human cells, resulting
in cancer. Some examples of suppressor genes whose inactivation or loss is associated
with human cancer are the pl05-RB gene on chromosome 13, which is associated with
retinoblastoma, and the p53 gene on chromosome 17, which is associated with breast
cancer, small cell lung cancer, cervical cancer, and bladder cancer.? The risks of radiation-
induced cancer are discussed in Chapter 4.

HEREDITARY EFFECTS OF RADIATION

Radiation does not produce unique genetic effects; it simply increases the probability of
effects that would occur naturally, similar to the induction of carcinogenic effects by
radiation. While the carcinogenic effects of radiation arise from transformational changes
in the DNA of somatic cells, thereby affecting the person who received the radiation
exposure, the hereditary effects of radiation arise from transformations in the DNA of
germ cells, which will manifest themselves in the offspring of those irradiated. If a radi-
ation-induced mutation affects a dominant gene, the defect will be expressed in the first
generation. If, however, the mutation occurs in a recessive gene of one parent, the defect
will be expressed only if there is no dominant complementary gene from the other parent.
For example, a mutation occurring on the X chromosome of a mother will not be expressed
ina daughter who receives a normal X chromosome from her father. However, the defec-
tive gene will remain with the daughter as a sex-linked recessive defect, and it may be
expressed in her son if the Y chromosome from his father does not carry a dominant
complementary gene. Examples of sex-linked recessive defects are hemophilia and color
blindness. The hereditary risks associated with exposure to ionizing radiation are dis-
- cussed in Chapter 4.

Genetic Effects

The effects of radiation on the DNA of reproductive cells are similar to those in somatic
cells. Gene mutations that are not lethal to the cell can be passed on to offspring, whereas
lethal chromosome breaks will not be passed on. However, some chromosome transloca-
tions resulting from breaks are not lethal and will be passed on. Offspring will have a
defective chromosome from one parent and a normal complementary chromosome from
the unaffected parent. If the defective chromosome does not cause embryonic death, the
offspring will likely have some physical or mental abnormality as a result of the defective

chromosome.

Radiation Effects on Testes and Ovaries

The male produces sperm from puberty to death. Mature sperm are the result of several
developmental stages. Spermatogonial stem cells progress to become primary and sec-
ondary spermatocytes, then spermatids, and finally mature spermatozoa. The average
time from the immature stem cell stage to mature spermatozoa is 10 weeks. Since the first
studies by Bergonie and Tribondeau, exposure of male germ cells to radiation has shown
that spermatogonia are most sensitive to radiation and mature spermatozoa are most
radioresistant. Temporary and permanent sterility can be caused by gonadal exposure to
radiation. Because these cells undergo continual cell division and are at various stages of
maturity, a moderate dose of radiation may kill the more sensitive immature spermato-
cytes. Reproductive potency will remain as long as the unaffected mature sperm are viable;
however, a risk of mutation will be present in these cells. When these sperm die, a period
of temporary sterility will ensue until the viable stem cells can repopulate by division.
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TABLE 6-2 Threshold Doses for Deterministic Effects in Human Germ Cells

Acute Single Dose Prolonged Exposure®
Tissue and Effect (rad) (rad/yr)
Testes
Temporary sterility 15 40
Permanent sterility 350-600 200
Ovaries
Permanent sterility 250-600 20

* Annual dose rate if received in highly fractionated or protracted exposures.

Source: Reference 1.

The ovary has its full complement of oocytes at birth; by 3 days of age the oocytes are
in a resting phase and no further cell division occurs. Thus, there is no possibility of
temporary sterility as with spermatogonia. The radiation exposures necessary to confer
temporary and permanent sterility to human reproductive cells are shown in Table 6-2.

Some interesting and useful findings have come from what is known as the “mega-
mouse project.” In this study millions of specially bred mice were irradiated under various
conditions and the effects were measured. Hall* summarized the findings as follows:

* Radiosensitivities of mice for different mutations vary widely.
Dose fractionation results in a reduced mutation rate from acute exposure.
The male mouse is much more radiosensitive than the female mouse, so much
so that at low dose rate almost all the genetic burden in a population is carried
by males.

* The genetic consequences of a given dose can be greatly reduced if a time interval
is allowed between irradiation and conception. The decrease in mutation rate
with time after irradiation is likely due to some repair process.

The last point is relevant in the genetic counseling of persons who receive gonadal expo-
sure to radiation. It is recommended that persons exposed to 10 rad or more allow a period
of 6 months to elapse between exposure to radiation and a planned conception, to permit
repair processes to minimize the risk of genetic mutation.

RADIATION EFFECTS ON THE EMBRYO AND FETUS

The principal effects of irradiation on the mammalian fetus are lethal effects on the embryo,
malformations, mental retardation, and induction of malignancy.! The most important
factors in causing these effects are dose, dose rate, and stage of gestation during irradiation.

Russell and Russell’>!* divided the developmental period in utero into three stages.
(1) Preimplantation is the time from fertilization to when the embryo attaches to the uterine
wall. This period is about 9 days in human development. During this time the fertilized
ovum repeatedly divides, forming a ball of cells that are highly undifferentiated. (2)
Organogenesis begins after the embryo implants in the uterine wall at around day 9 of
gestation. During this stage the cells of the embryo differentiate into the various stem cells
that will eventually form the major organs of the body. This process continues for about
6 weeks, at which point the embryo is termed a fetus. (3) The fetal stage is the period during
which growth of the formed structures takes place. At this stage the central nervous system
(CNS) is developing. The CNS in adults consists of nondividing highly differentiated cells,
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entiating. The neuroblasts appear by the 18th day of gestation in the human. As the fetus
develops, the neuroblasts disperse throughout the body and become more differentiated.
Neuroblasts continue to exist throughout fetal development of the CNS and until at least
2 weeks after birth. The CNS continues to develop until 10 to 12 years of age.® Much of
the evidence for radiation effects on the embryo and fetus has been obtained from exper-
iments in animals, notably mice. Therefore, it is useful to compare the time spans of
gestational stages in mice and humans:

* Preimplantation: Mouse, 0 to 5 days; human, 0 to 9 days
* Organogenesis: Mouse, 5 to 13 days; human, 10 days to 6 weeks
* Fetal period: Mouse, 13 days to full term (20 days); human, 6 weeks to 9 months

Fffects of Radiation: Animal Studies

The principal effects seen from irradiation of mice and rats are growth retardation, con-
genital malformations, and embryonic, neonatal, or fetal death.

[rradiation during the preimplantation period results in either embryonic death or
normal development if the embryo survives. At this stage the cells of the conceptus are
few and are not yet specialized. Damage to one cell, the progenitor of many descendant
cells, has a high probability of being fatal; growth retardation or malformations are not
seen at this stage of development. In mice, doses as low as 10 rad can kill a fertilized egg.?

Irradiation during early organogenesis produces severe growth retardation, seen as
low birth weight at term. Animals can recover, however, and go on to attain full growth
as adults. A dose of 100 rad will produce growth retardation. Another principal effect
during this sensitive stage is the development of congenital anomalies. Some anomalies
observed in mice are exencephaly (imperfect cranium with protrusion of the brain outside
the skull), anencephaly (absence of a cranial vault and cerebral hemispheres), stunted
development, and evisceration. Since various organs form on specific gestational days,
irradiation on those days produces specific abnormalities. For example, radiation exposure
of the mouse embryo on the 9th day results in a high frequency of ear and nose abnor-
mality, whereas exposure on the 10th day results in bone abnormalities.® The neuroblasts
in the fetus are highly undifferentiated, mitotically active, and highly radiosensitive if
irradiated at this time. Some of the common abnormalities observed in mice after in utero
irradiation are microcephaly (small brain), hydrocephaly (water on the brain), and eye
deformities such as microphthalmia (small eyes).® A dose of 200 rad in mice during the
period of maximum sensitivity 8 to 12 days after conception can result in a nearly 100%
rate of malformations at birth. A 200 rad dose on day 10 after conception carries a 70%
death rate because of gross fetal abnormalities.

The fetal growth stage is less sensitive to radiation, because the organs are formed and
cells are more differentiated. Higher doses are required to produce effects, mostly on
formed organ systems. Any growth retardation at this stage, however, is permanent.
Irradiation during this period may result in stochastic effects such as cancer later in life.

Effects of Radiation: Human Studies

Information about irradiation of humans in utero comes primarily from studies of Japanese

atomic bomb survivors and exposure of pregnant women during medical procedures.
In Japanese survivors and their offspring, no birth defects were found as a result of

irradiation before 15 days of gestation; this is consistent with animal data. That is, any
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damage that occurs during this stage will likely result in embryonic death. The embryos
that escape damage develop normally.” The principal effects of irradiation in utero are
microcephaly and mental retardation. The most pronounced microcephaly was seen with
150 rad of in utero exposure, but effects were also seen with maternal exposure of 10 to
19 rad.? Mental retardation was not observed to be induced by radiation before 8 weeks
from conception or after 25 weeks.! During the most sensitive period, 8 to 15 weeks after
conception, the fraction of those exposed who became severely mentally retarded
increased by approximately 0.4 per sievert (i.e., approximately 40% of women exposed to
100 rem produced retarded offspring). For exposure during weeks 16 to 25, the risk is
only one-fourth as great (0.1 per sievert).! Mental retardation is thought to be associated
with decreased migration of cells from their place of origin to their site of function in the
brain; the highest risk is during the gestational stage when the brain cortex is being
formed.? Pooled data from Hiroshima and Nagasaki for children exposed at 8 to 15 weeks
of gestation demonstrate that the dose-response relationship for mental retardation is
linear, with a threshold of 12 to 20 rad (Figure 6-16).'° This is consistent with the deter-
ministic nature of retardation, which requires the killing of a minimum number of cells
to be manifest.

Less severe mental retardation in children exposed to ionizing radiation before birth
has been shown by intelligence test scores.’”'® With exposure during the sensitive period
8 to 15 weeks after conception, the observed shift in IQ scores is about 30 IQ points per
Gy (100 rad).

One of the first studies of medical exposure of pregnant women, demonstrating the
adverse effects of x-irradiation in utero, was performed by Goldstein," who reported
microcephaly and mental retardation and other defects. Dekaban® surveyed the literature
on abnormalities in children exposed to x-irradiation during various stages of gestation
and reported several findings:

* Doses higher than 250 rad to the embryo before 2 to 3 weeks of gestation may
cause embryos to abort but are not likely to produce severe abnormalities in
fetuses that survive to term.

® Irradiation between 4 and 11 weeks of gestation may produce severe abnormal-
ities of many organs, particularly in the skeleton and CNS.
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* [rradiation between weeks 11 and 16 of gestation may cause a few eye, skeletal,
and genital abnormalities and frequently causes microcephaly, retardation, and
stunting of growth.

¢ Mild microcephaly, mental retardation, and growth stunting may result from
irradiation during weeks 16 to 20 of gestation.

* After 20 weeks, the fetus is more radioresistant, but irradiation during this time
may produce some functional defects.

Children who were exposed to radiation in utero seem to be susceptible to childhood
leukemias and other cancers that are expressed during approximately the first decade of
life.! Studies in England® and the United States®* of x-ray exposure in utero and subse-
quent malignancies show an association between exposure and the subsequent develop-
ment of childhood malignancies. Stewart and Kneale?' performed an analysis of the Oxford
Survey of Childhood Cancers. The survey analyzed 15,298 children. Fifty percent (7649)
died of malignancy before age 10 (case group); of these, 1141 had been x-rayed in utero.
There were 7649 children who did not die and were cancer-free (control group), and of
these 774 had been x-rayed before birth. The case/control ratio of those who were x-rayed
(148) was significantly greater than the ratio of those who were not x-rayed (0.95). The
case/control ratio increased with fetal radiation dose from 1.26 with one x-ray exam to
2.24 for more than five exams. When the groups were stratified by trimester of irradiation,
it was found that the case/control ratio was 8.25 in the first trimester, 1.49 in the second,
and 1.43 in the third. Thus, the excess of cancer risk from x-ray examination in utero was
directly related to fetal dose, and the risk of cancer was greatest when exposure occurred
during the first trimester. Another way to analyze these data is to look at the rate of death
from cancer of those x-rayed versus those not x-rayed. Of the 1915 children x-rayed, 1141
(59.3%) died of cancer, whereas of the 13,383 not x-rayed, 6508 (48.6%) died of cancer. This
demonstrates a 22% increase in cancer death after x-ray exposure in utero.

Additional evidence that in utero irradiation causes childhood malignancy comes from
a study that showed the same incidence of leukemia and other cancers in twins of irra-
diated women as in single children of such women, with a clear excess over children who
were not exposed to radiation.” ICRP estimates that the risk of fatal childhood cancer due
to prenatal exposure throughout pregnancy is 2.8 x 107 per sievert.! This corresponds to
an excess over the spontaneous rate of 280 malignancies per 10,000 person-Sv.

NCRP recommends that the total dose to the fetus during gestation not exceed 0.5
rem, with a monthly limit of 0.05 rem.” Once pregnancy is declared, the duties of a
radiation worker should be reviewed to ensure that this limit is not exceeded.

The most critical stage of gestational development for radiation-induced congential
malformations, including microcephaly and mental retardation, extends from 10 days to
26 weeks. The data from Japan suggest a threshold of 12 to 20 rad for retardation. On the
basis of this threshold, 10 rad is often considered the cutoff point above which an anomaly
may occur in a child irradiated in utero.?

RADIATION-INDUCED CATARACT FORMATION

A cataract is an opacification of the normally transparent lens of the eye. Cataracts may
be caused by aging, family history (genetic), medical problems such as diabetes, injury,
medication such as steroids, and ionizing radiation. The lens contains cells that continue
to divide and replenish the lens tissue. Radiation injures the dividing cells, making them
nontranslucent. Accumulation of these injured cells leads to cataract development, which
is a deterministic effect.

— ——
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Radiation Injury to the Lens

Studies in humans, principally radiation therapy patients, and in animals have shown
that ionizing radiation can cause cataracts.*?” A cataract may be stationary at a defined
locus or it may progress to cloud a larger portion of the lens (progressive cataract).

The minimum dose required to produce a progressive cataract is about 2 Gy (200 rad)
in a single exposure, with larger doses necessary in a fractionated regimen.?® The latent
period between irradiation and the appearance of lens opacity is dose related.? The latency
period is about 8 years after exposure to a dose in the range of 2.5 to 6.5 Gy (250 to 600
rad). In one study of radiotherapy patients who had received low doses to the eye (220
to 650 rad), progressive cataracts developed in only about 12%, compared with 88% of
those who received high doses (650 to 1150 rad).* Radiation-induced cataracts are a deter-
ministic late effect. There is a practical threshold dose below which cataracts are not
produced and above which the severity of the biologic response is dose related (Figure 6-17).

What are the potential risks for those who handle large amounts of activity, particularly
%mTe generator eluates? The following simple example provides some guidance on the
amount of exposure possible and demonstrates the small probability of cataract induction
from this type of exposure.

What time of exposure is required to accumulate 200 vad from the unshielded injection port ona
e elution vial containing 7 Ci of activity?

7000 mCi x 0.8 R/hr/mCi/cm
60 min/hr

=93 R/min at 1 cm

200 rad

=215 min at 1 cm from unshielded end of vial
93 R/min

Applying the inverse square law we have
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200 rad
0.1 R/min
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93 R/min _

(30 cm)'

0.1 R/min at 1 foot

= 2000 min (~33 hr exposure required at 1 foot from unshielded end of vial)
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7 Licensing and
Regulatory Control

Neil A. Petry

Radiopharmaceuticals are radioactive prescription drug products that are internally
‘administered and intended for use in the diagnosis, treatment, and mitigation of disease.
‘These unique drug products are required for the practice of nuclear medicine, the clinical
‘and laboratory medical specialty that utilizes the measured nuclear properties of radio-
active and stable nuclides in diagnosis, therapy, and research and in evaluating metabolic,
physiologic, and pathologic conditions of the body.! The term radiopharmaceutical is also
applicable to nonradioactive reagent kits and radionuclide generators intended for use in
the preparation of radioactive drugs and radioactive biologic drug products used in
nuclear medicine practice. However, the definition of radiopharmaceuticals does not
include substances that contain trace quantities of naturally occurring radionuclides or
sealed radionuclide sources intended for brachytherapy.

Because radiopharmaceuticals have both a drug component and a radioactive or
nuclear component, the two federal agencies with major responsibility for licensing and-
regulatory control of radioactive drug products are the Food and Drug Administration
(FDA) and the Nuclear Regulatory Commission (NRC). Other federal agencies, including
the Occupational Safety and Health Administration (OSHA), the Environmental Protection
Agency (EPA), and the Department of Transportation (DOT), primarily regulate the safe
industrial production, handling, and transportation of radiopharmaceuticals, rather than
issues related to their use in the course of medical or pharmacy practice.

Well-established legal precepts support the rights of states to regulate both the practice
of medicine and the practice of pharmacy. Consequently, FDA authority over physicians
and pharmacists and their use of drugs products, including radiopharmaceuticals, is
attenuated at the state level. Exactly where federal and state authority intersect continues
to be controversial. In contrast, NRC, through mutual agreement and with little controversy,
most often delegates its authority to radiation control agencies within the various states.

This chapter focuses on issues related to the direct regulation of radiopharmaceuticals
by FDA and NRC at the federal level. Before considering the specifics of federal regulation
of radioactive drugs, the chapter presents an overview of the regulated products and
practice environments, a brief introduction to existing nuclear pharmacy practice guide-
lines, and a historical perspective on drug regulations in general. The current regulatory
framework should be viewed in the context of the evolution of nuclear medicine and nuclear
pharmacy practice into vital components of today’s high-quality health care systems.?”

REGULATED PRODUCTS AND PRACTICE ENVIRONMENTS

Most of the radiopharmaceutical products used in nuclear medicine are procured from
pharmaceutical companies that specialize in the manufacturing, marketing, and distribution
of FDA-approved radioactive drug dosage forms. A majority of the radiopharmaceuticals
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used clinically are small-volume parenterals; however, oral solutions and capsules, aero-
sols, gases, and other unique dosage forms are also important. Some of these manufactured
radiopharmaceutical products are provided as finished dosage forms ready to be dis-
pensed for patient administration. However, most of the radiopharmaceutical products
used in nuclear medicine must be prepared or compounded by a variety of methods just
before administration to the patient, largely because of their short physical half-life (i.e.,
rapid radioactive decay of the radionuclide component) and in some cases because of
limited radiochemical stability (i.e., dissociation of the radionuclide from the drug or
molecular component).

Usually, radiopharmaceuticals are prepared by nuclear pharmacists practicing in com-
munity-based, centralized (i.e., commercial) nuclear pharmacies. Less frequently, they are
prepared in hospital pharmacies or institutional nuclear medicine departments. In all
practice settings, nuclear pharmacists strive to provide patient-specific unit doses of the
highest quality. This typically requires a professional support staff that often includes
pharmacy technicians.

Centralized nuclear pharmacies provide service to most hospitals and private clinics
offering nuclear medicine services. Large medical institutions typically have an in-house
nuclear pharmacy service to facilitate clinical research with both FDA-approved and
investigational radiopharmaceutical products. Thus, nuclear pharmacy services are widely
available in almost all practice settings and geographic areas. Occasionally, however,
nuclear medicine technologists may perform the basic pharmacy function under the direct
supervision of a qualified nuclear medicine physician. This arrangement is still permissible
in any clinical practice setting, as it constitutes the practice of medicine. Usually, however,
centralized unit dose radiopharmaceutical services are used because this is more econom-
ical in terms of personnel and cost. Regardless of the model used for providing radio-
pharmaceutical services, it is important that hospital pharmacy directors be aware of their
responsibility for monitoring all drug product use in their institutions, including use in
the nuclear medicine department. A basic understanding of the associated licensing and
regulatory controls, as summarized here, will be useful in that regard.

NUCLEAR PHARMACY PRACTICE GUIDELINES

The American Pharmacists Association’s Nuclear Pharmacy Practice Guidelines are well
established.® They supplement competency-based pharmacy practice standards and iden-
tify those areas of responsibility that are unique to nuclear pharmacy. In addition to
functioning as standards for nuclear pharmacy practitioners, the guidelines provide a
practice-oriented foundation for the competency-based Board of Pharmaceutical Special-
ties (BPS) certification exam.” These standards may also be useful to nuclear medicine
physicians and technologists involved in the clinical use of radiopharmaceuticals; how-
ever, the standards are not intended to govern the practices of those individuals. Many
of these standards of practice are derived from current regulations governing the medical
use of both drugs and radioactive materials; thus, there may be specific legal requirements
for the activities described.

Nuclear pharmacy practice is a basic patient-oriented pharmaceutical service that
embodies the scientific knowledge and professional judgment required to improve and
promote health through assurance of the safe and efficacious use of radioactive drugs for
diagnosis and therapy.® The most readily identifiable areas of responsibility, or domains,
that constitute the practice of nuclear pharmacy are the procurement, compounding,
quality control, dispensing, and distribution of radiopharmaceuticals and pharmaceutical
drug products used in nuclear medicine. Additional domains of responsibility include




licensing and Regulatory Control 159

health and safety, provision of information and consultation, monitoring patient outcome,
and research and development.

Nuclear pharmacists work in a variety of practice settings; therefore, their responsi-
bilities may vary significantly. For example, a nuclear pharmacist working in a centralized
facility dedicated primarily to the procurement, compounding, quality control, dispensing,
and distribution of unit dose radiopharmaceuticals may have a set of regulatory respon-
sibilities that differ substantially fromn those of the clinical nuclear pharmacist providing
service in an institutional medical center where distribution may not be undertaken at all.
On the other hand, the institution-based nuclear pharmacist invariably bears responsibility
for regulatory issues associated with the use of radiopharmaceuticals in clinical research
and drug development projects. Regardless of practice setting, nuclear pharmacists must
be knowledgeable about the many regulations governing each domain of responsibility.
Furthermore, nuclear pharmacists may supervise a variety of individuals who assist in
the provision of these specialized pharmacy services, so they are responsible for the
activities of all such support personnel and for ensuring that they are appropriately trained
and credentialed.

DRUG REGULATION: HISTORICAL PERSPECTIVE ON FDA

Current regulations on the medical use of drug products, including radiopharmaceuticals,
can best be understood in the context of a series of federal regulatory actions over the past
100 years. A 2003 book by health and science reporter Philip . Hilts! tells the fascinating
story of FDA’s maturation from its start in the Teddy Roosevelt administration through
various crises and triumphs to the deregulatory climate of more recent years. With its many
references and annotations, the book is a useful guide to understanding the inner workings
of FDA and how the agency regulates food and drug products in the United States.

Until the early 1900s, a plethora of largely unregulated patent medicines of question-
able value and safety were sold to the public. The Pure Food and Drugs Act of 1906 was
signed into law as a result of unscrupulous manufacturing practices, adulterated foods
and drugs, and unfounded claims of the therapeutic efficacy of patent medicines. The act
prohibited interstate sales of misbranded and adulterated foods and drugs and paved the
way for the establishment of FDA in 1931. The Act did not, however, require premarket
testing of drugs to determine their safety. When 107 people died after ingesting sulfanil-
amide elixir formulated with diethylene glycol, a substance now known to be toxic to
both humans and animals, revisions in the 1906 act culminated in passage of the federal
Food, Drug, and Cosmetic Act (FDCA) of 1938.

FDCA is the basis of drug regulation in the United States today, and a working
knowledge of this law is important for ensuring regulatory compliance of drug use in any -
clinical setting, including nuclear medicine practice. FDCA is both simple and complex."
It is simple in that it specifies only three illegal acts: adulteration, misbranding, and the
placing of unapproved drug products into interstate commerce. At the same time, it is
complex because many activities are included under the umbrella of these three illegal
acts. When challenged to explain why something known to be illegal is in fact illegal
under FDCA, stating that the activity is adulteration, misbranding, or the placing of an
unapproved new drug into interstate commerce is a safe response. As passed in 1938,
FDCA required premarket testing of new drugs for safety and presentation of safety data
to FDA prior to approval of a new drug product for marketing. The act also eliminated
the requirement for FDA to prove intent to defraud in drug misbranding cases.

In 1962, the Kefauver-Harris amendments to the 1938 FDCA increased federal control
over methods of production and testing of drugs before their release for purchase by the
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public. The emotional impetus for these amendments came from another medical tragedy.
An FDA medical officer, Frances Kelsey, blocked marketing approval of the drug thalido-
mide because of unexplained adverse effects; the subsequent discovery that thousands of
deformed infants had been born to mothers in Europe and South America who had taken
this supposedly safe sleeping pill during pregnancy caused Congress to vote for strong
new drug controls in 1962. The most important change was the requirement that the
efficacy of a new drug, as well as its safety, be established by “substantial evidence” before
marketing approval. Among several new concepts contained in the amendment, the most
important were investigational new drug (IND) procedures and procedures for the
approval of a new drug application (NDA) prior to marketing of the product.

RADIOISOTOPE REGULATION: HISTORICAL PERSPECTIVE ON NRC

The potential medical significance of radioisotopes was well recognized before World War
II; nevertheless, the distribution of these radioactive materials was unregulated by the
government.'? Then, in 1942, the Manhattan Project was initiated by the United States
Army to conduct atomic research for the purpose of providing new technology to facilitate
an end to World War II. The postwar program for radioisotope distribution grew out of
the Manhattan Project Isotopes Division, which during the war years had developed top
technical expertise for producing and handling radioisotopes at the division’s facilities in
Oak Ridge, Tennessee. In 1946, the Manhattan Project formally publicized its groundbreak-
ing program for distribution of radionuclides for peaceful research purposes. This new
radioisotope distribution program for the first time placed nominal constraints on the
procurement of radionuclides for research. Thus, radionuclides for medical research could
not be ordered casually; an application for each proposed purchase had to be submitted,
reviewed, and approved. A special subcommittee had to review and approve each appli-
cation for human medical use.

Subsequently, with congressional passage of the Atomic Energy Act of 1946, the author-
ity to continue radioisotope research was transferred from the Army to the United States
Atomic Energy Commission (AEC). The Atomic Energy Act gave AEC exclusive govern-
mental control over atomic research and the development of related technologies. The
existing AEC radioisotope distribution review subcommittee was then renamed the Sub-
committee on Human Applications. On June 28, 1946, the subcommittee held its first
meeting, during which a system of local isotope committees was recommended. According
to the recommended action plan, each local committee would include (1) a physician well
versed in the physiology and pathology of the blood-forming organs, (2) a physician well
versed in metabolism and metabolic disorders, and (3) a competent biophysicist, radiol-
ogist, or radiation physiologist qualified in the techniques of radioisotopes. By October
1946, radioisotope distribution was well under way, with over 200 radioisotope requests
received, reviewed, and approved. Of those approved, nearly 100 were for use in medical
research in humans. In 1959, the subcommittee was absorbed into the Advisory Committee
on Medical Uses of Isotopes.

As the subcommittee gained experience in developing specific procedures for review
and approval of a variety of radioisotope applications, it began to recognize that only a
few of the requests for radioisotope use represented unusual cases; most applications were
routine and did not require continuous review. The subcommittee delegated review of the
routine radioisotope applications to the AEC Isotopes Division, and the Isotopes Division
developed a procedure whereby an individual wishing to procure byproduct material had
to file an application and receive an Authorization for Radioisotope Procurement prior to
obtaining and using byproduct materials. This authorization functioned in much the same
way as a license for a byproduct material does today. In 1951, an additional technical
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adjustment was made to the approval process with the introduction of “general authori-
zations” that delegated more authority to local radioisotope committees of approved
rtesearch institutions. As a result, research institutions possessing general authorizations
could for the first time obtain specified radioisotopes for approved purposes pursuant to
filing a single application each year, thus eliminating the need to file a separate application
for each radioisotope order.

During the 1950s a series of regulatory changes affected many administrative proce-
dures governing radioisotope use. In 1954, licensing and regulation were added to AEC’s
authority. Concerns about radioisotope procedures were disseminated through various
communications made public by the Isotopes Division. Throughout the 1960s and early
1970s, administrative procedures governing the licensing and regulation of radioisotope
use continued to evolve. In 1975, as a result of congressional passage of the Energy
‘Reorganization Act of 1974, a major change was implemented when AEC was split into
‘the Energy Research and Development Administration, which later became the Depart-
ment of Energy, and the Nuclear Regulatory Commission.

Atseveral junctures during the development of procedures for licensing and regulating
byproduct material intended for medical use, these government units published official
drculars or guidance documents for use by the regulated community. A guidance docu-
ment published in 1948 was only a few pages long and was simple to comprehend and
follow. By 1957, that initial guidance was replaced by a 26 page AEC document entitled
The Medical Use of Radioisotopes—Recommendations and Requirements. Then in 1965,
AEC published its Guide for the Preparation of Applications for the Medical Use of
Radioisotopes, followed in 1980 by NRC Regulatory Guide 10.8, entitled Guide for the
Preparation of Applications of Medical Programs."”” Many additional changes in NRC
regulations and licensing guidance have occurred since Regulatory Guide 10.8, including
major revisions to Title 10 of the Code of Federal Regulations (CFR), Parts 20 and 35, and
publication of NUREG-1556, Volume 9, entitled Consolidated Guidance About Material
Licenses: Program-Specific Guidance About Medical Use Licenses."* Most important,
NUREG-1556 provided valuable guidance on the recently revised 10 CFR 35 rule.

i REGULATORY CONTROL OF RADIOPHARMACEUTICALS

| The regulation of radiopharmaceuticals has a complicated history. The 1938 FDCA applied

. to all drugs, including radiopharmaceuticals, which were a unique and promising new
class of products. Six years later, the Public Health Services Act of 1944 authorized the
FDA Bureau of Biologics to regulate radioactive biologic drug products. However, because
of their unique radioactive properties, radiopharmaceuticals were also under the control
of AEC. During these formative years of nuclear medicine, radiopharmaceuticals were
controlled chiefly by AEC. The 1954 Atomic Energy Act authorized AEC to license the
possession, use, and transfer of byproduct material (i.e., radioisotopes produced in a
nuclear reactor).

In 1963, after enactment of the Kefauver-Harris amendments, FDA began implement-
ing IND procedures and requirements. These posed a substantial threat to the availability
of radiopharmaceuticals and the emergence of nuclear medicine practice as a clinical
specialty. FDA began to recognize both the potential clinical value of radiopharmaceuticals
and the possibility that their safety and efficacy were not adequately controlled by the
agency as required for all drugs by the 1962 FDCA amendments. Fortunately, AEC regu-
latory controls were adequate to ensure radiation safety in the possession, use, and transfer
of radioactive materials for medical use. However, FDA’s overriding concern related to
the medical safety and efficacy of radioactive drugs once administered to patients. FDA
also had to come to terms with the fact that, as an agency, it was not prepared to be the
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sole regulator of radioactive drugs. The immediate problem was addressed in 1963 when
FDA allowed a temporary exemption for radioactive new drugs and biologics from the
IND regulations, provided these agents were distributed in complete compliance with
existing AEC regulations." The main purpose of the temporary exemption was to allow
the continued availability of radioactive drugs manufactured from reactor-produced radi-
onuclides until FDA and AEC could reach agreement on the establishment of effective
regulations that would minimize unnecessary duplication of regulatory control. The
exemption did not include naturally occurring or accelerator-produced radionuclides. The
temporary exemption was rescinded, in part, on November 3, 1971, when FDA actively
entered the regulatory arena by publishing NDA requirements for radioactive drugs."
The new regulations, as outlined in 21 CFR 310.503, identified specific reactor-produced
radioisotopes that for certain stated uses were no longer exempt from the new drug
regulations because they were considered well-established drugs in nuclear medicine
practice. Both FDA and AEC concluded that it was inappropriate for these radioactive
drugs to be distributed under a claimed IND exemption when they were clearly intended
for routine clinical use.' Therefore, manufacturers and distributors of these drug products
were required to submit adequate evidence of safety and effectiveness for use as recom-
mended in the product labeling.

During the regulatory transition period that followed, radiopharmaceutical manufac-
turers were allowed to distribute only those radioactive drug products for which FDA
had approved an NDA or biologic product license or accepted an IND application. Accord-
ingly, 52 NDAs for radiopharmaceuticals alone were submitted and approved by FDA
between 1971 and 1975, compared with a total of 31 drug (pharmaceutical) NDA approvals
between 1951 and 1970."” On July 25, 1975, FDA issued a final rule that totally revoked
the 1963 IND exemption and placed radiopharmaceuticals completely under FDA regu-
latory authority, as are all other drug products.'®

Another regulatory milestone was reached on January 19, 1975, when NRC and the
Energy Research and Development Administration (which later became the Department
of Energy) superseded AEC under the Energy Reorganization Act of 1974. Thus, NRC is
now responsible for all licensing and regulatory functions originally assigned to AEC by
the Atomic Energy Act of 1954 as amended. Even though NRC's authority covers radio-
active drug products containing reactor-produced byproduct materials, it does not include
the regulation of such products that contain naturally occurring or accelerator-produced
radionuclides, because these two categories are regulated by the states.

In most cases NRC has transferred its authority to conirol the use of reactor-produced
material to individual “agreement” states. Currently, there are 32 agreement states, 14
“nonagreement” states, and 2 states that have filed letters of intent with NRC to become
agreement states.” (The District of Columbia is treated as a nonagreement state.) Under
the current regulatory scheme, the agreement states regulate both reactor- and accelerator-
produced radioactive materials, the nonagreement states regulate only accelerator-pro-
duced materials, and NRC regulates only reactor-produced materials. It is important for
nuclear pharmacists to understand how this regulatory scheme applies to a wide variety
of medical and pharmacy practice settings.

REGULATORY AUTHORITY OF FDA AND NRC

After the termination of the 1963 exemption for radiopharmaceuticals from IND regula-
tions, FDA stated that it would regulate the safety and efficacy of radioactive drugs with
respect to patients. At the same time, NRC withdrew from regulating radioactive drug
safety and efficacy and stated that it would regulate the radiation safety of workers and
the general public.
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11979 NRC published the following three-part policy statement that it developed to
: the regulation of medical uses of radioisotopes (44 FR 8242, effective February 9,

NRC will continue to regulate the medical uses of radioisotopes as necessary to
provide for the radiation safety of workers and the general public.

. NRC will regulate the radiation safety of patients where justified by the risk to
patients and where voluntary standards or compliance with these standards is
inadequate.

. NRC will minimize intrusion into medical judgments affecting patients and into
other areas traditionally considered to be part of the practice of medicine.

policy states further in 44 FR 8242 that

’he NRC intends not to exercise regulatory control in those areas (regarding
antients) where, upon careful examination, it determines that there are adequate
egulations by other Federal or State agencies or well administered professional
itandards. The Commission recognizes that the FDA regulates the manufacture,
nterstate distribution, investigational, and research use of drugs, including radio-
sharmaceuticals, but does not have authority to restrict the routine use of drugs
fo the procedures (described in the product labeling) that the FDA has approved
as safe and effective. The NRC sees itself as the only Federal Agency that is
currently authorized to regulate the routine use of radioactive drugs from the
standpoint of reducing unnecessary radiation exposure to patients.

REGULATION OF POSITRON EMISSION TOMOGRAPHY DRUGS

itron emission tomography (PET) drugs are by definition radiopharmaceuticals that

¢ a radionuclide component consisting of a short-lived positron-emitting radioisotope.

» most common positron emitters currently used in the production of PET drugs are

. BN, %0, and *F; however, there are longer-lived positron emitters that may be used

clinical PET imaging in the near future. PET radiopharmaceuticals are discussed in

ail in Chapter 10 of this book.

The development of a suitable regulatory framework for PET drugs and the associated

aging technology has been quite challenging, owing to the unique nature of PET as a
dical imaging technology and the attempts of the federal government to apply regu-
ary policy devised for other, and often quite different, applications of medical technol-
y. The struggle to regulate PET drugs and imaging technology and the emerging reg-
ttory framework have been well documented. In 1998 Keppler and associates®
blished an excellent case study on PET regulation. The authors provide valuable theo-
ical perspective on why regulations exist, as well as analysis of why regulation of the
ituring PET industry has unfolded as it has. The insights provided in that article will
pport efforts to expand clinical PET and introduce new imaging technologies into health
re. The section of the article that summarizes the history of PET regulatlon is included
re, with permission. (To facilitate identification of the regulatory documents cited in the
iginal publication, the reference numbers have been edited to correlate with the reference

t provided at the end of this chapter.)

Before 1975, the Food and Drug Administration (FDA) had delegated the regulation
of the radiopharmaceutical industry to the Nuclear Regulatory Commission. When
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the FDA asserted its jurisdiction in 1975, it chose to regulate the industry substan-
tially the same way as the traditional drug industry. Therefore, the FDA began
evaluating new drugs—that is, radiopharmaceuticals—through investigational
drug applications. New drugs then were approved for use on the basis of sufficient
information provided in new drug applications.”’ The FDA would then enforce
current good manufacturing practices for production of the approved drug to
ensure quality. Early on, however, it was clear that the short half-lives of many of
the PET and other radiopharmaceuticals limited the traditional application of
production and manufacturing regulations.

In the late 1970s, the FDA established a subcommittee to evaluate the special
circumstances of these short-lived radiopharmaceuticals. Exemption from manu-
facturing regulations at the site of final use was considered for sites qualifying as
a nuclear pharmacy or a medical facility under the provisions of the Durham-
Humphrey amendment to the Food, Drug and Cosmetic Act. Thus, facilities pre-
paring radiopharmaceuticals could operate under these provisions, eliminating the
need to register with the FDA as a drug manufacturer for these activities. The
report detailing the exemption requirements, titled “Nuclear Pharmacy Guideline:
Criteria for Determining When to Register as a Drug Establishment” (Nuclear
Pharmacy Guidelines), was adopted by FDA in 1984.22 These guidelines not only
covered production activities for traditional nuclear medicine isotopes but also
described activities consistent with the preparation of PET isotopes.” The activities
detailed affirmed the practice of medicine and pharmacy.

In the 1980s, the concept of the “clinical” PET center developed because of the
promise of clinical usefulness shown with early trials of F-18 fluorodeoxyglucose
(FDG). At about the same time, the health care industry was in the midst of
transition. Hospitals were concerned about reductions in revenues because of
Medicare Diagnostic Related Group payment schemes and managed care. Private
sector insurance providers were faced with a rapidly rising cost base and were
cutting reimbursement rates. The capital commitment ($5-$7.25 million) required
to develop a clinical PET center made PET an unlikely venture for hospitals fearing
the future contraction of the industry.? Furthermore, the revenues that could be
proposed to offset the more than $2 million per year in operating expenses were
viewed as risky in part because its regulatory path and reimbursement potential
remained unclear.??

Many of those attending to these early clinical activities proposed using the
Nuclear Pharmacy Guidelines and the practice of medicine and pharmacy as the
basis for operations at the new or planned clinical centers. Concern centered only
on isotope approvals because PET scanners and the subsequently developed dual-
use or coincidence imaging devices received FDA clearance for marketing as “PET
devices,” grandfathered in with changes in device regulations. The concept of the
practice of medicine and pharmacy would allow a fast-track mechanism for clinical
utilization of these new PET compounds. Many in the physician and pharmacist
communities believed rationale existed for this approach, citing case law, the
amendments to the Food, Drug and Cosmetic Act, as well as the Nuclear Pharmacy
Guidelines and other FDA publications in support of the exemption for drugs not
intended for interstate commerce.* But as Coleman et al. pointed out, the FDA
contended then—and now—that the practice of medicine and pharmacy cannot
be applied to unapproved drugs.* The physician and pharmacist communities’
assertion that the practice of medicine and pharmacy should be the course of
regulations did not convince many hospitals to invest in this new technology.
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Industry representatives recognized that clarification of the regulatory, and thus
the reimbursement pathway for PET, was essential to commercial growth. A dia-
logue was initiated with the FDA, ostensibly to seek clarification of their position.
A less visible, but nonetheless plausible, concern of industry may have been that
if the FDA did not regulate the end drug, then it might instead regulate the

'~ equipment used to produce the isotopes.

In 1989, members of the PET industry reached consensus with the FDA on a
mechanism to regulate PET; the end users would develop new drug applications
for all PET radiopharmaceuticals. At that time, the user community did not want
the responsibility of organizing the data to obtain FDA approval, nor were pro-
spective data on the clinical use of PET available to submit for evaluation. More-
over, the community feared that the costs of filing the new drug applications as
well as bringing operations in line with manufacturing guidelines would be pro-
hibitive, limiting the clinical proliferation of the technology. Despite appeals from
the user community that an alternative approach be devised, the FDA began laying
out its plan for regulation. The FDA had little rationale to change its course.
Individual cyclotron sites would be expected to obtain new drug applications or
abbreviated new drug applications (the generic equivalent) and register as drug
manufacturing sites. In exchange for agreeing to their regulatory method, the FDA
promised to consider retrospective data in their review of the drug master file, to
review the data expeditiously, and to develop modifications of drug manufacturing
guidelines so they would be better suited to PET. The FDA clearly stated their
position: the practice of medicine and pharmacy would not be an acceptable
method of practice; it could be used only until the initial new drug application
was approved.

That the user community would be forced to comply with the FDA's plans was
clear by 1991. It was believed that the Health Care Financing Administration would
not act on a petition for PET reimbursement until FDG was approved, which led to
a continued lack of Medicare reimbursement. Therefore, the Institute of Clinical PET,
with funding from industry, led efforts to develop a single drug master file for FDG.
With the continued support of industry and the diligent efforts of members of the
community, a single PET site in Peoria, IL, filed a new drug application in 1992.

Neither the clinical drug master file nor the new drug application was reviewed
expeditiously, as promised. Additional prospective data reaffirming earlier conclu-
sions were required. Finally, the FDA approved the efficacy of FDG for a single
application (epilepsy) and, in 1994, the new drug application from the Peoria PET
facility. The FDA published a notice in the [Federal Register] in February 1995, which
detailed the process that sites should follow in filing their own new drug applica-
tions or abbreviated new drug applications. An approved status for sites would
be required or sites would face closure, a stance the FDA may have believed
necessary because of the degree of opposition already expressed by the community.

Fluorine-18-fluorodeoxyglucose was now approved by the FDA, but Medicare
reimbursement was still not forthcoming,. In fact rubidium-82, previously approved
by the FDA, at that time still had not been approved for coverage by the Health
Care Financing Administration. The status of FDA approval for PET did not bring
the reimbursement hoped for. Moreover, the technical requirements placed on the
Peoria facility by compliance with the new drug application and the FDA’s man-
ufacturing requirements were stringent and required substantial additional oper-
ating monies to sustain. The community and industry had serious concerns
whether, as now required by the FDA, PET sites could file abbreviated new drug

1

i
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Finished Pharmaceuticals: Positron Emission Tomography” published in the Federal

Register on April 22, 1997.2% The rescission was published December 19, 1997, in
the Federal Register®! Effectively the legislation reverts regulatory guidelines to
those provided in the 1984 Nuclear Pharmacy Guidelines until new guidelines are
established. In the interim, United States Pharmacopeia standards are to be met for
- drugs to be considered unadulterated.

Most importantly, a new Medicare approval process also resulted from the
political efforts. Despite lack of FDA approval, the Health Care Financing Admin-
istration agreed that Medicare would begin to cover PET scans for characterization
of solitary pulmonary nodules and initial staging of lung cancer as of January 1,
1998. It was agreed that a fast-track review of several other indications for PET,
including evaluation of brain tumors, myocardial viability, colorectal cancer, head
~ and neck cancer, Hodgkin’s lymphoma and ovarian cancer, would be initiated over
the next 18 months.

Inlate May 1998, although the prescribed regulatory process had not started in earnest,
discussions between the PET community and the Health Care Financing Administration
(HCFA) were under way to seek broader approval for use of ®F-fludeoxyglucose (**F-
FDG, previously referred to as ®F-fluorodeoxyglucose) in oncology, neurology, and car-
diology applications. As a result of the persistent collaborative efforts between the PET
community and HCFA, PET imaging reimbursement approvals have been dramatically
‘expanded over the past 5 years.® (HCFA was renamed the Centers for Medicare and
Medicaid Services [CMS] in 2000.%) The reimbursement approvals have allowed clinical
PET to grow substantially. More than 95,000 PET procedures were performed in the United
States during the fourth quarter of 2002, up 70% from the fourth-quarter 2001 estimate of
55,800 procedures.?* Although the use of PET imaging in routine health care is expanding
rapidly, significant regulatory issues persist.

As required by the FDA Modernization Act of 1997 (FDAMA), representatives from
the Institute of Clinical PET (ICP), United States Pharmacopoeia (USP), Society of Nuclear
Medicine (SNM), and Council on Radionuclides and Radiopharmaceuticals (CORAR)
have maintained a continuing collaborative dialogue with FDA in an attempt to define
the future approval process and requirements for all radiopharmaceuticals.? FDAMA
gave FDA 2 years, and not more than 4 years, from November 1997 to establish new
guidelines for the manufacture of PET drugs. The implied FDA deadline of November
- 2001 has passed, and the agency has not finalized such new guidelines. Consequently, the
PET community continues to prepare PET drugs according to applicable USP standards
without being required to file NDAs or abbreviated new drug applications (ANDAs) with
FDA. However, when the new FDA guidelines are published as a final rule in the Federal
Register, the medical community will have 2 years to bring itself into compliance with the
new regulations. Concerted efforts have been made to develop standards for regulating
PET drug production sites that take into account the genuine differences between com-
mercial production centers and nonprofit hospitals compounding PET drugs for on-site
use; however, FDA has consistently resisted, and these important differences will probably
be overlooked in the final rule. Clearly, there are still many regulatory issues to be resolved
regarding the production and clinical use of PET drugs, and the PET community must
continue to monitor regulatory developments and prepare for compliance in the near
future. It is particularly important that nuclear pharmacists monitor new developments
in the regulation of PET drugs. Descriptions of the current IND, NDA, and ANDA sub-
mission processes are available on FDA’s Web site. %
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ROLE OF FDA IN PUBLIC HEALTH PROTECTION

FDAMA (Public Law 105-115) affirmed FDA’s public health protection role and defined
the agency’s mission as follows: (1) to promote the public health by promptly and effi-
ciently reviewing clinical research and taking appropriate action on the marketing of
regulated products in a timely manner; (2) with respect to such products, to protect the
public health by ensuring that foods are safe, wholesome, sanitary, and properly labeled;
human and veterinary drugs are safe and effective; there is reasonable assurance of the
safety and effectiveness of devices intended for human use; cosmetics are safe and properly
labeled; and public health and safety are protected from electronic product radiation; (3)
to participate through appropriate processes with representatives of other countries to
reduce the burden of regulation, harmonize regulatory requirements, and achieve appro-
priate reciprocal arrangements; and, (4) as determined to be appropriate by the Secretary,
carry out items (1) through (3) in consultation with experts in science, medicine, and public
health, and in cooperation with consumers, users, manufacturers, importers, packers,
distributors, and retailers of regulated products.

FDA's public health protection role as defined in FDAMA is extremely broad. With
respect to the practices of medicine and pharmacy, the essence of the FDA mission is to
ensure the safety and efficacy of marketed drugs and medical devices. The process by
which this mission is achieved is authorized by Congress; formalized by codes, regula-
tions, and guidelines; and interpreted and implemented by scientists, lawyers, biostatis-
ticians, engineers, and project managers of varied backgrounds.® Thus, FDA plays a
significant role in the development and approval of all radiopharmaceuticals in clinical
use. FDA’s Center for Drug Evaluation and Research regulates formats for clinical trials
and review of radiopharmaceuticals prior to their approval for marketing.

INVESTIGATIONAL NEW DRUG PROCEDURES
FOR RADIOPHARMACEUTICALS

From the viewpoint of FDA, a “new drug” may be a new molecular (i.e., chemical) entity
that requires proof of safety and efficacy for its intended clinical use (i.e., an investigational
new drug) or a known entity that has been recently shown to be safe and efficacious for
an intended clinical use (i.e., an approved new drug). A new drug may also be a new
dosage form or new route of administration for an old drug (i.e., an approved drug that
has been marketed or sold on a prescription basis for a significant period of time), or an
old drug being used for a new clinical indication or purpose. Situations involving new
forms, routes, or uses of approved drugs occur only occasionally in clinical nuclear med-
icine practice.

Before 1962, there was no requirement to notify FDA that drugs were being tested in
humans. However, since the 1962 FDCA amendments, new drugs lacking NDA approval
and intended for investigational use in human subjects may not enter into interstate
commerce (commercial distribution) unless a responsible individual or a pharmaceutical
company sponsors well-controlled, scientifically designed safety and efficacy studies
under an FDA-accepted IND application (referred to simply as an IND). FDA authoriza-
tion must be secured in advance of the interstate shipment and administration of the new
drug to humans enrolled in the planned clinical studies.

The applicant, or “drug sponsor,” is the person or entity that assumes responsibility
for the marketing of a new drug, including responsibility for compliance with applicable
provisions of FDCA and all related regulations. The sponsor is typically an individual,
partnership, corporation, government agency, manufacturer, or scientific institution. In
many medical practice settings, including nuclear medicine, there is frequently no drug
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company interested in sponsoring and conducting important clinical investigations; there-
fore, the sponsor may be an institution-based physician, who is referred to as the “phy-
sician-sponsor” or “investigator-sponsor.” As an alternative, the investigator-sponsor may
be a clinical radiopharmacologist or nuclear pharmacist qualified by training and experi-
ence in the evaluation of new radioactive drug products.

PRECLINICAL RADIOPHARMACEUTICAL STUDIES

In the earliest phase of development of a radioactive drug product, data from animal
studies and data on manufacturing and quality control are collected and summarized for
eventual inclusion in an IND if the drug shows promise for use in humans. The data must
clearly establish that the radioactive drug is reasonably safe for administration to human
stibjects during the proposed clinical trials. Additionally, the actual procedures and meth-
ods used for generating and gathering the preliminary safety data must be described in
detail. Preclinical studies are conducted in relevant animal models to assess the drug’s
relative safety rather than its efficacy, although some potentially relevant efficacy data
may be obtained. Characterization and quantification of the radiochemical and radionu-
didic purity of the radioactive drug are essential for the evaluation of radiation dosimetry;
any trace radiocontaminants (including daughter radionuclides) and altered chemical
forms that might significantly influence biodistribution and radiation absorbed dose esti-
mates must be identified. Preclinical studies usually include studies of both biodistribution
and toxicity in animals. Animal biodistribution studies are used to determine normal organ
distribution patterns, assess translocation, and identify the routes and extent of radio-
pharmaceutical excretion. These data are essential for obtaining meaningful radiation
| absorbed dose estimates, the principal measure of radiopharmaceutical safety. Animal
toxicity studies usually focus on the potential chemical toxicities of components other than
the radionuclide, since only trace amounts of the radioactive element are typically present.
Acute toxicity tests are usually required in at least two animal species to determine the
acute LDs; (amount sufficient to kill 50% of a population of animals) and to demonstrate
the lack of acute toxicity at doses several orders of magnitude higher on a dose-per-
kilogram basis than those proposed for human studies using the same route of adminis-
tration. Subacute toxicity testing over a 2 to 3 week period in two animal species, a rodent
and a nonrodent, at several dosage levels is required to demonstrate adequate safety
‘margins relative to equivalent maximum clinical dosage. Chronic toxicity studies are
typically not required for radiopharmaceuticals, which are administered on a one-time
basis to most patients.

Investigators may obtain the required data from their own experiments, but gathering
the data can be quite challenging, costly, and time consuming. It may be advantageous to
use data from the literature or other valid sources when possible, if the investigator can
demonstrate that those data are applicable to the drug product under consideration (i.e.,
similar dosage form, same route of administration).

RADIOACTIVE DRUG RESEARCH COMMITTEE STUDIES

Limited use of radioactive drug products in human research subjects prior to FDA accep-
tance of an IND is allowed under specific conditions set forth in 21 CFR 361.1. Radioactive
drugs, as defined in 21 CFR 310.3(n), are generally recognized as safe and effective when
administered to human research subjects, under the conditions set forth in 21 CFR 361.1(b),
during the course of a research project intended to characterize the basic pharmacody-
namic and pharmacokinetic properties of the radioactive drug product. Data regarding
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the metabolism (including kinetics, distribution, and localization) of the radioactive drug
or regarding human physiology, pathophysiology, or biochemistry are extremely valuable.
However, such studies must not be intended for immediate therapeutic, diagnostic, or
similar purposes or intended to determine the safety and effectiveness of the radioactive
drug in humans. In other words, an investigator must not have clinical intent regarding
the medical care of subjects receiving the radioactive drug or carry out a clinical trial
under this set of regulations. Certain basic research (e.g., studies to determine whether a
drug localizes in a particular organ or fluid space and to describe the kinetics of that
localization) may have eventual diagnostic or therapeutic implications; however, the initial
studies are considered basic research within the meaning of this specific set of regulations.
Before these limited human studies are conducted, approval must be obtained from a
local or contract radioactive drug research committee (RDRC). The RDRC is composed
and approved by FDA in accordance with the regulations set forth in 21 CFR 361.1(c) that
govern committee membership, function, reports, approvals, and monitoring responsibil-
ities. Under the section describing reports that the RDRC must provide to FDA, there is
an important federal control point regarding the number of research subjects that may be
studied under these regulations. If at any time the RDRC approves a research proposal
that involves exposure of more than 30 research subjects, or of any research subject under
18 years of age, the committee must immediately submit a special informational summary
to FDA. The reporting of such RDRC approvals thus provides an opportunity for FDA to
intervene if necessary. This may explain why most committees encourage protocols
requesting fewer than 30 adult research subjects when appropriate and discourage the
use of individuals under age 18 unless absolutely necessary. As a practical rule, the RDRC
may choose to approve studies in only a few subjects (e.g., six) and require the investigator
to report these results before additional studies are approved. In this way, the RDRC can
ensure that the number of subjects is kept to the minimum needed to answer pertinent
scientific questions. Standards set forth in 21 CFR 361.1(d) are used by the RDRC to
determine if the pharmacologic dose and radiation dose are within the required limits
and that the radiation exposure is justified by the quality of the proposed study and the
importance of the information it seeks to obtain. The RDRC must also ensure that other
requirements are in place regarding qualifications of the investigator, proper radioactive
material licensure, selection and consent of research subjects, quality of radioactive drug
product used, research protocol design, reporting of potential adverse reactions, and
approval by an appropriate local or contract institutional review board (IRB).
Compliance with strict pharmacologic dose limits is compulsory in the conduct of
human research under an RDRC approval. The amount of active ingredient or combination
of active ingredients to be administered must be known not to cause any clinically detect-
able pharmacologic effect in humans. This fundamental regulatory principle implies that,
in the absence of any known human pharmacology data, the study cannot be approved
by the RDRC nor conducted by the investigator simply because there are no human data,
and the active ingredient will be administered only in minuscule trace amounts. The lack
of human data is most often the single reason why potential RDRC studies cannot be
approved. In a few isolated cases, investigators have successfully undertaken IRB-
approved subpharmacologic dose studies in humans using a nonradioactive form of the
active ingredient to demonstrate the lack of clinically detectable pharmacologic effects.
Once a subpharmacologic dose was determined and made available to the RDRC, it served
as the basis for approval of studies that had otherwise satisfied all RDRC requirements.
If such a pathway is approved by the RDRC and undertaken by the investigator, both
must recognize that without proper operational controls and safeguards, the dose of active
ingredient could theoretically exceed the established subpharmacologic threshold. For
example, if short half-life positron-emitting "'C is the radionuclide component of a very
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Estudy drug, the actual mass of active ingredient in the administered human dose
dramatically with time after synthesis, resulting in the potential administra-
f a pharmacologic dose. In this case, it is critically important to require that the
mount of the active ingredient in any batch of the radioactive drug be substantially
the established subpharmacologic threshold. Finally, when the same active
ient without the radionuclide component is administered simultaneously under
D or in accordance with the approved labeling for a therapeutic drug, the total
it of active ingredients including the radionuclide must be known not to exceed
pse limitations applicable to the separate administration of the active ingredients
ding the radionuclide.
e regulations governing RDRC studies also impose important limits on acceptable
fion dose. These limits are significantly more restrictive than those allowed under
approved studies, perhaps because normal volunteer populations are most frequently
‘and enrolled in RDRC studies. The key here is that the amount of radioactive
ll to be administered must be such that human research subjects receive the mini-
practical radiation dose necessary to perform the study without jeopardizing the
ts to be gained from each study. If the single-study or cumulative multiple-study
fion dose to an adult research subject in a given year is below the levels specified in
:’g;_- ilations, the study can be recognized as safe and thus approved by the RDRC.
dingly, the whole body, active blood-forming organs, lens of the eye, and gonads
not receive more than 3 rem from a single dosage or an annual and total dose
pitment of 5 rem. Other organs may not receive more than 5 rem from a single dosage
annual and total dose commitment of 15 rem. Occasionally, investigators may wish
t studies in research subjects less than 18 years of age. This is possible; however,
adiation dose cannot exceed 10% of the specifications for adult subjects. All sources
llation exposure associated with each study must be included in the determination
fal radiation doses and dose commitments. Therefore, exposures from all radioactive
ionents in the drug product must be included in this determination, whether they
ntial or present as significant contaminants or impurities. Radiation doses from x-
edures that are part of the research protocol must be included. Finally, the numer-
definitions of dose must be based on an absorbed-fraction method of radiation
bed dose calculation. The RDRC is required to use either the Medical Internal Radi-
i Dose (MIRD) or the International Commission on Radiological Protection (ICRP)
m for these calculations.
mvestigators who decide to conduct studies under RDRC approval must realize there
d reasons for ensuring that such studies are well designed, controlled, and man-
ce the data could become critically important at some later date. According to 21
861.1 (e), the results of any research conducted under an RDRC approval become
of any clinical evaluation of the radioactive drug product pursuant to 21 CFR 312,
pecifies the requirements for submitting INDs. Therefore, if at any point the intent
DRC-approved study is altered in any way to begin use of the radioactive drug in
al trial, the RDRC must immediately call for the termination of the study and
the investigator to obtain an IND before additional human subjects are studied.
ary of all study results must be reported to the RDRC, and this report must be
art of the IND submitted to FDA.
ording to 21 CFR 361.1(f), radioactive drugs prepared, packaged, distributed, and
ly intended for use in RDRC studies are exempt from misbranding (FDCA
(1)) and requirements for adequate directions for use (21 CFR 201.5, 201.100) if the
o, label, and labeling are in compliance with federal, state, and local law regarding
ive materials and if the label of the immediate container and shielded container,
y, either separate from or as part of any label and labeling required for radioactive
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materials by NRC or by state or local radiologic health authorities, bear certain specific
information. Two important legal statements are required in the labeling: “Caution: Federal
law prohibits dispensing without prescription” and “To be administered in compliance
with the requirements of Federal regulations regarding radioactive drugs for research use
(21 CFR 361.1).” There are numerous other requirements that may seem impractical but
nevertheless must be satisfied to ensure full compliance. The published regulations pro-
vide details and list all labeling requirements for radioactive drugs used under RDRC

approval.

THE INVESTIGATIONAL NEW DRUG APPLICATION

The IND is an application that a drug sponsor must submit to FDA before beginning a
clinical trial with a new drug in humans. It is not an application for marketing approval.
Technically, it is a request for exemption from the federal statute that prohibits an unap-
proved drug product from being shipped in interstate commerce. Federal law requires
that a drug be the subject of an approved marketing application before it is transported
or distributed across state lines. Because a drug sponsor will almost certainly ship the
investigational drug to several clinical sites in multiple states, an exemption must be
obtained to satisfy this legal requirement. The IND is the means through which a sponsor
obtains an exemption from FDA.

The main purpose of the IND is to provide detailed plans for well-controlled clinical
drug studies in human subjects. It gives an overview of all that is currently known about
the investigational drug product, including its structural formula, animal test results,
human data, if any, and manufacturing information. Thus, an IND is typically quite
lengthy and is labor intensive despite the use of innovative electronic processing systems.
Most important, the IND serves as the basic documentation for FDA’s acceptance of
proposals to initiate clinical investigations in human subjects.

There are several types of INDs. Pharmaceutical companies submit commercial INDs
with the ultimate goal of obtaining marketing approval for a new drug product. Most
INDs, however, are noncommercial; they are filed in support of conducting clinical
research, with no intent to obtain marketing approval. Three types of noncommercial INDs
may be submitted to FDA for acceptance prior to conducting clinical investigations: the
investigator IND, the emergency use IND, and the treatment IND.

A physician who wishes to both initiate and conduct a clinical investigation witha
new drug product submits the investigator IND. For this reason, the investigator IND is
sometimes referred to as a physician-sponsored IND. Under this type of IND the physician
also accepts immediate responsibility for directing the preparation, dispensing, and
administration of the investigational drug product. A physician might also wish to submit
an investigator IND to conduct studies of an unapproved drug, or an approved product
for a new indication or in a new patient population.

A physician may obtain an emergency use IND when urgent medical conditions occut
and patients may benefit from the use of an investigational drug product. With this type of
IND, FDA authorizes use of an investigational drug in an emergency situation when timei
insufficient for submission and review of an IND in accordance with 21CFR 312.23 or 312.2
The emergency use IND may also be useful for patients who do not meet the inclusion criteria
of an existing clinical study protocol, or when there is no approved study protocol.

A treatment IND may be submitted for investigational drugs showing promise it
clinical testing for serious or immediately life-threatening conditions during the pe
when the final clinical work is being conducted and FDA review takes place. The treatm
IND is thus a mechanism that allows promising investigational drugs to be used in
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‘expanded-access” protocols—relatively unrestricted studies whose intent is both to learn
more about the drugs, especially their safety, and to provide treatment for people with
mmediately life-threatening or otherwise serious diseases for which there is no real
alternative. These expanded-access protocols require researchers to formally investigate
&he drugs in well-controlled studies and to supply some evidence that the drugs are likely
n be helpful. Of course, the drugs cannot expose patients to unreasonable risk. There are
only a few therapeutic radiopharmaceuticals in development, and treatment INDs for
these important orphan therapy agents have been accepted by FDA.

THE IND PROCESS

The current general regulatory dicta for all IND submissions are found in CFR 21, Subparts
312.1 through 312.70. FDA's Center for Drug Evaluation and Research (CDER) has several
on-line resources that summarize IND content, format, and classification and the IND
review process.®

Given the nature of this set of regulations, securing an IND approval is a lengthy,
labor-intensive process that is underappreciated by the novice who has never before
accepted this responsibility. Novices may wonder where and how to initiate the intricate
process of preparing and submitting an IND; two key FDA regulatory forms not only
guide the process well but serve as both the starting and ending points. The process of
securing an IND approval should in all cases revolve around the creation and assembly
mf the required documentation identified in Form FDA-1571, Investigational New Drug
‘Application (IND) (21 CFR 312.23(a)(1)), and Form FDA-1572, Statement of Investigator
(21 CFR 312.53(c)(1)). Both of these forms, with supporting documentation, must be part
Lof the IND submission, and both are available from the FDA Web site.? Form FDA-1571
erves as the cover sheet for the entire IND submission document. Table 7-1 lists the
information requested by the January 2003 version of this form. Form FDA-1572 serves
las a means for the IND sponsor to document that investigators are appropriately qualified
and sufficiently informed to begin participation in the clinical investigations. Table 7-2
lists the information requested by the January 2003 version of this form. Both forms warn
that a willfully false statement is a criminal offense in accordance with U.S.C. Title 18,
Section 1001.

Each of these forms states that the estimated “public reporting burden” for collecting
the information is 100 hours, including the time for reviewing instructions, searching
existing data sources, gathering and maintaining the data needed, and completing and
reviewing the collected information. However, the time required can easily surpass this
estimate, and the novice sponsor or investigator should plan accordingly and consider
seeking assistance from someone experienced in IND applications.

After the completed IND is submitted to CDER, the sponsor must wait 30 calendar
ans before initiating any clinical trials. During this period, CDER must review the IND
for safety to ensure that research subjects will not be subjected to unreasonable risk. If
'CDER concludes that the clinical trials present unreasonable risk to subjects, or if the data
are insufficient to make such a determination, the IND will be placed on clinical hold and
the reviewing division will contact the sponsor within the 30-day period. Customarily,
drug review divisions do not contact the sponsor if no concerns arise about drug safety
and the proposed clinical trials. Therefore, if the sponsor hears nothing from CDER by
day 31 after submission of the IND, the study may proceed. Figure 7-1 presents an
‘overview of this review process; a detailed, interactive version of this chart, including an
‘explanation of how CDER determines if a drug product is suitable for use in clinical trials,

is available online.*

"!:I
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TABLE 7-1 Information Requested by Form FDA-1571, Investigational New Drug Application

. Name of sponsor

. Date of submission

Address (number, street, city, state, and ZIP code)

. Telephone number

. Name(s) of drug, including all available names such as trade, generic, chemical, and code

IND number if previously assigned

. Indication(s) covered by the submission

. Phase(s) of clinical investigation to be conducted

. List of numbers of all INDs (21 CFR Part 312), new drug or antibiotic applications (21 CFR Part 314), drug

master files (21 CFR 314.420), and product license applications (21 CFR 601) referenced in the application

10. Consecutive or serial number assigned to the submission

11. Checklist indicating purpose of submission. If the submission includes a request for a treatment IND (21

CEFR 312.35(b)), treatment protocol (21 CFR 312.35(a)), or charge request/notification (21 CFR 312.7(d)), a

justification must be attached satisfying the elements specified in the cited CFR section

12. Checklist identifying items included in the initial application. Form FDA-1571 (21 CFR 312.23(a)(1)), the table
of contents (21 CFR 312.23(a)(2)), and several other critical documentation sections are necessary to facilitate
both the clinical review and the nonclinical review of the IND submission. The introductory statement (21
CFR 312.23(a)(3)), the general investigational plan (21 CFR 312.23(a)(3)), the investigator’s brochure (21 CER
312.23(a)(5)), and the protocol(s) (21 CFR 312.23(a)(6)) are the main subject of the clinical review. The key
protocols for clinical review include study protocol(s) (21 CFR 312.23(a)(6)), investigator data (21 CFR
312.23(a)(6)(iii)(b)) or completed Form FDA-1572, facilities data (21 CFR 312.23(a)(6)(iii)(b)) or completed
Form FDA-1572, and IRB data (21 CFR 312.23(a)(6)(iii)(b)) or completed Form FDA-1572. The nonclinical
review focuses primarily on the chemistry, manufacturing, and control (CMC) data (21 CFR 312.23(a)(7)), the
pharmacology and toxicology data (21 CFR 312.23(a)(8)), previous human experience data (21 CER
312.23(a)(9)), and any additional information (21 CFR 312.23(a)(10)).

13. Statement identifying contract research organization (CRQ) involvement or transfer of sponsor obligations
to CRO. The attached statement should contain the name and address of the CRO, identification of the
clinical study, and a list of the obligations transferred. If all obligations governing the conduct of the study’
have been transferred, a general statement of this transfer—in lieu of a list of the specific obligations

[CIR-RRE I

transferred—may be submitted.
14. Name and title of person responsible for monitoring the conduct and progress of the clinical investigations:

15. Name(s) and title(s) of person(s) responsible for review and evaluation of information relevant to the safety
of the drug. The form lists the following sponsor commitments: agreement not to begin clinical investigations
until 30 days after FDA's receipt of the IND unless otherwise notified by FDA that studies may begin; not
to begin or continue clinical investigations covered by the IND if those studies are placed on clinical hold;
that an institutional review board (IRB) that complies with the requirements set forth in 21 CFR Part 56 will
be responsible for the initial and continuing review and approval of each of the studies in the proposed
clinical investigation; and to conduct the investigation in accordance with all other applicable regulatory

requirements

16. Name of sponsor or sponsor’s authorized representative

17. Signature of sponsor or sponsor’s authorized representative

18. Address (number, street, city, state and ZIP code). If the person signing the application does not reside o
have a place of business within the United States, the IND is required to contain the name and address of
and be countersigned by, an attorney, agent, or other authorized official who resides or maintains a place of

business within the United States.

19. Telephone number
20. Date of signature

CLINICAL RADIOPHARMACEUTICAL STUDIES

Clinical research in human subjects must be conducted under an FDA-accepted IND
generally consisting of three temporal phases. These developmental phases may be com:
bined for a number of practical reasons and therefore may not be distinct. Phase 1 studies;
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ABLE 7-2 Information Requested by Form FDA-1572, Statement of Investigator

1. Name and address of investigator

. Education, training, and experience that qualifies the investigator as an expert in the clinical investigation
of the drug for the use under investigation. A curriculum vitae or other statement of qualifications must be
provided as an attachment.

3. Name and address of any medical school, hospital, or other research facility where the clinical investigation(s)
will be conducted

4, Name and address of any clinical laboratory facilities to be used in the study

5. Name and address of the IRB responsible for review and approval of the study(ies)

6. Names of subinvestigators (e.g., research fellows, residents, associates) who will be assisting the investigator
7. Name and code number, if any, of the protocol(s) in the IND identifying the study(ies) to be conducted by
the investigator

8. As attachments, the clinical protocol(s) for each planned phase of study. For Phase 1 investigations, a general
outline of the planned investigation, including the estimated duration of the study and the maximum number
of subjects that will be involved. For Phase 2 or 3 investigations, an outline of the study protocol, including
an approximation of the number of subjects to be treated with the drug and the number to be employed as
controls, if any; the clinical uses to be investigated; characteristics of subjects by age, sex, and condition; the
kind of clinical observations and laboratory tests to be conducted; the estimated duration of the study; and
copies or a description of case report forms to be used.

9. A commitment by the investigator agreeing to do the following: conduct the study(ies) in accordance with
the relevant, current protocol(s) and make changes in a protocol only after notifying the sponsor, except
when necessary to protect the safety, rights, or welfare of subjects; personally conduct or supervise the
described investigation(s); inform any patients, or any persons used as controls, that the drugs are being
used for investigational purposes and ensure that the requirements relating to obtaining informed consent
in 21 CFR Part 50 and IRB review and approval in 21 CFR Part 56 are met; report to the sponsor adverse
experiences that occur in the course of the investigation(s) in accordance with 21 CFR 312.64; read and
understand the information in the investigator’s brochure, including the potential risks and side effects of
the drug; ensure that all associates, colleagues, and employees assisting in the conduct of the study(ies) are
informed about their obligations in meeting the above commitments; maintain adequate records in
accordance with 21 CFR 312.62 and make those records available for inspection in accordance with 21 CFR
312.68; ensure that an IRB that complies with the requirements in 21 CFR Part 56 will be responsible for the
initial and continuing review and approval of the clinical investigation and that the investigator will promptly
report to the IRB all changes in the research activity and all unanticipated problems involving risks to human
subjects or others, and will not make any changes in the research without IRB approval, except where
necessary to eliminate apparent immediate hazards to the human subjects; and comply with all requirements
regarding the obligations of clinical investigators and all other pertinent requirements in 21 CFR Part 312.
10. Signature of investigator

11. Date of signature

known as clinical pharmacology studies, are carefully controlled and well documented,
because they most often involve the initial administration of the radioactive drug product
to a limited number of human subjects. Children and pregnant or lactating females must
be excluded from Phase 1 studies. For diagnostic radiopharmaceuticals, normal volunteers
may be ideal; however, it may also be desirable and appropriate to enroll diseased subjects
in the study. When therapeutic radiopharmaceuticals are being evaluated, only diseased
patients should be enrolled. The goal of these initial human studies is to determine
absorption, normal biodistribution patterns, organs receiving maximal concentrations,
extent of metabolism, route of excretion and half-life, potential toxicity, preferred route of
administration, optimum imaging and sampling times, and optimal and safe dosage range.
Avariety of clinical laboratory tests may be required for the assessment of safety. Radiation
absorbed dose should be kept as low as practical for these studies; however, an adequate
number of usable particles or photons should be available to ensure that statistically
significant images or counting results are obtained with the instrumentation used. When
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applications and bring their operations into similar good manufacturing practices
at a reasonable cost. Although the new drug application, sponsored by a consor-
tium of industry, was now available to PET sites, no easy path existed for centers
to comply with FDA oversight.

Since then, the business, physician, and pharmacist communities petitioned the
FDA to modify their position. State boards of pharmacy have supported the prac-
tice of medicine and pharmacy approach, and most of the commonly used cyclo-
tron-produced clinical compounds have been added to the United States Pharma-
copeia. Individuals and professional societies, such as the Institute of Clinical PET,
proposed alternative regulatory mechanisms to the FDA directly, methods not
requiring hospital pharmacies to register as manufacturing facilities. A commercial
radiopharmacy company filed a citizen’s petition requesting that the FDA evaluate
equipment approvals rather than manufacturing site approvals. This same com-
pany filed a lawsuit against the FDA for alleged rule-making violations and for
not responding to the community’s stated concerns. The initial ruling on this
lawsuit was in favor of FDA, stating that the FDA acted within its purview to
create rules. Recently, the United States Court of Appeals overturned the earlier
ruling, affirming that the FDA had indeed violated rule-making requirements.”

Efforts such as these had failed to modify the FDA’s stance. Although indica-
[ tions were forthcoming from the FDA that some modifications to manufacturing
process would be possible, they would not willingly retreat from their overall
position. As anticipated in the December 1994 citizen’s petition, the regulatory
challenges have dramatically impeded the clinical practice of PET. Nearly 10 years
after use of FDG became acceptable clinical practice in the minds of experienced
physicians, FDG was still not broadly available.

Relief came through attempts to influence regulatory policy through legislative
initiatives. Efforts focused on both circumventing one of the levers that the FDA
was using to force compliance (Health Care Financing Administration approval
for reimbursement of Medicare patients) and legislating changes in the mandate
to the FDA with respect to PET. Reform of the process for the approval and
oversight of the manufacturing of radiopharmaceuticals was accomplished legis-
latively through the recently passed FDA Modernization Act of 1997 (“FDA
reform” act).?® The legislation contains specific language requiring the FDA to
adopt “appropriate” procedures for approval of PET new drug applications and
abbreviated new drug applications and “appropriate” current good manufacturing
practices. These procedures and practices are to be determined jointly by the FDA,
industry, and the user community. In addition, the FDA is required to take “due
account of any relevant differences between commercial PET centers and not-for-
profit PET facilities, with the hope of reducing the costs of coming into regulatory
compliance at the hospital level.” During the time period that these new processes
are developed and for 2 years thereafter, neither new drug applications nor abbre-
viated new drug applications are required as the medical community brings itself
into compliance with the new regulations.?®

The legislation rescinded all of the recent rules published by the FDA on PET,
including the notices entitled “Regulation of Positron Emission Tomography
Radiopharmaceutical Drug Products: Guidance,” published in the Federal Register
on February 27, 1995; “Draft Guidelines on the Manufacture of Positron Emission
Tomography Radiopharmaceutical Drug Products: Availability,” published Febru-
ary 27, 1995; and a final rule entitled “Current Good Manufacturing Practice for




176 Radiopharmaceuticals in Nuclear Pharmacy and Nuclear Medicine

Applicant (Drug Sponsor)

-

IND

Review by CDER

¥ : v !

Medical Chemistry Ph:;;?:;ggfw Statistical

- | | l
v

Sponsor Submits
New Data
h

Safety Review |«

Safety
Acceplable No Clinical
for Study to Hold Decision
Proceed?

No Yes
Yes

Complete Reviews Notify Sponsor

Spensor Notified

Complete and
of Deficiencies

Acceptable?

A 4

No Deficiencies $| Study Ongoing®

* While sponsor answers any deficiencies

FIGURE 7-1 Process for reviewing investigational new drug applications (INDs) (http:/ /www.fda.
gov/cder/handbook/ind.htm).

imaging is performed, imaging times must be reasonable to prevent potential image
degradation due to patient motion.

Phase 2 studies, known as clinical investigations, are designed to extend the safety
evaluation of the radiocactive drug product in a larger but controlled number of subjects
for a specific disease state and to provide initial evidence of diagnostic or therapeutic
efficacy. Phase 2 studies often require extensive laboratory testing, but somewhat less than
is required for Phase 1.

Phase 3 studies, known as clinical trials, require the study of sufficient numbers of
patients by two or more investigators to expand the evidence of the drug’s safety and
effectiveness and desirable dosage and to establish directions for use in the diagnosis or
treatment of a specific disease. A risk-versus-benefit assessment is also made during this
phase. Phase 3 studies typically require significantly less laboratory testing than is required
in Phase 1 and 2 testing. The Phase 3 clinical trial protocol, with minor to moderate
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modification, often becomes the recommended clinical protocol once the radioactive drug
product is approved by FDA for general marketing.

Upon completion of all required studies for each phase of development, the sponsor
of the new drug (the pharmaceutical company) submits supporting data to FDA in the
form of a new drug application (NDA), which must be approved before the drug may be
sold for routine clinical use. Phase 4 studies, also known as therapeutic use or postmar-
keting studies, may be required by FDA as a condition of approval, or they may be
onducted on a voluntary basis by the drug sponsor wishing to get to market efficiently
with a single approved indication and then seek approval for additional indications after
marketing. Thus, Phase 4 studies relate to the original approved indication but go beyond
the prior demonstration of the drug’s safety, effectiveness, and dose range definition. FDA
seldom requires Phase 4 studies of new diagnostic radiopharmaceuticals, and sponsors

o optimize the drug’s use and maximize the market potential of the original indication.

PHYSICIAN-SPONSORED IND APPLICATIONS

As stated previously, an IND is usually sponsored either by a pharmaceutical company
‘that enlists a group of investigators to conduct the study or by a physician. Often the
physician-sponsored IND is a necessary pathway for the investigator who wishes to
conduct human studies with a drug product that otherwise has no true sponsor. Such so-
called “orphan drugs” have medical applications but have potential utility in very limited
numbers of patients with relatively rare conditions or diseases, making the drugs unap-
pealing candidates for the costly and time consuming IND-NDA approval process.
Radiopharmaceuticals can easily fall into the orphan drug category, and this issue has
been identified and addressed in the literature#! In 2002, it cost an estimated $802 million
and took about 15 years to get a drug product from the laboratory to the marketplace.*
Ifa “blockbuster” radioactive drug product could be brought to market rapidly for only
10% of this estimated cost, it would still be a challenge to attract a company to sponsor
the drug’s commercial development. For orphan drugs, an abbreviated form of IND
‘submission is acceptable, and the sponsoring physician can deal directly with FDA. This
enables both the investigator and FDA to accumulate data on safety and efficacy that can
‘be shared with other physicians. If these studies can demonstrate potential utility in
additional medical conditions or diseases, there is greater likelihood of a pharmaceutical
‘company sponsor bringing the drug product to market. As a further economic incentive,
and as specified in the Orphan Drug Act (Public Law 97-414), which amended the Food,
Drug, and Cosmetic Act as of January 4, 1983, companies that sponsor orphan drugs and
bring them to market may qualify for certain tax breaks and a guarantee of market
exclusivity for up to 7 years after drug approval.* FDA approval of diagnostic iobenguane
sulfate I 131 (**!I-MIBG) is an example of how this process can facilitate the commercial
development of orphan radiopharmaceutical drug products.

The need to use a radiopharmaceutical without an approved NDA or to use an
approved agent for an unapproved use or by a different route of administration occasion-
ally arises in nuclear medicine practice. In such cases the question of the need to file a
physician-sponsored IND also arises. Depending on the circumstances of use, composition
of the radiopharmaceutical, and type of radioactive materials license, an IND may or may
not be required. Such questions are difficult to resolve because of the numerous regulations
and regulatory bodies (Figure 7-2) that govern the use of radiopharmaceuticals and the
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FIGURE 7-2 Regulatory environment for the medical use of radiopharmaceuticals, involving the
federal Nuclear Regulatory Commission (NRC), Food and Drug Administration (FDA), Environ-
mental Protection Agency (EPA), Occupational Safety and Health Administration (OSHA), and
Department of Transportation (DOT).

overlap and inconsistencies among regulations.* These issues are addressed in an article
by Swanson and Lieto,* which provides specific examples that help clarify when and why
a radiopharmaceutical IND may be required.

THE NDA PROCESS

Since 1938, the regulation and control of new drugs by FDA has been based on the new
drug application (NDA). Thus, for many decades every new drug in the United States
has been subject to NDA approval prior to marketing. The NDA is the vehicle through
which drug sponsors formally propose that FDA approve a new drug for human use and
for sale and marketing in U.S. interstate commerce. The goal of the NDA is to provide
enough well-organized information to permit FDA reviewers to conclude that (1) the
product is safe and effective for its proposed use(s), and potential benefits outweigh the
associated risks, (2) the proposed product labeling (i.e., the package insert) is suitable and
contains sufficient information to promote safe use, and (3) the methods used in manu-
facturing the drug and the controls used to maintain the drug’s quality are adequate to
preserve the drug’s identity, strength, quality, and purity. The documentation required in
the NDA must convey the entire developmental history of the drug product. The data
gathered in preclinical studies in animals and clinical trials in humans under the IND
become a substantial part of the NDA. In addition, the NDA must identify the drug
product ingredients, how the drug behaves in the body, and how it is manufactured,
processed, and packaged. General requirements for an NDA submission are specified i
21 CFR, Subparts 314.1 through 314.170. To facilitate understanding of this complicated
process, FDA’s CDER has on-line resources that summarize NDA content, format, and
classification and the NDA review process.* Figure 7-3 provide an overview of this review
process; a detailed, interactive version of this chart, including an explanation of how CDER
determines the benefit-to-risk profile of a drug product prior to marketing approval, is
available online.*

Pharmacists and nuclear pharmacists are well qualified to participate in the complex
but necessary U.S. drug approval process. Traditionally, however, most nuclear pharma-
cists practice in settings that neither require nor provide the occasion for their direct
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FGURE 7-3 The new drug application (NDA) approval process (hitp:/ /www.fda.gov /cder/handbook/
nda.htm).

participation in IND-NDA preparation, approval, and management. Nevertheless, grow-
ing numbers of experienced nuclear pharmacists working for commercial companies,
- academic medical centers, and the federal government are playing key roles in a vital
translational regulatory process that is being applied to PET drug products, a unique and
important class of radiopharmaceuticals that is key to developing and expanding the
potential of molecular imaging technologies. Therefore, nuclear pharmacists should con-
sider participating in the preparation of FDA IND-NDA applications for a variety of PET
drugs, especially those with current USP monographs (Table 7-3).

Since the Peoria, [llinois, ®F-FDG NDA already exists, the potential next step for other
BE-FDG manufacturing facilities will be to prepare, submit, and gain approval of site-
specific abbreviated new drug applications (ANDAs), since each facility will be seeking
approval to produce what FDA will view as a generic PET drug product.
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TABLE 7-3 PET Radiopharmaceuticals with
Monographs in The United States Pharmacopeia

Ammonia N 13 Injection
Carbon Monoxide C 11
Fludeoxyglucose F 18 Injection
Flumazenil C 11 Injection
Fluorodopa F 18 Injection
Mespiperone C 11 Injection
Methionine C 11 Injection
Raclopride C 11 Injection
Sodium Acetate C 11 Injection
Sodium Fluoride F 18 Injection
Water O 15 Injection

ABBREVIATED NEW DRUG APPLICATIONS FOR PET DRUGS

An ANDA for submission to the CDER Office of Generic Drugs provides for the review
and approval of a generic drug product.”” After approval, an applicant may manufacture
and market the generic product to provide the public with a safe, effective, and potentially
lower-cost alternative. By definition, a generic drug product is comparable to an innovator
drug product in dosage form, strength, quality, administration route, performance char-
acteristics, and intended clinical use. Generic drug applications are termed “abbreviated”
because they are generally not required to include preclinical (animal) and clinical (human)
data to establish safety and effectiveness. Instead, ANDA applicants must scientifically
demonstrate that their product is bioequivalent (i.e., performs in the same manner as the
innovator drug). Bioequivalence is most often demonstrated by measuring the time it
takes the generic drug to reach the bloodstream in healthy volunteers. These studies
provide data on the rate of absorption, or bioavailability, of the generic drug, which can
then be compared with that of the innovator drug. To be considered bioequivalent, the
generic version must deliver the same amount of active ingredients into the bloodstream
in the same amount of time as the innovator drug. Since radiopharmaceuticals are different
from other drug products, FDA has provided guidance documents regarding the content
and format of NDAs and ANDAs for PET radiopharmaceutical drug products.*’4%

IND-NDA-ANDA REVIEW PROCESS FOR RADIOPHARMACEUTICALS

A team of FDA medical officers at CDER initiates the extensive review process for each
submitted radiopharmaceutical IND and NDA. In the near future, the FDA medical team
will also be responsible for reviewing each submitted PET drug ANDA, most of which
will be for ¥F-FDG. FDA medical officers have previously described the pathway for FDA
review and approval of new radiopharmaceuticals.® The guidance, concepts, and principal
elements identified by these experts can be of great assistance to individuals charged with
the task of gaining FDA clearance for production, clinical evaluation, and eventual mar-
keting of new or generic radiopharmaceutical products.

Radiopharmaceuticals, whether intended for diagnostic imaging procedures or ther-
apeutic applications, differ significantly from other pharmaceuticals used for therapeutic
interventions. The most obvious and important differences between these two types of
drugs are the frequency of administration, pharmacologic response, pharmacokinetics,
and pharmacodynamics. The FDA review team will pay particular attention to the unique
aspects of radiopharmaceuticals.
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The IND-NDA review process generally has two parts, the nonclinical review and the
medical or clinical review. The nonclinical review includes assessment of pharmacology
and toxicology, chemistry, and safety and efficacy biostatistics, whereas the clinical review
focuses on overall study safety, rights of human subjects, and quality of the scientific
evaluation to be conducted during Phases 1, 2, and 3 of the planned clinical trials.

Nonclinical Review
Pharmacology and Toxicology Review

Both pharmacologists and toxicologists serve on the review team to evaluate the results
of animal testing and attempt to relate drug effects in animals to potential effects in
humans. 21 CFR 312.23(8) and 314.50(2) require the inclusion of a section describing the
pharmacologic effects and mechanism(s) of action of the drug in animals and information
regarding the absorption, distribution, metabolism, and excretion of the drug, if known.
The regulations do not further describe the data to be presented, in contrast to the more
detailed description of how to submit toxicologic data. A pharmacology summary report,
without individual animal records or individual study results, usually satisfies this
requirement. Diagnostic radiopharmaceuticals seldom elicit a detectable pharmacologic
response, because only a trace mass of the radiopharmaceutical is typically required. For
essentially the same reason, the toxicity of diagnostic agents due to the radionuclide moiety
is seldom a significant concern; however, the potential toxicity of a chemical moiety or
other chemical components must still be adequately addressed. Therefore, the customary
biodistribution and excretion studies in separate animal species are principally designed
to obtain essential data for the required calculation of radiation dosimetry estimates that
establish relative safety. The ideal approach to estimating dosimetry is to determine the
concentration of the radiopharmaceutical in all major organs, tissues, and blood at selected
times subsequent to administration of the radioactive drug product to selected test animal
species. From the cumulative animal data, the organs receiving the highest radiation
absorbed dose can be identified, the blood-to-organ ratios can be calculated, and, for
imaging purposes, target-to-nontarget concentrations can be readily established. The eval-
uation process for therapeutic radiopharmaceuticals is similar to that for conventional
therapeutic drugs designed to yield pharmacologic effects. In addition to evaluation of
the pharmacokinetics and pharmacodynamics of the therapeutic radiopharmaceutical,
changes in vital signs, serum biochemistry, hematogram, and renal function after therapy
must be documented. (A hematogram includes measurement of hemoglobin, hematocrit,
mean corpuscular volume, and mean corpuscular hemoglobin.) All adverse reactions,
regardless of degree of severity, must be evaluated, recorded, and reported. In the end, a
complete, integrated summary of the pharmacologic and toxicologic effects of the drug
must be provided for review.

Chemistry Review

Each FDA review division employs a team of chemists responsible for reviewing the
chemistry, manufacturing, and control (CMC) sections of submitted INDs, NDAs, and
ANDAs. The chemistry reviewers consider issues related to drug identity, manufacturing
controls, and analysis. The reviewing chemist evaluates the manufacturing and processing
procedures associated with each drug product to make certain the drug formulation is
adequately reproducible and stable. If the drug were either unstable or not reproducible,
the validity of any clinical trial would be significantly undermined because the investigators
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would not know precisely what chemical entities were actually administered to the human
subjects; more important, the study could pose significant risks to the subjects.

At the beginning of the CMC section, the drug sponsor should state whether it believes
the chemistry of either the drug substance or the drug product, or the manufacturing of
either the drug substance or the drug product, presents any indicators of potential human
risk.# If so, these indicators should be completely discussed, with steps proposed to
monitor for the associated risks. In addition, sponsors should describe any chemistry and
manufacturing differences between the drug product proposed for clinical use and the
drug product used in the animal toxicology trials that formed the basis for the sponsor’s
conclusion that it was safe to continue with the proposed clinical study.* Likewise, the
sponsor should describe how the known differences might affect the overall safety profile
of the drug product as formulated for clinical trials. If there are no differences in the
products, this should be stated.

21 CFR 312.23(7) states that sufficient required information is to be submitted to ensure
the proper identification, quality, purity, and strength of the investigational drug. The
documentation that satisfies this regulatory requirement is commonly referred to as the
CMC section of the IND application and is often a primary responsibility of a nuclear
pharmacist. The CMC section should include all relevant information to show that the
drug product can be prepared with sufficient purity and quality to be safe for adminis-
tration to human subjects. The essential parts of a suitable CMC section are specified in
the applicable regulations and have also been summarized as guidance for industry.*’ The
four major elements of the CMC section describe the control processes related to the drug
substance, drug product, quality controls, and container and closure system for the final
drug product. The NDA will generally have the same documentation format as the IND
CMC section; however, there are differences regarding the level of detail required. For
example, the NDA requires additional emphasis on structure proofs and establishment of
purity profiles and quality controls for raw materials, starting materials, intermediates,
drug substance excipients, and the finished drug product. More extensive stability data
must be provided, and the data must clearly support the assignment of a valid expiration
date or time.

Biostatistics Review

Biostatisticians evaluate the potential statistical significance of data to be collected under
an IND and compute the statistical relevance of data submitted in an NDA. Thus, the
biostatistics reviewer takes full responsibility for the main tasks of evaluating the methods
used to conduct clinical studies and to analyze the acquired data. The overall purpose of
these statistical evaluations is to provide the medical officers with enhanced information
about the power of the findings as they are extrapolated to the larger patient populations.

21 CFR 314.126(a) indicates that the purpose of conducting clinical investigations of a
drug is to distinguish the effect of a drug from other influences, such as spontaneous
change in the course of disease, placebo effect, or biased observation. Data submitted to
substantiate the safety and efficacy of a new radiopharmaceutical must undergo valid
statistical analysis to help authenticate claims made and to confirm the degree to which
a hypothesis has been proved or disproved.®® The elements of the required statistical
analysis are identified in 21 CFR 314.50(d)(5, 6). The requisite elements of a well-designed
protocol have also been identified and explained in a guidance document on the format
and content of the clinical and statistical section of an application.’® More recently, regu-
latory experts have summarized these requisite elements for biostatistics evaluations as
they apply to the review of radiopharmaceutical drug products.®
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(Clinical Review

Clinical reviewers, also called medical officers, are almost exclusively physicians; conse-
quently, the term medical review may also be used. Nonphysician professionals may be
‘used as medical officers to evaluate certain types of drug data. Clinical reviewers are held
responsible for fully evaluating the clinical sections of submissions, such as the overall
safety of the clinical protocols described in an IND and the clinical test results as submitted
inan NDA. In most divisions, clinical reviewers take the lead role in IND or NDA review
and are thus responsible for synthesizing the results of the animal toxicology, human
pharmacology, and clinical reviews to formulate the overall basis for a recommended
agency action on the application.®

Throughout the IND clinical review process, the reviewer evaluates each clinical trial
protocol to determine (1) if the research subjects will be protected from unwarranted risks
and (2) if the study design will provide data pertinent to the overall safety and effectiveness
of the investigational drug product. Under federal regulations, proposed Phase 1 studies
are evaluated almost exclusively for overall safety. Since the late 1980s, FDA reviewers
have been instructed to provide drug sponsors with greater freedom during Phase 1, as
long as the investigations do not expose research subjects to undue risks.* In evaluating
Phase 2 and Phase 3 investigations, however, clinical reviewers must also provide assur-
ance that proposed studies are of sufficient scientific quality to be capable of yielding
significant data that can support final marketing approval.

21 CFR 312.11 describes the customary framework applied to the clinical review of
each IND. FDA'’s primary objectives in reviewing an IND are, in all phases of the inves-
tigation, to ensure the safety and rights of subjects and, in Phases 2 and 3, to help ensure
that the quality of the scientific evaluation of drugs is adequate to permit an evaluation
of the drug’s effectiveness and safety. In describing the design of the clinical trial inves-
tigational plan, the proposed indication for use of the new radiopharmaceutical should
be clearly stated, along with the methods to be used for gathering the necessary data to
support the proposed clinical use.”

Phase 1

This opening phase of study includes the first introduction of the investigational new
_ drug into human subjects.”® The purpose of this phase is to validate safety of the new
drug or radiopharmaceutical product. These early studies must determine several key
radiopharmaceutical characteristics, including blood clearance half-life, normal biologic
distribution, critical organ(s) (i.e., those receiving maximum radiopharmaceutical concen-
tration), routes of excretion, and optimal times for sampling and imaging. Additional
requisites include descriptive information about the planned subject populations, dosage
ranges, radiation absorbed dose ranges, clinical laboratory tests, vital signs, and radio-
pharmaceutical biodistribution.

Phases 2 and 3

Typically, the differences between Phase 2 and Phase 3 for diagnostic radiopharmaceuticals
are minimal in comparison with the differences between these study phases for therapeutic
radiopharmaceuticals or drugs. Diagnostic radiopharmaceutical safety evaluations require
less detailed pharmacologic toxicity assessments and have a primary focus of establishing
valid radiation absorbed dose estimates. Diagnostic efficacy can be established if use of
the radiopharmaceutical contributes to making effective decisions about the presence,
absence, or extent of disease. Although the exact nature of the disease or abnormality may
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not be specified, the clinical utility of the diagnostic radiopharmaceutical must be clearly
demonstrated. Diagnostic value is a function of a radiopharmaceutical’s biodistribution
and the character of its emitted radiation. The extent to which radiopharmaceutical bio-
distribution is altered by disease, as defined by imaging studies, in vivo uptake studies,§
and in vitro tests helps to validate efficacy of the agent. Each phase of the study may}
require fewer research subjects to satisfy the statistical determinants set for each study.
Depending on the clarity of response, as few as 20 to 60 subjects may suffice for Phase 2}
protocols and 200 to 300 for Phase 3 studies, in contrast to the much larger numbers off
subjects often needed for therapeutic drug evaluations. In diagnostic radiopharmaceuticall
clinical trials the time required to collect the necessary pharmacokinetic, pharmacody-
namic, and imaging data is often much shorter because of the nature of these studies and
the usual ease of demonstrating presence or lack of efficacy. One of the most critica
requirements for Phase 3 evaluations is the performance of studies under a common
protocol by at least two separate and independent institutional sites and investigators.®
The separate studies validate the ability to replicate the safety and efficacy determinants
of the new agent with the particular dosage form and for the proposed indication.? The
critical elements required by FDA for all clinical study designs have been outlined and
the common specific elements for all phases of IND-NDA protocols have been summa-
rized elsewhere

NDA SUBMISSIONS

Although nuclear pharmacists and other nuclear medicine professionals rarely become
involved in the process of gaining FDA marketing approval for diagnostic and therapeutic
radiopharmaceuticals, it is still useful for these individuals to know the NDA submission
process as defined by drug law. 21 CFR 314.50 outlines the elements needed to meet the
legal requirements for NDA approval to market a new radiopharmaceutical. As indicated
previously, the submitted application collates and summarizes all of the nonclinical and
clinical data derived to validate the safety and efficacy of the new radioactive drug
product. The principal segments of the NDA, as identified in 21 CFR 314.50(c)(I-ix), include}
summary sections devoted to CMC, nonclinical pharmacology and toxicology, human!

et

must accompany the NDA during the review and approval process is the label or package
insert. The package insert, as specified in 21 CFR 201.50, 201.56, and 201.57, provide 4 |
summary of the essential scientific information needed for the safe and effective use off
the drug product. This labeling information must be both accurate and informative and
cannot be promotional, misleading, or false. Information included in the package inserf
should be based on proven data that are presented in the NDA. The package insert must
also have a prescribed format that includes (1) indication(s) and approved clinical use
(2) dosage and administration, and (3) warnings and adverse reactions documented during
the clinical trials. There are additional considerations regarding the evaluation, summas
rization, and presentation of completed studies in the NDA, along with several modifica®
tions that are appropriate for therapeutic radiopharmaceuticals.®

Every IND, NDA, or ANDA submission is a distinctive document because of the
unique physical and chemical properties associated with each diagnostic or therape
radiopharmaceutical product and the variation in the facilities used and person
employed for their production. This chapter and its referenced sources will be useful o}
individuals who take responsibility for preparing and maintaining the various regulatory
applications. To optimize the challenging process of gaining radiopharmaceutical drug
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product approvals, FDA, the nuclear medicine community, commercial sponsors, and
investigators must focus on effective communication at many levels. When questions or
potential problems arise at any stage in the drug development process, it is often best to
contact FDA to obtain answers or identify a means of resolving problems in the marketing
approval process. Recent experience has shown that improved communication can help
decrease the time required to review and bring new radiopharmaceuticals into clinical
trials and onto the market. Copies of the regulations, further guidance regarding IND
procedures, and relevant forms are available from the FDA Legislative, Professional, and
Consumer Affairs Branch (HFN-365), 5600 Fisher’s Lane, Rockville, MD 20857. Multiple
resources and the required forms are also available online 337394046

NRC REGULATIONS APPLICABLE TO THE MEDICAL USE
OF RADIOPHARMACEUTICALS

The stated mission of NRC is to regulate the civilian use of byproduct, source, and special
nuclear materials to ensure adequate protection of public health and safety, to promote
the common defense and security, and to protect the environment.* This regulatory
mission covers three main areas: (1) reactors—commercial reactors for generating electric
power and nonpower reactors used for research, testing, and training, (2) materials—uses
of nuclear materials in medical, industrial, and academic settings and facilities that pro-
duce nuclear fuel, and (3) waste—transportation, storage, and disposal of nuclear materials
and waste, and decommissioning of nuclear facilities from service. NRC thus has
extremely broad legislative authority regarding radioactive materials. The following dis-
cussion, however, focuses on specific issues related to NRC regulation of the medical use
of radiopharmaceuticals and the related implications for nuclear pharmacy and nuclear
medicine practice.

All NRC regulations are published in the Federal Register (FR) and codified in 10 CFR
Chapter 1. The specific NRC regulations pertaining to the medical use of byproduct
materials are also identified in NRC Regulatory Guide 10.8" and listed here in Table 7-4.
The medical use of radionuclides requires specific licensure, since it involves the inten-
tional internal or external administration of byproduct material, or the radiation therefrom,
to human beings. The regulations that most directly affect nuclear pharmacy and nuclear
medicine practice are found in 10 CFR 35 (Medical Use of Byproduct Material), 10 CFR
20 (Standards for Protection Against Radiation), and 10 CFR 71 (Packaging and Transpor-
tation of Radioactive Materials). The other regulations listed in the table are equally
important in that nuclear pharmacies and nuclear medicine clinics must operate in total
compliance with all applicable sections of each part; however, those regulations are primarily
administrative and do not directly affect routine practice activities. Important issues

TABLE 7-4 Nuclear Regulatory Commission Rules Pertaining to Medical Use of Byproduct Materials

10 CFR Part 19 Notice, Instructions, and Reports to Workers; Inspections and Investigations

10 CFR Part 20 Standards for Protection Against Radiation

10 CFR Part 21 Reporting of Defects and Noncompliance

10 CFR Part 30 Rules of General Applicability to Domestic Licensing of Byproduct Material

10 CFR Part 35  Medical Use of Byproduct Material

10 CFR Part 71 Packaging and Transportation of Radioactive Material

10 CFR Part 170 Fees for Facilities, Materials, Import and Export Licenses, and Other Regulatory Services
Under the Atomic Energy Act of 1954, as Amended

10 CFR Part 171  Annual Fees for Reactor Licenses and Fuel Cycle Licenses and Materials Licenses, Including
Holders of Certificates of Compliance, Regisirations, and Quality Assurance Program
Approvals and Government Agencies Licensed by the NRC
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related to 10 CFR 20 and 10 CFR 71 are addressed in Chapters 4 and 5 of this book, so
the following discussion will focus on sections of 10 CFR 35 in an effort to characterize
the regulatory relationship between NRC and the practice of nuclear pharmacy and
nuclear medicine.

MEDICAL USE OF BYPRODUCT MATERIAL

Historically, the regulations contained in 10 CFR 35 have set forth requirements and
provisions for the medical use of byproduct material, the issuance of specific licenses
authorizing the medical use of this material, and the radiation safety of workers, the
general public, patients, and human research subjects. The requirements and provisions
of Part 35 are in addition to, and not a substitution for, others in 10 CER. Unless specifically
exempted, Parts 19, 20, 21, 30, 71, 170, and 171 of 10 CER apply to applicants and licensees
subject to Part 35. The nuclear pharmacy practice guidelines are based in part on these
federal regulations, and the practice standards state that nuclear pharmacists have a
professional responsibility to ensure compliance with NRC and state licenses under which
the nuclear pharmacy operates and with federal, state, and institutional rules regulating
radiation and radiopharmaceuticals.

A revision of 10 CFR 35 was published in the Federal Register (67 FR 20249) on April
24, 2002, and became effective on October 24, 2002.5 This most recent revision was an
effort to create a risk-informed and performance-based regulation that focuses on those
medical procedures that pose the highest radiologic risk to workers, patients, and the
public. Information is presented here about regulatory requirements pertinent to most
nuclear pharmacy practice settings. (In the following discussion of those requirements,
“this chapter” means 10 CFR Chapter 1.) For some practice settings, the regulatory require-
ments may not be adequately addressed here. The complete Part 35 is available on the
NRC Web site.>

General Information

The stated purpose and scope of the revised regulations is to identify requirements and
provisions for medical use of byproduct material and for issuance of specific licenses
authorizing medical use of this material. These requirements and provisions provide for
the radiation safety of workers, the general public, patients, and human research subjects.
Part 35.2 defines key terms used in the regulations; the definitions most directly applicable
to the practice of nuclear pharmacy and nuclear medicine follow.

An authorized medical physicist (AMP) is an individual who (1) meets the requirements
in §§35.51(a) and 35.59; or (2) is identified as an AMP or teletherapy physicist on a specific
medical use license issued by NRC or an agreement state, a medical use permit issued by
an NRC master material licensee, a permit issued by an NRC or agreement state broad
scope medical use licensee, or a permit issued by an NRC master material license broad
scope medical use permittee.

An authorized nuclear pharmacist (ANP) is a pharmacist who (1) meets the requirements
in §§35.55(a) and 35.59; or (2) is identified as an ANP on a specific license issued by NRC
or an agreement state that authorizes medical use or the practice of nuclear pharmacy, a
permit issued by an NRC master material licensee that authorizes medical use or the
practice of nuclear pharmacy, a permit issued by an NRC or agreement state broad scope
medical use licensee that authorizes medical use or the practice of nuclear pharmacy, or
a permit issued by an NRC master material license broad scope medical use permittee
that authorizes medical use or the practice of nuclear pharmacy; or (3) is identified as an
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ANP by a commercial nuclear pharmacy that has been authorized to identify ANPs; or
(4) is designated as an ANP in accordance with §32.72(b)(4).

An authorized user (AU) is a physician, dentist, or podiatrist who (1) meets the require-
ments in §35.59 and 35.190(a), 35.290(a), 35.390(a), 35.392(a), 35.394(a), 35.490(a), 35.590(a),
or 35.690(a); or (2) is identified as an AU on an NRC or agreement state license that
authorizes the medical use of byproduct material, a permit issued by an NRC master
material licensee that is authorized to permit the medical use of byproduct material, a
permit issued by an NRC or agreement state specific licensee of broad scope that is
authorized to permit the medical use of byproduct material, or a permit issued by an NRC
master material license broad scope permittee that is authorized to permit the medical
use of byproduct material.

A dedicated check source is a radioactive source that is used to ensure the constant
operation of a radiation detection or measurement device over several months or years.

A medical event is an event that meets the criteria in §35.3045(a), which states that a
licensee must report any event, except for an event that results from patient intervention,
in which the administration of byproduct material or radiation from byproduct material
results in (1) a dose that differs from the prescribed dose or dose that would have resulted
from the prescribed dosage by more than 0.05 Sv (5 rem) effective dose equivalent, 0.5 Sv
(50 rem) to an organ or tissue, or 0.5 Sv (50 rem) shallow dose equivalent to the skin, and
the total dose delivered differs from the prescribed dose by 20% or more, the total dosage
delivered differs from the prescribed dosage by 20% or more or falls outside the prescribed
dosage range, or the fractionated dose delivered differs from the prescribed dose, for a
single fraction, by 50% or more; (2) a dose that exceeds 0.05 Sv (5 rem) effective dose
equivalent, 0.5 Sv (50 rem) to an organ or tissue, or 0.5 Sv (50 rem) shallow dose equivalent
to the skin from any of the following: administration of a wrong radioactive drug con-
taining byproduct material, administration of a radioactive drug containing byproduct
material by the wrong route of administration, administration of a dose or dosage to the
wrong individual or human research subject, administration of a dose or dosage delivered
by the wrong mode of treatment, or a leaking sealed source; (3) a dose to the skin or an
organ or tissue other than the treatment site that exceeds by 0.5 Sv (50 rem) to an organ
or tissue and 50% or more of the dose expected from the administration defined in the
written directive (excluding, for permanent implants, seeds that were implanted in the
correct site but migrated outside the treatment site).

Medical use is the intentional internal or external administration of byproduct material
or the radiation from byproduct material to patients or human research subjects under
the supervision of an authorized user.

A pharmacist is an individual licensed by a state or territory of the United States, the
District of Columbia, or the Commonwealth of Puerto Rico to practice pharmacy.

A physician is a medical doctor or doctor of osteopathy licensed by a state or territory
of the United States, the District of Columbia, or the Commonwealth of Puerto Rico to
prescribe drugs in the practice of medicine.

A prescribed dosage is the specified activity or range of activity of unsealed byproduct
material as documented (1) in a written directive or (2) in accordance with the directions
of the authorized user for procedures performed pursuant to §§35.100 (use of unsealed
byproduct material for uptake, dilution, and excretion studies for which a written directive
is not required) and 35.200 (use of unsealed byproduct material for imaging and localiza-
tion studies for which a written directive is not required). According to this definition, the
term prescribed dosage is reserved for indicating the amount of radioactivity (e.g., uCi or
mCi) to be administered. Thus, the term prescribed dosage is distinct from the term
“prescribed dose,” which refers to the radiation absorbed dose to be administered.
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A prescribed dose is (1) for gamma stereotactic radiosurgery, the total dose as docu-
mented in the written directive; (2) for teletherapy, the total dose and dose per fraction
as documented in the written directive; (3) for manual brachytherapy, either the total
source strength and exposure time or the total dose, as documented in the written directive;
and (4) for remote brachytherapy afterloaders, the total dose and dose per fraction as
documented in the written directive. According to this definition, the term prescribed dose
is reserved for indicating the radiation absorbed dose to be administered. Thus, the term
prescribed dose is distinct from the term “prescribed dosage,” which refers to the activity
amount of radiopharmaceutical to be administered.

A radiation safety officer (RSO) is an individual who (1) meets the requirements in
§§35.50(a) and 35.59; or (2} is identified as an RSO on a specific medical use license issued
by NRC or an agreement state or on a medical use permit issued by an NRC master
material licensee.

A sealed source is any byproduct material that is encased in a capsule designed to
prevent leakage or escape of the byproduct material.

A therapeutic dosage is a dosage of unsealed byproduct material (e.g., a radiopharma-
ceutical) that is intended to deliver a radiation dose to a patient or human research subject
for palliative or curative treatment.

A therapeutic dose is a radiation dose delivered from a source containing byproduct
material to a patient or human research subject for palliative or curative treatment.

A unit dosage is a dosage prepared for medical use for administration as a single dosage
to a patient or human research subject without any further manipulation of the dosage
after it is initially prepared.

A written directive is an authorized user’s written order for the administration of
byproduct material or radiation from byproduct material to a specific patient or human
research subject, as specified in §35.40.

Part 35.5 specifies requirements for maintaining applicable records. The records required
by this part must be kept in a readily retrievable, legible form throughout the retention
period specified by regulation. Records may be original or reproduced copies or a micro-
form, provided that authorized personnel authenticate the copy or microform and that
the microform is capable of producing a clear copy. Records may also be stored in electronic
media with the capability for producing legible, accurate, and complete records. Records
such as letters, drawings, and specifications must include all pertinent information such
as stamps, initials, and signatures. The licensee must maintain adequate safeguards against
tampering with and loss of all pertinent records.

Part 35.6 delineates provisions for the protection of human research subjects and therefore
is an immensely important set of regulations for licensees involved, directly or indirectly,
in human research involving radioactive drug products. Consequently, even the nuclear
pharmacy licensee that participates only indirectly in such studies by providing radio-
pharmaceutical service must be aware of the regulatory requirements for protecting
human subjects. A licensee may conduct research involving human subjects only if the
byproduct materials to be used are specified in the current license and the uses are
authorized by this license. If the research is conducted, funded, supported, or regulated
by another federal agency that has implemented the federal policy for the protection of

human subjects (Federal Policy), the licensee must, before conducting research (1) obtain
review and approval of the research from an institutional review board (IRB), as defined
and described in the Federal Policy; and (2) obtain informed consent, as defined and
described in the Federal Policy, from the human research subject. If the research will not
be conducted, funded, supported, or regulated by another federal agency that has imple-
mented the Federal Policy, the licensee must, before conducting research, apply for and
receive a specific amendment to its NRC medical use license. The amendment request
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must include a written commitment that the licensee will, before conducting research, (1)
obtain review and approval of the research from an IRB, as defined and described in the
Federal Policy; and (2) obtain informed consent, as defined and described in the Federal
Policy, from the human research subject. Nothing in this section relieves licensees from
complying with the other requirements in this part.

Part 35.11 specifies that a person shall not manufacture, produce, acquire, receive, possess,
tise or transfer byproduct material for medical use except in accordance with a specific
license issued by NRC or an agreement state that authorizes such activities. This licensure
requirement is clearly reflected in the procurement practice guidelines that obligate nuclear
pharmacists to act with proper authority (i.e., under a valid radioactive materials license)
to purchase radioactive material. A specific license is not needed for an individual who
(1) receives, possesses, uses, or transfers byproduct material in accordance with the reg-
ulations in this chapter under the supervision of an AU as provided in §35.27, unless
prohibited by license condition; or (2) prepares unsealed byproduct material for medical
use in accordance with the regulations in this chapter under the supervision of an ANP
or AU as provided in §35.27, unless prohibited by license condition.

The requirements for license application, amendment, or renewal relative to nuclear med-
icine are specified in §35.12. The applicant or licensee’s management must sign each license
application. An application for a license for medical use of byproduct material as described
in §35.100 (use of unsealed byproduct material for uptake, dilution, and excretion studies
for which a written directive is not required), §35.200 (use of unsealed byproduct material
for imaging and localization studies for which a written directive is not required), or
§35.300 (use of unsealed byproduct material for which a written directive is required)
must be made by filing an original and one copy of NRC Form 313, Application for Material
License, that includes the facility diagram, equipment, and training and experience qual-
ifications of the RSO, AU(s), ANP(s), and AMP(s) if any. Requests for a license amendment
or renewal must be made by submitting an original and one copy of either NRC Form
313 or a letter requesting the amendment or renewal. The applicant or licensee must also
provide any other information requested by NRC in its review of the application. An
applicant satisfying the requirements specified in §33.13 governing specific domestic
licenses of broad scope for byproduct material may apply for a Type A specific license of
broad scope.

License amendments are addressed further in §35.13: A licensee must apply for and
receive an approved license amendment (a) before it receives, prepares, or uses byproduct
material for a type of use that is permitted under this part, but that is not authorized on
the licensee’s current license issued under this part; or (b) before it permits anyone to
work as an AU, ANP, or AMP under the license. Important exceptions are allowed to
§35.13(b). For example, exception may be made for AUs who meet the training require-
ments specified in §§35.190(a) for uptake, dilution, and excretion studies, 35.290(a) for
imaging and localization studies, 35.390(a) for use of unsealed byproduct material for
which a written directive is required, 35.392(a) for the oral administration of *I-sodium
iodide requiring a written directive in quantities not exceeding 1.22 GBq (33 mCi), and
35.394(a) for the oral administration of *'I-sodium iodide requiring a written directive in
quantities greater than 1.22 GBq (33 mCi). To qualify for the exception, the AU must be
certified by a medical specialty board, the board certification process must adequately
address all of the NRC training requirements, and the board certification must be recog-
nized by NRC or an agreement state. An exception may also be made for ANPs who meet
the training requirements specified in §35.55(a) or 35.980(a) and 35.59. Likewise, exceptions
may be made for AMPs who meet the training requirements specified in §§35.51(a) or
35.961(a) or (b) and 35.59. Finally, exceptions may be made for an individual who is
identified as an AU, an ANP, or an AMP on an NRC or agreement state license or other
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equivalent permit or license recognized by NRC that authorizes the use of byproduct
material in medical use or in the practice of nuclear pharmacy; on a permit issued by NRC
or an agreement state specific license of broad scope that is authorized to permit the use
of byproduct material in medical use or in the practice of nuclear pharmacy; on a permit
issued by an NRC master material licensee that is authorized to permit the use of byprod-
uct material in medical use or in the practice of nuclear pharmacy; or by a commercial
nuclear pharmacy that has been authorized to identify ANDPs.

According to §35.13(c), the licensee must apply for and receive a license amendment
before it changes RSOs, except as provided in §35.24(c). This exception allows the licensee
to permit a qualified individual to serve as a temporary RSO and to perform the associated
functions under the prescribed conditions for up to 60 days each year, provided the NRC
is properly notified in accordance with §35.14(b). In accordance with 35.13(d), the licensee
must apply for and receive a license amendment before it receives byproduct material in
excess of the amount or in a different form, or receives a different radionuclide, than is
authorized on the license. Further, in accordance with §35.13(e), a licensee must apply for
and receive a license amendment before it adds to or changes the areas of use identified
in the application or on the license, except for areas of use where byproduct material is
used only in accordance with either §§35.100 (uptake, dilution, and excretion studies) or
35.200 (imaging and localization studies). Finally, §35.13(f) requires licensees to apply for
and receive a license amendment prior to changing the address(es) of use identified in
the application or on the radioactive materials license.

Licensees are obligated under §35.14 to provide several types of timely notification to
NRC. Part 35.14(a) requires the licensee to provide a copy of the board certification, the
NRC or agreement state license, the permit issued by an NRC master material licensee,
the permit issued by an NRC or agreement state licensee of broad scope, or the permit
issued by an NRC master material license broad scope permittee for each individual no
later than 30 days after the date that the licensee permits the individual to work as an
AU, ANP, or AMP under §35.13 (b)(1) through (b)(4). Additionally, in accordance with
§35.14(b), the licensee must notify NRC by letter no later than 30 days after (1) an AU,
ANP, RSO, or AMP permanently discontinues performance of duties under the license or
has a name change; (2) the licensee’s mailing address changes; (3) the licensee’s name
changes but the name change does not constitute a transfer of control of the license as
described in §30.34(b); or (4) the licensee has added to or changed the areas of use identified
in the application or on the license where byproduct material is used in accordance with
either §§35.100 (uptake, dilution, and excretion studies) or 35.200 (imaging and localization
studies).

General Administrative Requirements

The general administrative requirements associated with properly managing a radioactive
materials license in compliance with applicable regulations are quite significant and must
be adequately addressed by the licensee. Part 35.24 identifies the authority and responsi-
bilities of the required radiation protection program that each licensee must maintain.
These radiation protection program requirements are in addition to those specified else-
where under §20.1101.

According to §35.24(a), a licensee’s management must approve in writing (1) requests
for a license application, renewal, or amendment before submittal to NRC; (2) any indi-
vidual before allowing that individual to work as an AU, ANP, or AMP; and (3) radiation
protection program changes that do not require a license amendment and are permitted
under §35.26 (radiation protection program changes).
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Pursuant to §35.24(b), a licensee’s management must appoint an RSO who agrees in

iting to be responsible for implementing the radiation protection program. The licensee,
through the RSO, must ensure that radiation safety activities are being performed in
accordance with licensee-approved procedures and regulatory requirements. As men-
tioned earlier, §35.24(c) allows the licensee to permit a qualified individual to serve as a
temporary RSO and to perform the associated functions under the prescribed conditions
for up to 60 days each year, provided the NRC is properly notified. This arrangement can
beextended under §35.24(d) to the simultaneous appointment of more than one temporary
RSO if needed to ensure that the licensee satisfies the requirements for each of the different
types of uses of byproduct material permitted by the license. The licensee must establish
the authority, duties, and responsibilities of the RSO in writing as required by §35.24(e).

In accordance with §35.24(f), licensees authorized for two or more different types of
uses of byproduct material under Subpart E (Unsealed Byproduct Material —Written
Directive Required) must establish a radiation safety committee (RSC) to oversee all uses of
byproduct material permitted by the license. The RSC must include an AU for each type
of use permitted, the RSO, a representative of the nursing service, and a representative of
management who is neither an AU nor an RSO. The RSC may include other members the
licensee considers appropriate, such as an ANP. The RSO, according to §35.24(g), must be
provided sufficient authority, organizational freedom, time, resources, and management
prerogative to (1) identify radiation safety problems; (2) initiate, recommend, or provide
corrective actions; (3) stop unsafe operations; and (4) verify implementation of corrective
actions. Finally, §35.24(h) states that the licensee must retain a record of actions taken
under (a), (b), and (e) of this section in accordance with §35.2024.

Part 35.27 addresses the important issue of proper supervision of individuals involved
in the medical use of licensed materials. As stipulated in §35.27(a), a licensee that permits
the receipt, possession, use, or transfer of byproduct material by an individual under the
supervision of an AU, as allowed by §35.11(b)(1), must (1) in addition to the requirements
in §19.12, instruct the supervised individual in the licensee’s written radiation protection
procedures, written directive procedures, regulations of this chapter, and license condi-
tions with respect to the use of byproduct material; and (2) require the supervised indi-
vidual to follow the instructions of the supervising AU, written radiation protection
procedures established by the licensee, written directive procedures, regulations of this
chapter, and license conditions with respect to the medical use of byproduct material.
Likewise, according to §35.27(b), a licensee that permits the preparation of byproduct
material for medical use by an individual under the supervision of an ANP or physician
who is an AU, as allowed by §35.11(b)(2), must (1) in addition to the requirements in
§19.12, instruct the supervised individual in the preparation of byproduct material for
medical use, as appropriate to that individual’s involvement with byproduct material;
and (2) require the supervised individual to follow the instructions of the supervising AU
or ANP regarding the preparation of byproduct material for medical use, written radiation
protection procedures established by the licensee, the regulations of this chapter, and
license conditions. §35.27(c) stipulates that the licensee that permits supervised activities
under (a) and (b) is responsible for the acts and omissions of the supervised individual.

AUs must write orders for the administration of byproduct material or radiation from
byproduct material to a specific patient or human research subject in the form of a written
directive. In many ways these directives are analogous to the written prescription required
in the customary practice of medicine and pharmacy. According to §35.40(a), a written
directive must be dated and signed by an AU prior to the administration of 'I-sodium
iodide in amounts greater than 1.11 MBq (30 uCi), any therapeutic dosage of unsealed
byproduct material, or any therapeutic dose of radiation from byproduct material. If,
because of the emergent nature of the patient’s condition, a delay for the purpose of
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providing a written directive would jeopardize the patient’s health, an oral directive is
acceptable. The information contained in the oral directive must be documented as soon
as possible in writing in the patient’s record. A written directive must be prepared within
48 hours of the oral directive. Additionally, according to §35.40(b), the written directive
for a radiopharmaceutical must contain the patient or human research subject’s name and
the following information: (1) for any administration of quantities greater than 1.11 MBgq.
(30 pGi) of ¥l-sodium iodide, the dosage; and (2) for administration of a therapeutic
dosage of unsealed byproduct material other than *I-sodium iodide, the radioactive drug,
dosage, and route of administration. Revisions to existing written directives may be made
under §35.40(c) if the revision is dated and signed by an AU before administration of the
dosage of unsealed byproduct material. If, because of the patient’s condition, a delay for
the purpose of providing a written revision to an existing written directive would jeop-
ardize the patient’s health, an oral revision to an existing written directive is acceptable.
The oral revision must be documented as soon as possible in the patient’s record. The AU
must sign a revised written directive within 48 hours of the oral revision. As is customary
with written prescriptions, the licensee must retain a copy of the written directive in
accordance with §35.2040.

§35.41(a) requires that the procedures for administration requiring a written directive
be well documented. The licensee must develop, implement, and maintain written pro-
cedures to provide high confidence that (1) the patient