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Preface
Radiopharmaceuticals in Nuctear Pharmacy and Nuclear Medicine, Second Edition, follows the
same bas ic format as its predecessor, Radiophnrmaceuticals ill Nuclear Medicine Practice.
Chapters from that first edition have been rewritten and updated, and new chapters are
included. The first 12 chapters deal wit h the physical and chemical prope rties of rad io­
pharmaceuticals and their safe handling and control, while the remaining 11 chapters deal
with the biologic properties of radiopharmaceuticals and the ir clinical application in
nuclear medicine.

The book begins with an overview of radiopharmaceuticals used in nu clear medic ine
and pharmacy, followed by discussions of radioactive decay, radiation det ection and
measurement, radiation protection and risk, radiation safety, radiation biology, licensing
and regulato ry controls, radionuclide p roduction, radiopharm ace utica l chemistry,
positron emission tomography (PET) radi opharmaceuticals, the nuclear pharmacy, and
quality control. The chapters on rad iation biology and PET rad iopharmaceuticals are new
to this edition. Together, these first 12 chapters present the essential information needed
for a pharmacist to become an au thorized nuclear pharmacist.

Chap ter 1 contains an overview of the general pro perties of radiopha rmaceu ticals and
their distribution patterns after administration and an introduction to the types of proce­
dures performed in nu clear medicine. New to this edition is a history of the development
of nuclear pharmacy as a specialty practice, covering key eve nts in the evolution of nucl ear
pharmacy practice, the development of programs for training nuclear pharmacists, and
the certification p rocess for recognition of nuclear pharmacy as the first pharmacy specia lty
by the Board of Pharmaceutical Specialt ies.

The next few chapters expand up on the phys ical asp ects of radiopharmaceu ticals,
covered in Chapter 2 in the previous edi tion. Chapter 2 of this edition reviews atomic
physics, radioactive decay, and radi oactivity. Covered in Cha pter 3 are the interactions of
radiation with matter and instrumentation for radiation detection , plus a new section on
counting statistics. Chapter 4 ad dresses rad iation measurement and protection, radiation
dosimetry, and the new topic of radia tion risk assessment.

Chapter 5 is a new chap ter that expands the topic of radiation safety. It includ es a
discussion of radia tion p rotection organizations; radiation safety p rograms; 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 receip t, shipment, and disposal of radioactive material.

Chap ter 6 is a new chapter on the bio log ic effects of ionizing radia tion. It begins with
a discussion of the effects of radiation on cellular biologic sys tems and includes genetic
effects, effects on cell cycles, rad iosensitivity, and the effects of dose fract ionation. Also
covered are the bio logic 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 an d regulatory control of radioactive material is
presen ted in Chapter 7, authored by Neil A. Petry, MS, BCNP, of the Duke University
Medical Cen ter in Durham, North Carolina. It begins wi th a review of nuclear pharmacy
practice gu idelines, then delves into drug regulation by the Food and Drug Administration
and regu lation of radioactive material by the Nuclear Regula tory Commission (NRC).
Specific regulations on radiopharmaceuticals, includ ing PET drugs, and investigational



new drug (IND), new d ru g 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
rev ised 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; radionuc1ides produ ced in nuclear reactors, cyclotrons, and linear accelerators;
and genera tor-p rod uced radionuclides. Generator physics, with emphasis on the 9'ImTc
generator, is also discussed.

Chapter 9 is a greatly expanded d iscussion of radiopharmaceutical chemist ry, p resen t­
ing many recent developments. This chapter includes ideal properties of radiopharma­
ceu ticals, radiopharmaceutical development and classifica tion, and a basic chemistry
review covering bonding concepts, stereochemistry concepts, and radiometal solution
chemistry. A di scussion of technetium che mistry follows, including the development of
first- and second-gene ra tion technetium compounds and the preparation and properties
of specific technetium radiop harmaceuticals from kits. A discussion of radio iodine radio­
pharmaceuticals includes the solution chemistry of radioiodine, radioiod ination methods,
and the preparation and properties of radiopharmaceutica ls labeled with iodi ne iso topes.
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 sa ma riu m) and the preparation and properties of their rad iopharmaceuticals.

Chapter 10 is a new chapter on PET radiopharmaceuticals, authored by Stephen M.
Moerlein, PhD, BCNP, of the Mallinckrodt Institute of Radiology in SI. Louis, Missouri.
It covers the basic concepts of PET, including scanner design and data acquisition,
PET/computed tomograp hy (CT) scanners, and imaging applications includ ing blood
flow, metabolism, an d neurorecep tor studies. Reimb ursable PET procedures for oncology,
neurology, and cardiology are d iscussed, as are production of PET nuclides from genera­
tors and cyclot rons. A thorough di scussion of PET radi opharmaceutical chemistry includes
the preparati on an d properties of radiolabe ling precursors, !'ET rad iopharmaceutical syn­
thesis, and systems for preparing !'ET drugs for clinica l use. Also included in the cha p ter
are a di scussion of reformulation procedures used in PET radiopharmaceu tical preparation
and a brief discussion of qual ity assurance an d regulatory issues related to PET radio­
pharmaceuticals.

Chapter 11, on the nuclear pharmacy, was authored by Kristina M. Wittstrom, BS,
BCN!', of the University of New Mex ico in Albuquerque and begins wi th 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 equ ipment
and supplies, and personnel. Nuclear pharmacist responsibilities are d iscussed ; these
include radiop harmaceutical procurement, compounding, qua lity assurance, d ispe nsing,
di stribution, hea lth and safety issues in pract ice, p rofess ional consulta tion, and the mo n­
itoring of patient outcomes. The chap ter concludes with a di scussion of record-keeping
issues.

Chapter 12 is an in-dep th discussion of radiopha rmaceutical quality contro l, authored
by Joseph c. Hung, MS, PhD, BCNI~ of the Mayo Clinic in Rochester, Minnesota. An
ov erv iew of quality con trol is followed by d iscussion of specific areas, including radio­
nuclide, radiochemical, pharmaceutical, and biologic considerations. The cha pter compre­
hens ively covers the instrumentati on and methods used to assess radiopharmaceutical
identity, quant ity, and purity. A discussion of ins tru menta tion quality control includes
dose calibrators and survey inst ru ment s. The chapter ends with a d iscussion of quality
control issues specific to PET drug products.

The remaining 11 chapters cover the d iagnostic and therapeutic use of radiopharma­
ceu ticals. Chapters on specific body systems (brain; thyroid; heart; lung; liver, spleen, and



ix

gastrointestinal tract; kidney; and bone) are followed by a chapter on total body proce­
dures. Two new chapte rs cover mo noclona l antibodies and therapeutic radiopharmaceu­
ticals.This edition retains the chapter on in vivo function studies from the previous edi tion,
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 localizat ion of imaging agents and
descr ibes the development of radiopharmaceuticals used to study the pa rticular organ
system . The focus is on curren t agents of cho ice, their biologic properties, and thei r
mechanisms of localization. The chapters conclude w ith a discussion of nuclear med icine
procedures, including the rational e, pharmaceutical choices, and interpretation of resu lts.
Images are included to illustrate normal and abn ormal studies.

Cha pter 21, on monoclonal ant ibod ies 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 nom encla ture. Genera l
antibody labeling methods are discussed, as are speci fic 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 princip les
involved in each study and the radiopharmaceuticals used are discussed .

Chapter 23 is a new chapter on the rapeutic radiop harmaccuticals, including mono­
clonal antibodies. It beg ins with a discuss ion of rad ioimmunotherap y pr inciples and
rad ionuclide and antibody requ irements for treating tu mors. This is followed by a d iscus­
sion of methods used in rad ioimmunotherapy and a description of the preparation, prop ­
erties, and use of therapeutic monoclona l antibod ies. The chapter concludes with a dis­
cussion of non -antibod y therapeutic radiopharmaceuti cals: radiotherapy of bone pain and
"P therapy for polycythem ia, effus ions, and radiation synovecto my. The chap ter concludes
with a brief discussion of brachytherapy for brain tumors using the 1251 product lotrex.

Some 150 tables and 440 figures are included to enrich and illustrate the text. Each
chapter is refere nced to the primary literature so that readers can find more detailed
information on a top ic. The comp rehensive nature of this bo ok makes it suitable for use
as a reference by nuclear pharmacy practitioners, nuclear medicine technologists , and
nuclear medicine physicia ns. The book should also be use ful in programs for educating
these practitioners.

Altho ugh the title of this ed ition emphasizes nuclear pharmacy, empha sis on rad io­
pharmaceut ical use in nucl ear medi cine has not decreased; the book has expanded in both
areas. The work of four co-au thors wh o are both pr actitioners and educato rs not only
helped us complete the book bu t enr iched its content. We are grateful for their willingness
to add this work to the ir busy professional lives.

Rich ard J. Kowalsky
Steven W. Falen

2004
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1 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 applicat ion 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 sta rted after
1934, when the French rad iochemists Frederic [oliot and his wife, Irene Curi e [oliot,
produced the first ar tificial radioisotope, phosphorus 30 (""P). In the latter case, nu clear
medicine began either with George Hevesy's successful use of rad iophosphorus in he althy
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) meth ods to allow diagnosis
without the use of radioactive ma terial inspired a new definition of nuclear medicine that
reflected the use of nuclear properties from stable nuclides. In February 1983 the Society
of Nuclear Med icine boa rd 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 nu clear medicine is accomplished primarily through the application of rad io­
pharmaceu tical agen ts in diagnosis and therap y, 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 diagnos is or
treatment of disease. In short, it is a radioactive drug. Radiopharmaceuticals are formu­
lated in various chemical and physical forms to target rad ioactivity to particular parts of
the body. Gamma radiation emitted from diagnostic radiopharmaceuticals readily escapes
from the body, perm itting external detection and measurement. The pa ttern of distribution
of radiation in an organ system over time permits the nuclear medicine physician to make
a diagnostic evaluation of sys tem morpho logy and function. A therapeutic radiopharma­
ceutical emi ts particulate rad iation (beta pa rticles) that deposits energy within the organ
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being treated for d isease. Some radion uclides, such as 3ZP,emit only beta radiation, whil e
other radion uclides, such as 1311, emit beta and gamma radiation simultaneously and
therefore possess both therapeuti c and diagnost ic usefulness.

NUCLEAR MEDICI NE PROCEDURES

Examining the types of procedures routinely pe rform ed in nuclear med icine is helpfu l in
understanding how radiopharmaceuticals are used. These procedures can be divided into
three categories: (1) imaging procedures, (2) in vivo function stud ies, and (3) therapeutic
procedures. The first two categories are d iagnostic in na ture and account for most of the
studies performed in nuclear medicine.

Imagi ng Procedures

Imaging procedures prov ide diagnostic informa tion based on the distribution pattern of
radioactivity in the body. The procedures are either dynamic or static. Dvnunuc studies
provide func tional information through meas urement 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-occupy ing
lesions, and in some cases relative function.

Detection and measurement of organ radioactiv ity is usually done with a gamma
camera, an electronic device w ith 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 wi th 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
an d linear fash ion to obtain an image of the entire organ. Becau se of this techniqu e,
imaging procedures are still referred to as "scans."

Dinunnic imagillg studies require that the camera detector be positioned over the organ
of interest before injection of the rad ioph arm aceutical, so that the camera is able to cap ture
the radi oactivity as it enters and leaves the organ. Informa tion collected can be stored in
a comp uter for fur ther analysis or permanently recorded on photographic film. An exam­
ple of a dynam ic study is the renogram, which is performed to assess kidney function. A
kidney-localizing radiopharmaceu tical, such as 99I1lTc-mertiatide, is injected intravenously,
and the time course of its transport and excretio n by the renal tubular cells is measured.
With normal kidn ey function, the time to peak rena l concentration is 3 to 5 minutes after
injection and the renal clearance half-life is 12 to 15 min utes. Deviation from these times
reflects the presence of varying degrees of kidney di sease .

Static imaging studies are performed after a radiopharmaceutica l is allowed to accumu­
late in the organ of interest. Images or "pictures" of the organ are acquired as the camera
detector is rota ted about the body to obtain multip le-angl e views of the orga n 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 pa rticular organ studied and the presence or absence of dis ease . In some stud ies,
the normal organ readily concentrates the radiopharmaceutical and appears uniformly
radioactive or "hot." In these organs, d iseased tissue excludes the radiopharmaceutical,
and lesions appear as "cold" spots wi thin a "hot" organ. An example is a liver colloid
scan obtained after injection of radioactive colloidal pa rticles that localize in the phagocytic

•
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FIGURE 1-1 Schematic of a scintillation gamma camera system de monstrating radiopharmaceu tical
injection, de tection of radioactivity, electronic processing, and image display.

cells of the liver. If a tumor or other lesion is present tha t displaces colloid-localizing cells,
it is visualized as an area of decreased or absent radioactivity. In other types of organ
stud ies the normal organ exclud es the radiopha rmaceutical; bu t diseased tissu e concen­
trates it so tha t lesions ap pear as "hot" spots within a "cold" organ. An examp le 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 stud ies a normal organ may accumulate the radiopha rmaceutical,
but diseased tissu e may concen tra te it either to a grea ter degree becau se of increased
function or to a lesse r degree because of decreased func tion. An example is thyroid gland
imaging with radioactive iodine. The thyroid gland readily accumu lates iodine through
normal funct ion, but a diseased gland with either hyperfunct ion ing or hypofunctioning
thyroid tissue demonstrates increased or decreased concentration of radioiodine. Exam­
ples of these static stud ies are illustrated in Figure 1-2. They were obtained using a plan ar
imaging camera that prod uces 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 visua lization of an organ in three dimensions
(Figure 1-3). Tomographic imaging, therefore, provides greater depth resolution and delin­
eation of the structural and functiona l information present. .

In Vivo Function Studies

In vivo function studies measure the function of an organ or sys tem based upon the
absorption, dilution, concentration, or excretion of radioactivity after adm inistration of a
rad iophar maceutical. These studies do not require imaging, but analysis and interpretation
is based on counting radioactivity emana ting either d irectly from organs within the bod y
or from blood or urine samples counted in vitro. Some examples of in viv o function studies
are (1) the rad ioactive iodine uptake study to assess thyroid gland function as de termined
by external mea surement of the percentage of a dose of radioiodine taken up by the gland
over time, (2) determina tion of whole blood volume by measur ing the dilution of a known
amount of intravenously injected 51Cr-labe led red blood cells to de termine the red cell
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FIGURE 1-2 Typical normal and abnor­
mal static imag es of organs obtained wi th
a conventional planar imaging gamma
camera: anterior view of the liver, lateral
view of the brain, and anterior vie w of the
thyroid gland.

COLD >IOOl.lL( Hot OODUlf.

FIGURE 1-3 Diagram of three-d imension al, com­
puter-generated slice images obtained with a gamma
camera, showing organ in transverse, sagittal, and
coronal planes. Transve rse

volume, and (3) indirect assessment of vitamin BI2 abso rption from the gastrointestinal
tract by measuring the fract ion of ora lly administered radioactive "Co-labeled vitamin
B" that is excreted in the urine over a defined period of time (the Schilling tes t). An
impor tant requiremen t for in vivo function stu dies is that the radiopharmaceutical should
not alter, in any way, the function of the organ system being measured.

Therapeutic Procedures

Therapeutic p rocedures in nuclear medici ne are on the rise. These proced ures arc intended
to be either curative or palliative and typically rely on the abs orption of beta radia tion to
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destroy diseased tissue . The classic therapeutic procedure is the use of I3II-sod ium iodide
to treat hyperthyroidism and thyroid cancer. Because 1311 is a beta-gamma emitter, it can
be used both diagnostically and therapeutically in thyroid di sease; 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 1311, about 90% is from beta radiation and about 10% from
gamma radiation. Radioimmunatherapy (RIT) employing radiolabeled an tibod ies and
peptides has achieved some success in treating tumors. Examples of RIT agents are
1311-tositumomab and ~'Y-ibritumomab tiuxetan for treating non-Hodgkin's lymphoma.
Another significan t area of nuclear medicine therapy is palliative procedure s for treating
pain associated with bone cancer. In this regard agents such as " Sr-strontium chlor ide
and 153Sm-samarium lexidronam, which are selectively localized in bone, have been used
successfully. The therapeutic applicat ion 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 (me i, or 10-3 Ci). The
curie (Ci) is equal to 3.7 x lOla d isintegrations (atoms decaying) per second. In the Inter­
national System of Units, radioactivity is measured in becquerels (Bq). One Bq is equal to
I disintegrat ion per second; therefore, 1 mCi = 37 MBq. The amount of rad iation absorbed
by tissue in the body in which a radioactive substance resides is termed the radiation dose
and is traditionally meas ured in rad (radiation absorbed dose) . One rad is equa l 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 administe r the optimum dosage of radio­
activity to acquire the desired information with the lowest rad iation 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) tha t
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 99mTc. Because of its 6 hour
half-life, about 90% of 99mTc's radioactivity is lost in 1 day. For drug manufacturers sup­
plying 99mTc radiopharmaceuticals to nuclear medicine facilities in distant loca tions, this
presents significan t logistical problems. "'mTc and other short-lived radiop ha rmaceuticals
therefore require local or in-hospital preparation . Each "'mTc agen t is prepared da ily. The
preparation and testing p rocedure 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 ma y be radiochem­
ists, radiopharmacists, or nuclear medicine technologists. Rad iochemists and radiophar­
macists are usuall y employed at large medical center hospitals and are ins trumenta l in
developing new agents and procedures. Radiopharmacists also practi ce in centralized
nuclear pharmac ies 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 wi th longer half-lives are also us ed in nuclear medicine
because of thei r desi rab le biochemical properties . A good example is 1311, which has an
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TABLE 1-1 Chemical and Physical Forms of Radiopharmaceuticals

Form

Elemental

Simple ions
Labeled small mo lec ules

Labeled macromolecules

Labe led particles

Label ed cells

Example

Xenon 133 (l·1JXe), krypton 81m (BlmKr)
1311- (iodide), ,/9mTc0 4- (per techneta te)

l3l1-MIBG (covalently bonded)

'l9mTc-DTPA (chelation compound)
1.25I-human serum albumin (protein)

lJIln· capromab pendetidc (antibody)
99mTc-sulfur colloid
99m'fc-macroaggregated album in
51Cr_ or 'I'lmTc-erythrocytes
IIlIn_or 'l9mTc- leukocy tes

TABLE 1-2 Routes and Forms of Radiopharmaceutical Administration

Route

Oral
Intravenous injection
Intrathe cal injection

Inha lation
Instillation via

Eye drops
Ure thral cathe ter

Intraperitoneal cathe ter
Shunts

Form

Capsules and solutions
Solutions, co lloidal dispersions. sus pens ions
Solutions
Gases and aerosols
Sterile solu tions

8 day half-life. This is long enough to permit commercial manufacture and tes ting of 1311
radiopharmaceuticals and allows storage in the nuclea r medicine laboratory for use when
needed . Although 1311 has some undesirable physical properties from a radiation dose
viewpoi nt, 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 diffe rent chemical molecules, make it a va luable radionuclide in nuclear
medicine.

Table 1-1 lists the general classification of chemical an d 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 rad iopharmaceuticals. Contrary to
the usual requirement that intravenous injections be true solutions, some radiopharma­
ceuticals are deliberately pa rticulate to achieve site-specific localization of rad ioactivity in
the body. These specialized dosage forms permit imaging of, for example, the principa l
organs of the reticuloendothelial system (liver, spleen , and bone marrow) wi th radiola­
beled colloidal particles, the cardiac blood pool with radiolabeled red blood cells, and
lung perfusion wi th albumin aggregates. Table 1-3 lists radiophannaceuticals used in
nuclear medicine.

Radiopharmaceu ticals 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
d istribution 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 Nucle ar Med icine

Radionuclide

Carbon C 11
Carbon C 11
Ca rbon C 11
Carbon C 11
Ca rbon C 11
Carbon C 14
Chromium Cr 51

Cobalt Co 57
Fluorine F 18
Fluorine F 18
Fluorine F 18
Gallium Ga 67

Ind ium In 111
Ind ium In 111
Indium In 111
Ind ium In 111
Indium In 111

Ind ium In 111

Iodine I 123

Iod ine I 123

Iod ine I 125
Iod ine I 125
Iodine I 131

Dosage Fonn

Carbon monoxide
Flumazenil injection
Methionine injection
Raclopride injection
Sod ium acetate injection
Urea
Sodi um chromate injection

Cya nocobalam in capsules
Fludeoxyglucose injection
Fluorodop a injection
Sodium fluoride injection
Gall ium citrate injection

Caproma b pendetide injection
Ind ium chlorid e sterile solution
Ind ium oxine sterile solut ion
Pentetate injection
Pentetreotide injectio n

Ibritumoma b tiuxetan

Sod ium iod ide capsules and
solution

Iobenguane injection

Albumin injection
Ic tha lamate sodi um injection
Iobenguane inject ion

Use

Card iac: Blood volume mea surement
Brain: Benzodiazeplne receptor imaging
Neoplastic d isease evaluation in brain
Brain: Dopamine O2 receptor imaging
Cardiac: Marker of oxidative metabolism
Diagn osis of Helicobacter pylori infecti on
Labeling red blood cells (RBCs) for measuring RBC vo lum e, survival,
an d splenic sequestr ation

Diagn osis of pernicious anem ia and defects of intestinal abso rption
Glucose utilization in brain, cardiac, and neo plastic disease
Dopamine neuronal dec arboxylase activity in bra in
Bone imaging
Hodgkin 's dise ase, lym phoma
Acute inflammatory lesions
Meta static imaging in patient s with biopsy-proven prostate cancer
Radiolabeling various 111 In radic pharmaceuticals
Labeling autologous leukocytes
Cistemography
Neuroendocrine tumors

Biodi stribution imagi ng prior to therapeutic do sing with 90y Zevalin
(Biogen Idee ) in the treatmen t of non-Hodgkin's lymphoma

Thyroid gland ima ging
Thyroid me tastases (total body)
Pheochromocytoma , carcinoid tumors, nonsecreting paragangliomas,
neuroblastoma

Plasma volume determination
Glomerular filtration rat e (GFR) determination
Pheochr om ocytom a, carcinoid tumors, nonsecreting paragangliom as,
neuroblastoma

'"'"Q.
0'

-0zr
Typical Dosage '"
(Adul.. ) Route" 3

'",-
('>

60-100 mO
Inhalation '"s

20-30 mO
IV ri'
IV '"10-20 mO ;;

10--15 mO
IV

Z
12-40 mO

IV e
rv

1 JlCi
PO '"IV '"10-S0 ~Ci

~

~

'"PO Q.
0.5 ~Ci ri'

10--15mO
IV 5'
IV -'"4-6 mG '"IV :J

lO mCi Q.

8-10 mCi IV Z
IV e

5 mCi ('>

IV '"5mCi '"~
Various "'0

IV e-
500 ~Ci '"Int rathecal 3500 ~Ci

IV '"3 n-Ci (planar)
('>

-,;
6 mC i (SPECl") »

IV :J
S mCi 0

<
PO '"400-600 ~Ci <

2mCi
PO iii'

0,14 mCi /kg (chiJ,J) IV "
10 mCi (adult)

IV
5-10 ~Ci

IV
30 ~Ci

IV
0.5 mCil 107m 2



TABLE 1-3 Radiophar maceuti cals Used in Nuclear Medicine (Continued)

Typ ica l Dosage
Radionuclide Dosage Form Use (Adult-I Route"

Iod ine I 131 Sodium iodide capsules and Thyroid function 5-lO~Ci PO
solution Thyroid imaging (neck) 50-lOa ~Ci

Thyroid imaging (substernal) 100 ~Ci

Thyroid metastases (total body) 2mCi
Hyperthyroidism 5-33 mC i

Ca rcino ma 150-200 mCi
Iod ine I 131 Iodohippurate sodium injection Recoverab le renal function 200 ~Ci (2 kidneys) IV '".,75 ~Ci (1 kidney) a.
Iod ine I 131 Tositu momab Treatmen t of refractory low-grade non-Hodgkin 's lymphoma Pati en t-specific IV o·

-0

dosing; not>75 :T.,
~

cGy whole body 3
Nitrogen N 13 Am monia injection Myocardial perfusion studies 10-20 mC i IV

.,
n

'"Oxygen 0 15 Water injection Cardiac perfusion 30-100 mCi IV c

Phospho rus P 32 Chromic phosphate suspension Peritoneal and pleural effusions 10-20 mCi Intraperitoneal ii·.,
or int rapleural ;;;

(No t for IV use) ::l

Z
Phospho rus P 32 Sodi um phosphate injection Polycythemia 1-8 mCi IV e

n
Rubi d ium Rb 82 Rubidium chloride injection Myocardial perfusion st ud ies 3Q-60 mCi IV '"Samarium Sm 153 Lexidronam injection Bone pain palliation in confirmed osteoblastic metastatic bone lesions 1.0 mCi/kg IV !::
Strontium Sr 89 Strontium chlo rid e injection Bone pain palliation in confirmed osteoblastic metastatic bone lesions 4 mCi IV -e

:T.,
Techn etium Tc 99m Albumin injection Heart blo od pool ima gin g 20mCi IV 3
Technetium Tc 99m Albumin aggregated injection Perfusion lung imagin g 3mCi IV .,

rv
Technetium Tc 99m Arcitu momab Recu rren t or metastatic colorectal carcino ma 20mCi IV -<.,
Technetium Tc 99m Bicisa te injection Ad junct to CT / MRld in pa tients with confirmed stroke 20 mCi IV ::l

a.
Technetium Tc 99m Disofenin injection He patobiliary imaging 5mCi IV Z
Techn etium Tc 99m Exametaz ime injection With or wi thout me thy lene bl ue for regional cerebr al perfusion 20mCi IV c

n
in stroke '"Without methy lene blue for leu kocy te labe ling 10 mO IV

!::
~

Technetium Te 99m Gluceptat e injection Brain imagin g 20mCi IV '"a.
Rena l perfusion imaging 10 mCi IV 6:

Technetium Tc 99m Mebrofeni n injection He patobi liary imaging S mCi IV ::l

'"



Technet ium Tc 99m
Technetium Tc 99m

Technetium Tc 99m
Technetiu m Tc 99m

Technetium Tc 99m
Technetiu m'Ic 99m
TechnetiumTc 99m
Techn etium Tc 99m

Technetium Tc 99m

Techn etium Tc 99m

Technetium Tc 99m
Thallium Tl 201

Xenon Xc 133
Yttrium Y 90

Medronate injection
Mertiatide in jection

Oxid ronate injection
Pentetate injection

Pyrophosphate injection
Red blood cells injection
Sestamibl injection
Sodium pertechneta te inject ion

Succimer injection

Sulf ur colloid injection

Tet rofosmin inject ion
Tha llous chloride injection

Xenon
Ibritumomab tiuxetan

Bone imaging 2G-30 mG IV '"~c,

Kidney imagin g 5mO IV 0·

Renogram-renal transplant 1- 3 mO IV -o
zr

Renogram-captop ril 1- 3 mO N ~

3
Bone imaging 20-30 mO IV ~

GFR (quantitative) 3mCi IV
,.,
"

Renogram (d iur etic) 3mCi IV s
ii·

Renal perfusion imaging 10 mCi IV ~

Infarct-avid scan 15 mCi IV IF

GI bleed (in termittent) 15 mCi N
Z
c,.,

Myocardial perfusion and function, parathyroid imaging 8-10 mCi IV it

Brain imaging 20 mCi IV ::
Thyroid imaging 10 mCi IV $:

"
Radionudide ventriculogram 20 mCi IV c,

ii·

Radionuclide cystography 1mCi Urethral s:
Dacryocystograpby 0.1 mCi Eye drops !'

'"
~eckel 'sdiverticu lum 5mCi IV :l

c,

Rena l scan-differential renal function 5 mCi IV Z

Renal scan--cortical anatomy 5 mO IV c,.,
Liver-spleen scan 5mCi IV it

::
Lymphoscintigraphy (breast) 0.~.6 mCi Interstitial -e

Lymphoscintig raphy (me lanoma ) 0.5-0.8 mG Intradermal zr-
'"

Gastric emptying (scrambled egg) 1 mO PO 3
GIbleed (acute) 10 mCi IV ~,.,
Lun g as piration 5 mCi PO

-:s
>

Gas troesophageal reflux 0.2 mCi PO :l

Myocardial pe rfusion and func tion 8-40 mG IV 0
<

Myocardi al perfusion imaging 3-4 mCi IV "<
Parathyroid imaging 2mO IV ro·
Lung ventilat ion ima ging 10-20 mG Inhalati on ~

Treatment of refractory low-grade non-Hod gkin 's lymphoma 0.3-0.4 mCi/kg IV

~ Excep t wh ere othe rwi se noted.
b IV = int rav enous; PO = oral.
c SPECT = s ingle-photon emission computed tomography.
d CT «com put ed tomograp hy; MRI «magnetic resonance imaging.
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magni tude of this dose estimate sets limits on the amount of radioactivity tha t can be
safely administered to hum ans in diagnos tic studies .

Radiopharmaceuticals are administered in extremely sma ll amounts, so chem ical 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 pre market testing required to identify acute and
chronic toxic effects of traditional drugs is usually not as extensive for rad iopha rrnaceu­
ticals. For examp le, a typ ical 10 ~Ci diagnostic dose of I31 l-sodium iodide con tains only 8
x 10-11 gram of iodine, one eighty-millionth of the normal total-body iodin e sto res and
about one two-millio nth of the daily dieta ry intake of iod ine. It is easy to see tha t this
amount of rad ioiodine should pose no threat to pa tients, even to those who may be allergic
to iodine-eontaining 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
patien ts 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 rad ioactive material is therefore strictly controlled by state
and federal agencies. Because radiopharmaceuticals are rad ioactive drugs, they are regu­
lated by the U'S, Food and Drug Administra tion 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 rad ioactive material in human subjects
requ ires 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 abo ut radioisotopes in med ical practice and to take the initiative to establish
facilities for ha ndling radioactive mate rial. He also put forth a plan for a laboratory design
w ith a separate "hot element" room for storage and handling operations and a meas ure­
ment room for low-level radioactive counting. Chr istian could advise and counsel with
autho rity, because in 1946 he received the first shipment of radioactive isotopes for bio­
chemical research from Oak Ridge Na tional Laboratory and used them in pharmaceutical
develop ment 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 Un iversity of Chicago Clinics, where a radioisotope laboratory was established by
Chief Pharmacist Paul Parker in the early 1950s' and con tinued to be operated by Ch ief
Pharmacist Peter Solyom.' The staff pharmacist in cha rge of the rad ioisotope laboratory
where radioactive med ications were procured and dispensed for patient use was Larry
Sum mers. 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 hosp ital pharmacy
was published .' The report was the work of the Committee on Isotopes appointed by
George Archa mbault, then president of the Ame rican Society of Ho spi tal Pharmacists, to
study the role of the hospital pharmacist in handling radioisotopes. The committee had

.specific cha rges to develop speci al courses in isotope handling and to assess the feasibility
of an isotope section in a pharmacy department and determine its layout and design.



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 shou ld have in the preparation and handling of rad iopharmaceuticals for patient
use, citing the U'S, Atomic Energy Commission (AEC) requirement that "byp rod uct 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 Na tional Inst itutes of Health (NIH), it is well recognized in the profession
that Briner, at NIH, established and ma intained a long-standing, active practice of nuclear
pharmacy, stalwartly promoted the invol vement of pharmacists in nuclear med icine, and
was directly responsible for train ing many of those pharmacists . Early radiopharmacist
colleagues who worked wi th Brine r were Edgar Adams, Robert Chandler, and Raymond
Farkas. Briner preached the value of pharmacist involvement in nuclear medi cine th roug h
his professional presentations and publications for more than 40 years . For his pioneering
efforts he is affectionate ly 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 profess ionals work today.

The introduc tion of ""mTc-sod ium pertechnetate into nuclear medicine practice changed
the faceof practice dramatically. Its clinica l use began in 1961 at the University of Chicago,
where several - 'Tc-Iabeled radiopharmaceuticals were developed by Paul Ha rper and
radiopharmacist Kathryn Lathrop? Shortly thereafter, the ""M(}-99mTc generator became
available commerc ially and the national growth of nuclear medicine procedures escalated .
Theshort half-life of ""mTc demanded local preparation of pharmaceutical agents labeled
with this nuclide and increased the dema nd 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 grad ua ted more than 210 students.

The dearth of nuclear pharmacists also inspired the concept of a shared nu clear phar­
macy service, the progenitor of today's centralized or comm ercial nuclear pharmacy
practice. The idea was conceived, established, and evaluated by Thomas Gnau in the
Nuclear Medicine Division at Bowman Gray Schoo] of Medicine in Winsto n-Salem, North
Carolina, in 1969.' ·9The intent was to reduce cost, improve staffing efficiency, and ensure
a high level of quality control in the delive ry of radi opharmaceuticals to several nuclear
medicine facilities in a metropolita n area.

The centralized nuclear ph armacy concept proved successful, and such pharmac ies
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 Universi ty Med ical
Center by Michael Kavul a, and the radiopharmacy program at the University of New
Mexico (UNM) directed by Richard Keesee.

William Baker, who interned wi th Gnau at Bowman Gray, joined Keesee and set up
the UNMradioph armacy record-keeping system following the Bowman Gray modeL Soon
thereafter, in 1972, Keesee establi shed the first centra lized 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 wa s later
joined there by Robert Beightol, who had trained under Cooper at UT.

The UNM program gra dua ted severa l nuclear pharmacists trained in the centralized
pharmacy model who them selves went on to establish private cen trali zed rad iop harma­
cies, Notable among these were Nuclear Pharmacy Inc. (Robert Sanchez and Richard
Sakasitz), Pharmatopes (Mark Hebner and Monty Fu), and Texatopes (Nunz io Desantis

Radfopharmaceuti cals, Nucle ar M edicine, and Nuclear Pharmacy: An Overview 11
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and Larry Oliver). In 1975 Richard Keesee and David Hu rw itz 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 pa rt of Cardinal Health. Other large to moderate-sized
com mercial nuclear pharmacy companies in ope ration today include Mallinck rod t Med­
ical, Nycomed/Amersham, Geodax Techno logy Inc., Central Pharmacy Services Inc., and
PETNET. While the bu lk of nuclear pharmacy service throughout the United States is
provided by these operations, there are a few dozen smaller-scale independent nuclear
p harmacies that operate in several states . Over 400 centralized nuclear pharmacies staffed
by 800 to 1000 nuclear pharmacists provide more than 80% of the radiop ha rmaceutical
dosage forms used in n uclear med icine 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 educationa l effor ts of
this gro up 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 tod ay under the ap t leadership of Stanley Shaw, who is hea d
of the Division of Nuclear Pharmacy. The curren t program was established in 1972 by
Sha w 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 Hea lth, Ll.S. Public Health Service, Robert A. Taft Sanitary Engineering Center,
Cinc innati, 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
ph armacists and therefore more tra ining programs. The earliest sites (before 1970) for
nu clear 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 Un iversity of Utah, the Univers ity 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 Nor th 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) au thor­
ized nuclear pharmacist programs, and nuclear pharmacy certificate programs.

Despite the apparent large number of institu tions offer ing training, on ly a few of thes e
programs were turning out pharmacists wi th training sufficient to obtain licensure as
authorized nuclear pharmacists, and the supply of adequately trained nuclea r pha rmacists
could not meet the demand of nuclear pharmacy practice. As a consequence, one nuclear
ph armacy company (Syncor) established its own university-associated authorized nuclear
pharmacist training program. Other companies utilized certificate programs, such as those
di rected by Shaw at Purdue University, Kavula at Mercer University, an d George Hinkle
at Ohio State University, to train their nuclear pharmacists. These prog rams 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 p harmacists via distance
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TABLE 1-4 Nuclear Pharmacy Pioneers

13

David R.Allen

William J. Baker
Robert W. Beightol
Gordon S. Born
Barry M. Bowen
Kenneth Breslow

WilliamH. Briner
Ronald J. Callahan
Robert P. Chandler

Henry M. Chil ton

John E. Christian

Clyde N. Col e
James F. Coo per
Nunzio Desantis

J. William Dirksen
Raymond J. Farkas

Monty Fu
Thomas R. Gnau
Robert F. Gu tkowski

Donald R. H amilton

Ma rk T. Hebner
Kenneth R. Hetzel
Den nis R. Hoogland
Dav id Hurwi tz
Rod ney D. Ice

Michael P Kavul a
Tom K. Kawada
Richard Keesee
Richard J. Kowalsky

Geoffrey Levin e

Larry Oliver

William C. Porter
Richard Sakas itz
Robert San chez

Stanley M. Shaw
Anne C. Smith

Arthur C. Soloman
Dennis P. Swanson
Waiter Wolf

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 phar macy 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, assemb led by the Educational Affairs
Committee of the Section on Nuclear Pharmacy, Academy of Pharmacy Practice and
Management of the Ame rican Pharmaceutical Assoc iation (APhA), was published in 1995.
The syllabus was based on the NRC require ments for authorized nuclear pharm acist
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 an d nuclear pharmacy p receptors who are involved
in the education and training of nuclear pharmacists. Cu rrently, the Code of Federal
Regulations (10 CFR 35.980) specifies that training for an authorized nuclear pharmacist
should consist of a structured educational program con taining 700 hours of didactic and
experiential training in the areas noted above.

Specialty Certification of Nuclear Pharmacists

Specialtycertification in nuclear pharmacy became a reality on ly after nuclear pharmacists
organized as a section within APhA. The process began in Chicago in Aug ust 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 with in the Academy of Gene ral
Practice, with James Cooper as chairman pro tern.

The section soon established an education committee, d irected by Ronald Callahan,
which initiated the comprehens ive Task Analysis of Nuclear Pharmacy Practice to iden tify
the types and extent of activities in which nuclear pharmacists were involved. These were
organized into the following domains: procurement, com pounding, quality assura nce,
dispensing, distribution, health and safety, and provision of informa tion and consultation.
This analysis culminated in practice stand ards that delineated the recognized duties and
responsibilities of nuclear pharmacists. These standards were revised and reissued by
APhAin 1995 as Nuclear Pharmacy Practice Guidelines. The gu idelines contain the origina l
practice domains and two more: monitoring patient outcome , and research and develop­
ment. Each domain identifies a list of tasks and a knowledge statem ent related to each task .
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TABLE 1-5 Nuclear Pharmacy Specialty Petition Committee

Ronald J. Callahan

Robert P. Cha ndler

Henry M. Chilton

William J. Christopherson

James E Cooper

John Co upal
Robert Gut kowski

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 J. Callahan

James F. Cooper, Chair

Paul G. Grussi ng

Rodney D. lee
Sam H. Kalman
Richard D. Penna

Stanley M. Shaw
Arthur C. Soloman

Sho rtly after the establishment of the Section on Nuclear Pharmacy, the Board of
Pharmaceu tical Specialties (BPS) was established in 1976 by APhA. BPS immed iately
recognized nuclear pharmacy as a likely candidate for specialization. Chairman Cooper
assembled 16 volunteers to serve as the nuclea r pharmacy specialty petition comm ittee
(Table 1-5). This committee used the previously identified nuclear pharmacy p ractice
stan da rds as its guide in the petition to BPS. The petition was ap proved by BPS in 1978,
and nuclear pharmacy became the first recognized specialty within the profession of
pharmacy.

After approval of the nuclear pharmacy sp ecialty pe tition, BPS established a Specialty
Council on Nuclear Pharmacy (composed of six nuclear pharmacists, three non- nu clear
pharmacist generalists, and a test developer/cons ultant) and charged it with the task of
developi ng a certification program for the new specialty. The first specialty counc il mem ­
bers are listed in Table 1-6. The standards we re aga in used in this process, serving as the
basis for determining the areas of knowledge and skills to be tes ted on the certification
exam. The process involved item writing, test assembly, test ad minis tration, and score
interpretation. l-!" 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-cert ified practitioners, BPS instituted a program
of recertification every 7 years after ini tial cer tification . Recertification assures the public
and the profession that certified practitioners undergo periodic evaluation. A BCNP is
recertified by a three-step process: self-assessmen t, peer review, and formal assessm ent.
Self-assessment involves annual review of the BCNP's nu clear pharmacy practice activities
since initial certification or last recertification. Peer review involves the review of docu­
mented nuclear pharmacy practice and continuing education activi ties over the 7 year
certification period by the Spec ialty 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 obtai ned from
the Board of Pharmaceutical Specialt ies, 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 resu lts tha t the collaborative effort of a
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group of dedicated professiona ls can have, The ultimate benefit, however, is improved phar­
maceutical care of patients through the services provided by nuclear pharmacis ts,
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2 Rad ioactive Decay

The chemical and physical properties of a radiopharmaceutical are responsible for its
localization in the body, whereas its radioactive decay properties dicta te how it can be
detected and measured and whether it has diagnostic or therapeutic applications. This
chapter considers the rad ionuclide 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 wi th the letters K, L, or M, respectively, with the K shell closest to
the nucleus. Electrons fill the shells in order, wi th 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 produ ces an ioni zed atom. Ionization can occur by several processes. One is the
interaction of rad iation with matter, which is d iscussed later in this chapter.

A nuclide is an atom character ized by the number of protons and neutrons in its
nucleus. Nuclides are designa ted by the following notation, where X rep resents the ele­
mental symbol, Z is the number of pro tons, and N is the number of neutrons. The mass
number A is the sum of p rotons and neutrons:

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:

• Isobars are nucl ides with the same A bu t d ifferent Z and N:

"'N'28 136

• Isotones are nuclides with the same N but different Z and A:

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

'l9 mT
-13 ( sn

The lowercase "rn" in the mass number denotes the metastable sta te, an excite d nuclear
condition that occurs for a measurable period of time.

17
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FIGURE 2-1 Bohr model of the sodium atom.
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FIGURE 2-2 Ch art of the nuclides in the region of the light elements. Reprinted with permission
from reference 1. The complete cha rt is available from Lockheed Martin at http.yZw w w.char tofthe
nuclides.com.

The periodic table lists 103 elements. If the iso topes of each element are included, the
total number of nuclides is in excess of 1900, and 266 of them are stable. The remaining
unstable spec ies are called radionuclides. A radio isotope is a rad ionuclide of a particular
element. Figure 2-2 illustrates a portion of the cha rt of the nu clides in the region of the
light elemen tsI
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FIG URE 2-3 Perturbations of the tungsten
electron shells: (A) characteristic x-ray pro­
duction after ejection of a K-shell electron
after fill-in by an Meshell electron,(8)Auger
electro n production after ejection of a K­
shell electron (as an alternative to x-ray pro­
d uction), (C) op tical radiation production
after an excited valence electron falls back
to its ground sta te. Numbers are energy in
kiloe lectron volts, explained in text.

O RBITAL ENERGY LEV ELS

Electrons are bound in their shells by an electro n-bind ing energy, which is the energy that
must be applied to rem ove an electron from its shell. The K-shell electrons have the highest
binding energy because they reside closest to the positive attrac tive force of the nucleus.
In general, inne r shells fill with electrons before outer shells . If an inner-shell electron is
removed, an outer-shell electron will fill the vacancy. Whe n this occurs, energy is released
from the atom equ al to the difference between the binding ene rgies 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., 1251and 2O'Tl) are the principal rad iations used for their detection in nuclear medi cine.

An alternative process to cha racteristic x-ray production is em ission of an Auger
electron (Figure 2-3B). When thi s 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 keY
x-ray produces a 56.5 keY Auger electron from its M she ll.

Optical rad iation 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 sta tes by interaction with a high-speed pa rticle or
during radioactive decay. When these excited nucleons return to their gro und sta te, energy
is emitted from the nucleus as a gamma ray. The energy may be released as one disc rete
gamma ray or in a cascade as multiple gamma rays of d ifferent energies (Figure 2-4). The
nuclear de-excitation process is analogous to the electron shell changes discussed previously,
butcertain differences exist. First, the electron shell de-excitation process immediately follows
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FIGURE 2-4 Nuclear de-e xci tation by errussron o f
gamma rays after the return of excited nucleons to their
ground state. Energy is em itted as a single gamma ray
or as a cascade of two gamma rays.
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atomic excitation, whereas nuclear de -excitation may be immediate or delayed. When
nuclea r 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 d iffer in that gamma rays typically have much higher energy and originate
from nuclear energy cha nges, while characteristic x-rays are lower in energy and ar ise
from electron shell energy changes.

NUCLEAR MASS AND ENERGY

In 1905, Albert Einstein proposed his famous equa tion relating mass to ene rgy : E = lJ/C',

where E is energy in erg units, lJ/ is mass in gram units, and C is the velocity of light (2.998
x 1010 cm / sec). The standard atomic mass unit (AMU) is defined as one-twelfth the mass
of a I2C atom. The mass of 1 AMU is calculated as

12 grams 1 atom /__---S2-:,-='-'_ _ X 1.6603 x 10-" gram AMU
6.023 x 10'" atoms 12 AMU

The energy equivalent of this small mass can be calcu lated from Einstein's equation, where
the erg has uni ts of cm'g-sec ':

E = (1.6603 x 10-" gram/ AMU) (2.998 x 1010 em/sec)'

E= 1.49228 X 10-3 erg/ AMU

In the radiation sciences, the basic energy unit used is the electron volt (eV) and its
multiples, the kiloelect ron volt (keV) and the mega electron volt (MeV). An electron volt
is a unit of energy equal to the energy acquired by 1 electron falling through a poten tial
d ifference of 1 volt (V). The ene rgy equivalent of 1 AMU is

1.49228 X 10-3 erg/ AMU

1.602 x 10""" erg / MeV
931.5 MeV/AMU (2-1)
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TABLE 2-1 Mass-Energy Relationsh ip of Atomic Particles

Particle Mass (AMU) Ene rgy (MeV)

Electron 5.48597 x I I)-' 000.511

Proton 1.0072766 938.278

Neutron 1.0086654 939.572

Hydrogen atom 1.0078252 938.789

Source: Reference 2, P: 535.

21

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 rep ulsive forces
become greater as the poles come close toge ther. A similar phenomenon occurs with
protons and electrons. Protons, however, can exist in close proximi ty wi thin the nucleu s
of an atom without repulsion. This is possible because an at tractive force is present in the
nucleus. This attractive force is called the nuclear force and is abou t 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 attr active force is appreciable only over
a finite range an d is strongest when nucleons are 1 x 10-13 cm apart. The force becomes
repulsive at distances less than 0.4 x 10-13 cm and negligible at 2.4 x 10-13 em .

NUCLEAR BINDING ENERGY

Atoms are created from neutrons, protons, and electrons. When a 12C 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

Howeve r, the nuclid ic mass of a finished atom of 1'Cis 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 individua l atomic
particles. Because most of the atom's mass is in the nu cleu s, this mass defect is associated
with the nucleus and in actuality is not lost but converted into an equivalen t amount of
energy called the nuclear binding energy. The amount of this energy can be calcu lated for
1'<: as follow s:

(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 w ith permission of John Wiley & Sons, Inc., from
reference 2.)

The nuclear binding energy is thu s defined as the energy released when a nucleus is
produced from its componen t nu cleons, or the energy required to sep arate a nucleus into
its individual components. The average bin ding energy (BE".) per nucleon for 12e is
calculated as

92.166 MeV

12 nucleons
7.68 MeV/nucleon

The average binding energy pe r nucleon ha s been de termined for all stable nuclides and
is plot ted as a function of mass number in Figure 2-52 For mass n umbers greater tha n 11,
the BE" , is between 7.4 and 8.8 MeV throughout the table of elements. Maximum values
of abou t 8.8 MeV occur in the vicinity of A ~ 60, for iron and nickel, elements that rep resent
a high pe rcentage of the earth's crust. Higher BE.w g nuclides are more stable because it
takes more energy to break their nuclei apart. The trend in na ture is for elements to ach ieve
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 wi th 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 principa l forms of rad iation emitted from
radionuclides are alpha pa rticles, beta parti cles, gamma rays, and x-rays. An alpha particle
is a helium nucleu s, 'He2. , or a helium atom strip ped of its two orbital electrons. Alpha
particles are emitted primarily from heavier nucle i such as uranium, thorium, plutonium,
an d radium, but a few lighter nu clides are also alpha emitte rs. Beta particles are electrons
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FIGURE 2-6 Plot of Z versus N of the sta­
ble nuclei. The solid line represents a neu­
tron-to-p roton ra t io of unity. Note the
increase in this ra tio for nuclides of Z
greater than 20. (Reprinted with permis­
sion of John Wiley & Sons, Inc ., from ref­
erence 2.)
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TABLE 2-2 Carbon Isotopes

Isotope Neutron:Proton Ratio Radi ation Hal f-life

"C 0.50 ~. 0.127 sec
"C 0.67 ~. 19.29 sec

"C 0.83 W 20.3 min
12C 1.00 None Stab le

"C 1.17 None Stable
'''C 1.33 ~ . 5715 yr

''C 1.50 13 2.45 sec
"C 1.67 ~ 0.75 sec
17C 1.83 13 0.19 sec

"c 2.00 ~ 0.092 sec
"C 2.17 ~ . 0.05 sec
'I: 2.33 ~.. 0.01 sec

% Iso top ic Abundance-

98.90

1.10
Trace amoun ts

• Amoun ts present in Earth's cru st; da sh ind icates isot ope is no t pre sen t in Earth 's crust.

emitted from the nuclei of unstable atoms. Negatively charged be ta particles are known
as negatrons; positively cha rged beta particles are called positrons. Beta particles have the
same mass as orbital electrons with a rest-mass ene rgy 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 d ecay.

The ratio of neutrons to protons in a nucleus determines whether a nuclide is stable
or radioactive. For light nuclei , stab ility is achieved when the ni p ratio is 1. Above atomic
number 20,however, the nip ratio mu st be greater than 1 for stability because the repulsive
force of additional protons becomes more p rominent and extra neutrons are required to
"buffer" this proton interaction. Figure 2-6 illus trates a p lot 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 situa tion, nuclides in these regions
are unstable and will undergo rad ioactive decay until a stable nip ratio is achieved.
Nuclides farther away from the line of beta stability, in general, have shorter ha lf-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
nuclideswith nip ratios less than 1 undergo posi tron decay, whereas ne utron-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 nu clear
charge is increased through the ejection of a negative electron.

Negatron Decay

Neu tron-rich nuclides undergo negatron or beta-minus decay. Nega tron decay begins
when a neutron is converted into a proton, an electron, and a neutrino (v ) accord ing to
the following transformation:

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

~;P17 ~ i~ S16 + E{p, v)
31.973908 AMU 31.972Q.17 AMU

" P is the paren t nucl ide and sulfur is the daughter nuclide . We will exami ne 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 becom es sulfur. The atom now has 16 protons (atomic number of sulfur),
16 neutrons, and 16 orbital electrons. The beta particle escapes from the "P nucleus just
before it changes into " 5. The 32p atom weighs 31.973908 AMU before decay to " 5 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 transit ion energy (Em,,). The transit ion
energy is the total energy released when a parent radionuclide decays to its daugh ter
nuclide. This energy comes from the small amount of mass lost by the parent. Parent
nuclides are always "heavier" tha n their da ugh ter nuclides.

In negatron decay the transition energy is dissipated as the kinetic energy of the beta
particle and the neutrino. The ma ximum energy a 32p 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 pa rticle 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 32p atoms were measured and their frequency of occurrence versus
energy plotted, the beta energy spectru m wo uld 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 avera ge energy car ried away by beta particles is app roxima tely one-third of the
maximum beta energy.The avera ge 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 32p atom because an equivalen t electron mass is acquired in the electron shell of " 5
to offset it.
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FIG URE 2-7 Beta energy spectrum for " P
decay. TI1e vertical coordi nate gives the rel­
ative number of beta particles that arc emit­
ted at each energy o n the ho rizonta l
coordin ate up to the maximum of 1.73 MeV.
For exa mple, about tw ice as many particles
are em itted with an energy of 0.6 MeV as
with 1.2 MeV.

TABLE 2-3 Beta-Emitt er Energy Prof ile

Beta Energy (MeV)

Alomic M aximum E Average E
Radion uclide Number (E ma x) (E avg) E avglE max

'H 1 0.Q18 0.006 0.33

"C 6 0.155 0.05 0.32
,u p 15 1.71 0.70 0.41
"'5, 38 1.49 0.56 0.38
"'Y 39 2.28 0.93 0.41
131I 53 0.606 0.19 0.31
137Cs 55 0.512 0.24 0.47

Sou rce: Referen ce 3.

~(14.26d)

1+ o·~o+ 0.0

(J; ~S(stable)
FIGURE 2-8 Decay scheme for .up. (Reprinted with permiss ion of
the Society of Nuclear Medicine from reference 5.)

Decay schemes are often used to provide a ready reference to a variety of da ta, such
as mode of decay, transition energy, radiation ene rgy and abundance, an d parent and
daughter nuclides. Radiation emissions in decay schemes are indicated by dia gon al 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 noclide has a higher atomic number than the parent (e.g., in negatron decay), the
diagonal arrow depicting transition from parent to da ughter is d rawn to the right. When
the daughter nuclide is of lower atomic number, as occurs in alpha par ticle decay, positron
decay, or electron cap ture (EC) decay, the arrow is d rawn to the left.

The decay scheme for 32p is shown in Figure 2-8. 32p 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 th is energy and is therefore not raised to an excited
state that would lead to gamma em ission . For this reason, 32p is not a useful diagnostic
radionuclide bu t is used for various types of interstitial therapies, in which the tissues
absorb all its energy. Other examples of pu re beta emitters are 14C, ' H, ' '5, and ""Y.
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FIGURE 2-9 Decay scheme for "'Hg. (Reprinted with per­
m ission of the Society of Nuclear Medicine from reference 5.)

Some radionuclides are beta and gamma emitters. Examples of those that have been
used in nuclear medicine are 1311, "'Mo, "'Xe, 19'Au, and 2lnHg. The latter two are no longer
used routinely; however, the decay of 203Hg will be illustra ted because of its simplicity.
The decay equation for 2lJ3Hg is as follows :

202.972857 AMU 202.972.1-10 AMU

The mass de fect for this decay is 0.000527 AMU, equivalent to a tra ns ition energy of 0.471
MeV.The decay scheme is shown in Figure 2-9. 2O.1Hg does not decay d irectly to the ground
state of 2lJ3TI but to its excited state of 0.279 MeV. That is, for every atom of 2lJ3Hg that
decays , 0.192 MeV of the transition energy is distribu ted between the beta particle an d
neutrino, and 0.279 MeV is released as a gamma ray when the excited 203Tl nucleus de­
excites to its ground state. The gamma ray is em itted sim ultaneously with the beta particle.

Posi t ro n Decay

Positron decay occurs when the n/ p ratio is too low for stability.These proton-rich nuclides
de cay by converti ng a proton in to a neutron an d a positron-neutrino pair ejected from
the nu cleus. The nuclear transformation is

Because po sitron emi ssion 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 nucl ide will thus be at leas t two electron masses less than the pa rent 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. 18F-fluorine
is a positron emitter whose decay equation is

I~F9 ---7 l~OlO + E(~, v)
IIUON50 AMU 17.9991S'fflAMU

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 th is energy must be used for the positron-electron
pair lost from the atom, the rem aining 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 an timatter, existing only for very short periods of time. After
being ejected from the nucleus, the posi tron traverses a distance of a few millimeters in
tissue in about 1 microsecond, after which it has lost most of its energy and will com bine
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FIGURE 2~ 10 Decay schem es for " C. 13N, ISO, and 11lF. (Reprinted with permission of the Society of
Nuclear Medicine from reference 5.)

with a negative electron. The two electron ma sses ann ihilate into two 0.511 MeV photons
(annihilation radiation), which are emitted in opposite d irections (Figure 2-11). Positron
emitters always produce 0.511 MeV photons. Several positron emitters are used in nuclear
medicine, including HC, "N, "0, 18F, ''''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 da ughter sta tes and em it gamma rays in ad d ition
to annihilation radiation. "'Ga is an example of this type of decay.

~F(109 77m)
1+ 0.0

0+ o.oL
1:0(sl ab le) EC.P;

1~(9.965m)

1/2- 00

112- o.oL
. l:C(s l ab le) EC.P;

FIGURE 2-11 Positron annihilation reaction. Two electron
masses, one positron and one negatron, are converted into their
equivalent electromagnetic energy of two 0.511 MeV photons.0.511 MeV

11 ( ),C 20.385m
3 /2- 0.0

...-:_-'Lo.""oL
~B(stab le) ECdi;

15
. 0 (122.24 s)
1/2- 0.0

1/2- o.oL
l~N(stable) EC.P;

0.511MeV

Electron Capture Decay

EC is the second way in which proton-ri ch nuclides decay to decrease an excess positive
nuclear charge. The change in nuclear compos ition is similar to that occurring in positron
decay, but the mechanism is different. The refore, 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 pro ton-r ich nuclide does not have at leas t 1.022 MeV
of transition energy, a pos itron cannot be created and EC decay will occur.
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FIGU RE 2-12 Decay schemes for 68(;a and s2Rb. (Rep rinted with permission of the Society of Nuclear
Medicine from reference 5.)

:Cr(27.704d)
7 2- 0.0

FIGURE 2-13 Decay scheme for " Cr. (Reprinted with
permission of the Society of Nuclear Medici ne from
reference 5.)

,
7L2- O~

:~V(stable) Eez

In EC decay, an orbital electron, us ua lly the K-she ll electron, is cap tured by the nucleus
and combines with a proton to produce a neutron an d a neutrino. This reduces the pos itive
nuclear charge by one unit. The nuclear transformation that occurs is

For most EC decay processes a K-shell elec tron is captured unless the transition energy
is less than the K-shell bind ing 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, III ln, ml,
125!, and ' OIT!. EC is a desirable decay mode for diagnostic radiopharm aceu ticals becau se
no pa rt iculate radiat ion is produced, lowering the pa tient's rad ia tion absorbed dose. The
decay eq uation for SlCr is

50.94-1786M tU SO.943<J7K AM U



Radioactive D ecay 29

Themass 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 SlCr atoms decay directly to the gro und state of SlV by emitting a 0.753 MeV
neutrino. In 9% of the decaye d atoms, however, the neutrino carries only 0.433 MeV, an d
a gamma ray of 0.320 MeV is emitted from the excited SIV da ughter. Secondary radiations,
such as characteristic x-rays and Auger electrons, are also p roduced during EC decay.

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

IsomericTransitions 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 de layed manner. Prompt de­
excitation occurs when gamma rays are emitted immediately after particle emission,
usually withi n 10-13 seconds. Delayed de-excitation occurs when the excited nucleus per­
sists for a measurable period of time, with half- life in the range of 10-9 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., 1311and SICr). Some metastable species ha ve a long eno ugh
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
Y9mTc, which is produced by the decay of 99Mo. A simplified decay scheme is shown in
Figure 2-14. When ""Mo decays, 13.95% of the atoms deca y to the "'Tc gro und state, but
the other 86.05% yield the metastable isomer 99mTc, which has a half-life of 6 hours. It will
undergo de-excitation to its "'Tc isomer by emi tting a monoenergetic gamma ray of 0.140
MeV.

p. (86%)

~- (14% )
y 140 keY

"L --1_ _ ~,,'T-'-"c FIGURE 2-14 Simplified decay scheme for""Mo.

Internal Conversion

In some isomeric transitions the energy released from the nucleus may be tra nsferred 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 wi thin the nucleus. If an electron absorbs the
nuclear energy tha t is ava ilable, it is ejected from the atom, with a kinetic energy equal
to the difference between the energy ava ilable 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 sta te may therefore em it either gamma rays
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FIGURE 2-15 Simplified decay
scheme for 203Hg illustrating the
percen tage of inte rnal conversion
in the K, L, and M shells.
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or conversion electrons during their de-excitation . This is illustrated in the decay scheme
for 203Hg (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.
Becau se 100% of 203Hg atoms decay by beta emission to the excited state of 203TI, theoret­
ically one should be able to detect 100 gamma rays of 0.279 MeV for eve ry 100 atoms
decayed . Only 82 gamma rays are detectab le, however, because 18% of the atoms undergo
internal conversion in the K, L, and M shells. The n umber of detectab le photons pe r 100
disintegrations is known as the photon abundance. The pho ton abundance for ~nHg is 82%.

Alpha Particle Decay

Altho ugh alpha radia tion holds no current clinical usefulness, some alpha-emi tting radio­
nuclides have mer it, and some may be used in the fu ture for therape utic application . Soon
after radium's discovery in 1898 by Marie and Pierre Curie, 22°Ra and its radioactive
da ug hter, 222Rn, 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 trea tment. Currently, 192Ir and \lSI are used for
such purposes. 103Pd seeds have been successfully used for treating pro state cancer.

Alpha emitters have no application in diagnos tic nuclear medicine because alp ha
particles produce dense ionization within tissue, accompanied by severe radiation da m­
age. However, the decay of 22°Ra is discussed here because of historical interes t. The decay
equation is

222 Rn + 'H&0 136 2 e2
220 R a ---7
ss 1'"

226.112''H AMU 222.0175 AM U .J.OO26 AMU

Alpha decay usually occurs in heavy nuclei where four nucleons (two pro tons p lus two
neutrons) can achieve an energy that exceeds the nuclear binding energy to escape from
the nucleus . In the decay equa tion for 226Ra the alp ha particle is shown as a neu tra l helium
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FIGURE 2-16 Simpli fied
decay scheme for 226Ra .

atom with its orbital electrons, but alpha particles do not assume this state until they have
almost exhausted the ir kinetic energy. The sum of the 222Rn an d 'He masses is 0.0053 AMU
less than the mass of the 226Ra atom. This mass de fect is equivalent to a transition energy
of 4.94 MeV.

A simpl ified decay scheme depicting the principal decay routes for 226Ra is shown in
Figure 2-16. A branching decay occurs, with 98.8% of the atoms decaying directly to 222Rn
and 1.2% to the excited state of 222Rn, which subsequently de-excites by emission of a
0.187 MeV gamma ray. The difference between the alpha-I 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 ene rgy is
usually on the order of 0.1 MeV.

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

RAD IOACTIV ITY

Up to this point we have discussed some basic proper ties of all atoms and cons idered the
\vays in which unstable atoms transform into stable nuclei. Soon after the dis covery of
radioactivity by Henri Becquerel in 1896, it was observed that some elements lost the ir
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 de fined 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 fract ion 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,
A. This relationship describes the radioactive decay law and is expressed as

-dN = 'AN
dt

(2-2)

The nega tive sign indicates a decreasing number with time. This first-order differential
equation provides the rate of decay for infin itely small periods of time. To obtain the ra te
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 ~-MaX< Layer Dose Constant

Radionuc1ide Decay Mode- Half-lifeb Abundance (%) (MeV) (mm Pb) (RlmCi-hrlcm)d

He W 20.3 min 0.511 (200) 0.960 4.0 5.91'

"N ~- 9.97 min 0.511 (200) 1.198 4.0 5.91·

"c ~ . 5715 yr None 0.156 None None

"0 s- 122 sec 0.511 (200) 1.730 4.0 5.91·
18F ~- 109.8 min 0.511 (181) 0.635 4.0 5.73'

" p ~- 14.28 days None 1.710 None No ne
51Cr EC 27.7 days 320 (10) None 1.7 0.18
57C O EC 271.8 days 122 (86) None 0.2 1.0

136 (10)

"Co EC, po 70.9 days 0.511 (31) None 9.0 5.5
0.810 (99)

67C U ~ . 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 ~. 67.8 min 0.511 (178) 1.899 4.0 5.37"

I12Rb W 75.6 sec 0.511 (189) 3.4 7.0 6.1

0.777 (13)
81mKr IT 13.1 sec 0.191 (66) None 0.019 1.6

'"5 r ~ - 50.52 days None 1.488 No ne No ne

" y ~- 64.08 hr None 2.28 None None

" Mo ~- 65.94 hr 0.740 (14) 1.214 6.5 0.18

0.778 (4.8)

- Tc IT 6.01 h r 0.140 (88) None 0.17 0.78

lII In EC 2.8 days 0.023 x-rays (68) None 0.23 3.21

0.026 x-rays (I S)

0.172 (90)

0.247 (94)

"'I EC 13.2 h r 0.027 x-rays (71) None 0.05 1.6
0.031 x-rays (16)

0.159 (84)

"'I EC 59.4 days 0.027 x-rays (115) None 0.017 1.43

0.035 (6.7)
1311 ~- 8.02 days 0.284 (5.8) 0.606 2.4 2.27

0.364 (82)
0.637 (6.5)

a'Xe ~ 5.24 days 0.081 (36%) 0.346 0.035 0.51
mes ~ . 30.07 yr 0.662 (95) 0.512 6.0 3.32*
153$m ~ . 46.27 hr 0.103 (29) 0.710 0.1 0.46
186Re ~- 89.2 hr 0.137 (9) 1.07 2.5 0.2
20lTl EC 72.94 hr 0.068-{).080 None 0.006 4.7

x-rays (9-1)
0.167 (10)

• EC =: electron capture, IT = isomeric trans ition.
to Half-life values obtained from reference 1.
C f}-max =decay transition energy (E max) minus any photon energy emitted.
d R = roentgen . Values with asterisk are from reference 3, pp. 737-741 ; other values are from package inserts.
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where:
No = original number of atoms at / = 0
N = number of atoms remain ing after decay time t = t
No-N =number of atoms that decayed in time t =/
A = decay cons tant in reciprocal time t-'
t = time of decay
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(2-3)

The rate of decay of a radionuclide is des cribed by its activi ty, A, or the number of
nuclear transformations or disintegrations per unit of time; therefore, A is equiva lent to
-d N/dt, and we may write

A=A.N

where:
A = number of disintegrations per unit time
N = number of radioactive atoms
A = decay cons tant

(2-4)

The decay constan t describes the fraction of ato ms that de cays per unit of time. For
example, a decay constant of 0.01 sec' means tha t approximately 1% of the atoms decay
per second. A decay constant of 0.15 sec ' means approximatel y 15% decay per second.
This interpretation is on ly approximate, becau se radioactive decay is a logarithmic func­
tion. A strictly linear interpretation of the deca y constant gives a falsely high decay rate,
but the interpretation helps to make the decay constant tangible. The decay constant is
peculiar to the radion uclide in question. No two radionuclides are identical. As we sha ll
see in a subsequent section, the decay constant is related to the radionuclide half-life.

The activity of a radioactive substance is d irectly proportional to the decay constant
of the radionuclide and the number of radi oactive atoms present in the sample, as given
by the decay law. Therefore, Equatio n 2-4 can be used to calculate the amount of a
radioactive material from its activity. In working w ith radioactive mate rial it is convenient
to know the amount of activity present in the sample at various peri ods of time. Because
activity is directly propor tional to the number of atoms, we can subs titute the express ion
A/A for N in Equa tion 2-3 and arrive at an exp onential expression for radioactive decay
in terms of activity:

A A - AI
= oe (2-5)

Units of Activity

Radioactivity can be exp ressed in three ways: (1) as nuclear transformations pe r second,
frequen tly referred to as decays or disin tegrat ions per second (dps); (2) as curies, millicu­
ries, microcu ries, or nanocuries; and (3) as becqu erels. The curie was or iginally defined
as the number of disintegrat ions per second occurring in 1 gram of "oRa. In the early days
of radiochemistry the d ecay rate of 1 gram of "oRa 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 disin tegration rate close to 3.7 x 1010 dps, and this value was officially
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adopted in 1950. Now, the International System of Uni ts has adopted the becquerel (Bq)
as the official 51 uni t of radioactivi ty. One Bq is defined as one nuclear transformation per
second. Therefore, the following expressions are considered to be equivalen t:

1 becquercl (Bq) = 1 dps
1 cur ie (0) ::= 3.7 X Itl'" d ps (Bq) or 37 gigabccquercls (GBg)
1 mill icu rie (mG) ::= 3.7 x H)7 dps (Bq) or 37 meg abecquerels (MBq)

1 microcurie (J..lCi) == 3.7 x 1lJ'l dps (Bq) or 37 kilobecquerels (KBq)
1 nanocurie (nei) = 37 d ps (Bq) or 37 Bq

By definition we also have the following equivalen t exp ressio n:

I Bq = 2.7 X 10-11 Ci

Although the becquerel is the official uni t of radioactivi ty, the tra ditional curie un its are
routinely used in practice. By using the previous expressions, conversions can be made
readil y.

Ha lf-life

In 1902 Rutherford noted in h is measurements of 23-1Th that half of any quant ity 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

T _ 0.693
'k - A (2-6)

Thus, half- life and the decay constant are inversely prop or tional. For the derivation of
th is expression, assu me that the time of decay IT) in the expre ssion A = A"e-AT is that of
the half-life or T" so that

A= Au
2

In2 = AT,,,

0.693 _ T
A - 'f,
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FIGU RE 2-17 Half-life determination illustrated by a plot of the decay of 'l'JmTc over time on linear
coordinates (left) and log-linear coordinates (right) that yi elds a s traight line characteristic of a first­
order rate process.

The half- life of a rad ionuclide can be determined expe rimentall y by measuring the
activity of a sample ov er time, assuming that the ha lf-life is reaso nably short. Rad ionu­
elides with very sh ort or very long half-lives require specia l techniques . Figure 2-17 shows
plots of activ ity versus time on linear and log-linear coordinates. Because radioactive decay
is a first-order ra te process, the log-linear plot is a straight line from w hich the half-life is
easily determined .

Radioactivity Calculations

Sample calculations 1A an d 1B illust ra te the random nature of rad ioac tive decay.

Example 1A. The half-lives of 99mTc and 1231are6.01 hours and 13.1 hours, respectively. Which of
these huo mdionuclides has the higher probability for radioactive decay?

The probab ility for decay is rela ted to the nuclide's decay constan t, A, which is defined
as the fraction of radioactivity (an d atoms) tha t decays per unit of tim e. Th us, the decay
constan t of 99mTc is 0.693/6.01 hr = 0.1153 hr', or abou t 11.5% per hour, and the decay
constant for 123( is 0.693/13.1 hr = 0.0529 hr l , or about 5.29% per hour. Therefore, given
100radioactive a toms of ea ch nuclide, 99mTchas the probab ility of decaying about 11 ato ms
in 1 hour, whereas 1231 decays only abo ut 5 atoms in 1 hour.

Example 18. How lIIall'l atoms of each radionuclide are ill 1 lIIei (37 MBq) Of99mTc and 1231?

The relationship be tw een rad ioactive atoms and radi oactivity is expres sed in the formula
A = AN. Rearra nging, we have the following:

A A.T,;,
N = -= - -=A ·T,! ·1.443

A 0.693 '

N~mT< = (1 mG )( 3.7 x 10' dps/mG )(6.01 hr x 3600 scc/hr)(1.443) = 1.16 x 10"d(atoms)

N"'l =(1 mG )(3.7 x 10' dps/mG)(13.1 hxx 3600 sec/hr)(1.443) =2.52 x 1012 d(ato ms)

Wecan see from these relationsh ips that the number of rad ioactive atoms is d irectly propor­
tional to the rad ionuclide' s hal f-life and inverse ly propo rtional to the decay constan t. 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 mo re atoms presen t 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 1211 t0 9'lmTc is 2.2. In other words, 1211 must have slight ly more than tw ice the
number of atoms as 9'lmTc to show the same activity.

Mean Life

The expression N ~ (A) (1/1..) describes the to tal number of atoms in a radioactive source.
The term 1/ 1.. is known as the llleall life of a radioactive source. The relationship between
the mean life and the half-life of a radioactive source is exp ressed as 1/ 1.. ~ T,., / 0.693 ~

(T~) (1.443). Consider a sample decaying at a ra te of 1 mCi (37 MBq). Dur ing the first
second, 3.7 x 10' 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 wi th
time). Even though the number of atoms decaying per second decreases, the frac tion 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 initi al 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 dosime trist 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 9'lmTc is equal to 1.16 x 1012 atoms. This means that
after complete radioactive decay this man y atoms of 9'lmTc will have transformed into "'Te.
If the gamma ray energy per decay is 140 keY and the photon abundance is 88%, then
(140 keY) (0.88) (1.16 x 1012 ) or 1.62 X 10" keV will be emitted as gamma radiation. The
rem aining 12% of energy will be released as conversion elect rons .

Example 2. A vial contains 100 IIICi (3700 MBq) of 1.111-50dil/lII iodide ill a 10 IIIL rolume all
MOllday at 12 110011. Calculate the uolume of solution required for a 12 lIIei (444 MBq) dose a ll

Friday at /100/1.

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

100 mCi(3700 MBq)/lO mL ~ 10 mCi(370 MBq)/mL

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

_ 0.00 (4 d.l\'s)
A ;; 10 rnCi/mL e R05da ys .

A ~lO mCi/mL(0.7087)

A ~ 7.09 mCi/mL

A dose of 12 mCi requires [ 12 mc) ] or 1.7 mL
7.09 mCi mL
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Example 3. A vial contains 50 IICi (1850 kBq! of '·llI-sodi",n iodide capsules . How many days are
requiredfor the capsules to decay to 5 flCi (185 kBq!?

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

Number of days a 8
Number of half-lives 0 1
Capsule activity (JlCi) 50 25

16 24

2 3
12.5 6.25

32
4

3.125

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

A=Aoe-Al

in A = ln A, - A.t

In (5~Ci) =1n(50~Ci)- 0.693 (t)
8.05 days

1.61= 3.91- 0.08611

t = 2.3 26.7 days
0.0861 days I

Decay Tables

When making decay calcu lat ions 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
is a tabulation of specified times and the respective fraction of activity remaining at those
times. It is prepared using the expo nential decay equation. Rearrangemen t of Equa tion 2­
5yields the following expression:

(2-7)

If A is the activity remaining after an original am ount of activity (Ao) decays for a pe riod
of time (I), then A/Ao is the fraction of the original amount remaining. For example, a
decay table for 1311 can be generated by substitu ting the values of 1, 2, or 3 days and so
forth for t in Equation 2-7 to yield the following:

t (d ays) e-At

0 1.0000

1 0.9175

2 0.8418

3 0.7724

4 0.7087

5 0.6502

6 0.5966
7 0.5474

8 0.5022
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Example 4. Calculate the activity ill a 10 IICi (370 kBq) capsule of l.llI-sodillll1 iodide.

a. What is the activity after 5 days' decay?
Answe r: 10 IlCi (0.6502) = 6.5 IlCi (240.5 kBq)

b. What is the activity after 9 days' decay?
Answe r: 10 uo (0.5022) (0.9175) = 4.6 IlCi (170.2 kBq)

Radiopharmaceuticals are labeled with the total amount of activity at a spec ified date and
time, referred to as the calibration time. Only at this tim e will the vial contain the labeled
activity. After the calibration time it w ill contain less activ ity 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 calibrat ion time.

Example 5. Calculate the activity i ll a capsule of 13ll-sodium iodide at 110011 all Jal1l1ary 1 if the
label states "10 IICf (370 kBq) per capsule as of12 110011 Janllary 6."

Since the capsule must obvio usly con tain more than 10 IlCi (370 kBq) on Janua ry 1, the
calibration time act ivity sho uld be divided by the decay factor for 5 days. Thus, the activity
in the capsule on January 1 is (10 IlCi)/(0.6502) = 15.38 IlCi (569 kBq).

The same answer can be obtained by us ing the recip rocal of the postcalibration decay
factor, 1/0.6502 or 1.538, which is the precalibration decay factor. The answer to the
prev ious question is calculated as follow s: 10 IlCi x 1.538 = 15.38 IlCi (569 kBq). Precali­
bra tion factors can be readily calculated for any times before the calibration time using
the following rearrangement of Equation 2-5:

A precalibrati on decay table for 13I[ is

A +A.l- = e
Ao

(2-8)
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3 Rad iation Detection and
M easu rement

The type of radiation emitted from a radioactive subs tance and its particular application
in medicine and science determine the method used to detect it. In nuclear med icine and
nuclear pharmacy, special types of instrume nts are used to quantitate the amount of
radioactivity in a rad iopharmaceutical dosage, to measure the radioactivity present in the
body of a patient undergoing a nuclear medicine proced ure, 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 RADI ATION 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. Du ring exci tation,
orbital electrons may be raised to higher-energy suborbits and then em it visible an d
ultraviolet (UV) ligh t when they return to the ground state. During ionization, electrons
are removed from atom s, 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 tota l energy. Thus, a
340 keY (340,000 eV) beta particle will prod uce 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 term ed
specijic ionization (51), while the energy dissipated per unit path length is termed the linear
"'ergy transfer (LET). 51 and LET are directly related:

LET= 51 x W (3-1)

51and LETare directly proportiona l to particle mass and charge and inversely proportional
to particle velocity. Therefore, an alpha particle has higher specific ion ization 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 th rough matter. An
electron of similar energy, having a unit negative charge and much smaller mass compared
with the proton or alpha particle, moves through ma tter 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 particl es in air.

The interaction of rad iation with matter is important because it is the basis for detection
and measurement of radiation and is the initiating event tha t leads to biologic da ma ge in
tissue.
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TAB LE 3-1 Specific Ionization of Radiation in Air

Energy
(MeV)

Specific Ionization (ion pairs per 1.0 mg-cm-q

Beta Particle Proton Alpha Particle

10

5
4

3
2

1

0.5

0.2

53

49

48

47

46

46

50

100

1,100

2,100

2,400

3,100

4,200

6,800
11,200

16,700

13,000

22,000

26,000

32,000

41,000

54,000

56,000

40,000

Adap ted from reference 1.

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

Energy LET (keV/~m)

(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

Distance intoAbsorber _

O'- --'L

c

B
A

~

ID
::l 1.0 L..,,::::-====:::::.......__
~ I

.~
rn 0.5

8!
FIGURE 3-1 Composite diagram of alpha particle inter­
actions in matter. (A) particle veloci ty;(B)particle range;
(C) particle specific ionization and linear energy transfer.

Alpha Particles

Alpha particles are fast -moving monoen ergetic helium nuclei carrying two positive
charges. Relative to other types of radiation they are qu ite massive, being composed of
two protons and two neutrons. Consequen tly, alpha particles are not easily deflected by
interaction with electrons in matter, and they travel in straight-line paths with a de finite
range in a pa rticular absorber.' An alpha pa rt icle produces excitat ion 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 51 and LET, as show n in Tables 3-1 and
3-2 and Figures 3-1 and 3-2. 51an d 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 probabilitJ:
of interaction. In tissue, the de nse ionization of an alpha particle with release of energ"
results in a higher probability for biologic damage compared wi th low LET radiation.This
is a principal reaso n for not using alpha emitters in diagnostic applications.

2
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FIGUR E 3-2 Pathways of alpha and beta
particle interactions in matter.

Delta
.0(; Rays

Range

Y-------r----------(----
! Particle ~
I,

Positrons

Positrons are positively charged beta particles (electrons ) released from the nuclei of
proton-rich radionuclides. Positrons p roduce excitation and ion ization of matter by elec­
trostatic attraction of orbital electrons in the matter, simila r to alpha pa rticles. However,
because of their smaller mass, positrons are easi ly deflected during the ir interaction wi th
orbital electrons . The path of a po sitron through matter is tortuous, similar to that of a
negatron (Figure 3-2). After thousands of excitations an d ionizations, the positron comes
torest in association with a negative electron to momentarily produce a species called a
positronium. The posit roniu m 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, conve rting the two electron masses into two 0.511 MeV an nih ilation photons (see
discussion of positron decay in Cha pter 2).

Negatro ns

Negatrons are negative ly charged beta particles (electrons) released from the nuclei of
neutron-rich rad ionucli des. Negatrons interact with mailer by three major processes:
excitation, ionization, and bremsstrah lung production . The first two processes involve
interaction with orbital electrons and the third process involves an interaction with the
nucleus. Negat rons interact wi th orbital electrons by electrostatic repulsion . During exci­
tation, negatrons in the vicinity of an atom can cause a loosely bound va lence electron to
be moved to an optical orb it, 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. Remov al of inner-shell electrons resu lts in the release of characteristic
x-rays as ou ter-shell electrons fill in the inner-shell deficits. The electrons releas ed from
the atom by the ionization process are called delta rays. Because the in teraction is be tween
particles of equal mass, the path of a negatron is tortuous, being de flected at each inter­
action (Figure 3-2). A high-energy negatron may undergo a deceleration in the vicinity of
the nucleus, releas ing electromagnetic radiation called bremsstrahlnng' (brak ing radiation).
The probability of bremsstrahl ung produ ction increases directly as the negatron 's energy
and the atomic number of the absorber increase. For this reason, it is best to sh ield high­
energy beta emitters, such as 32p, with an inner shield of material w ith a low atomic number
(2), such as Plexiglas, and an outer shield of lead to absorb any bremsstrahlung. The
processes of negatron interaction with matter are sum marized 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 cou ld easily penetrate a nu cleu s and unite with it. In 1932 James
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Excitation

Scatt ered
Electron

Ionization

K x-ray
........",

K electron

Sca ttered
Electron

Bremsstrahlung

FIGURE 3-3 Beta particle interactions with matte r: excitation, ionization, and bremsstrahlung.

Chadw ick 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 pro ton and electron mass
(1.0078252 AMU) by 0.0008402 AMU, so an energy eq uivalent to 0.782 MeV is liberated
in the process; therefore, a free neutron should decay spontaneo usly as follows:

Experimen ts have demons trated that a ne utron decays spontaneo usly w ith a half-life of
700 seconds.'

Although neutron emitters are not used in nuclear medicine, their in teractions with
matter are of in terest. Neutrons can be classified by their energies as being therma l
(approximately 0.025 eV), slow (0.03 eV-100 eV), intermediate (100 eV-I0 keY), 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 sca tter and
capture reactions that may occur in biologic systems are as follows -'

Scatter reactions

~ n + ~ H --7 ~H + ~n ' (elastic scatter)

~ n + l~C --7 l~C + ~n ' + y (inelastic scatter)

Capture reactions
In + I'N -> I' C + IHo 7 t> 1

Scatter reactions are nonionizing events typical of neutron moderation reac tions that
occur in water or graphite reactors. Elastic sealter 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 ma terials rich in hydrogen are good moderators of neutrons by the elastic
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TABLE 3-3 Properties of the Electromagne tic Wave Spectrum

Wave Type Frequency- Wave lengthb Pho ton Energy

Radio 1 x 10~ 3x lO" cm 4.13 x 10 to eV

3 x 10to 1.0 em 1.24 x 10-1 eV

Infrared 3 x 101:> 0.01 em 0.0124 eV
3 x 1014 0.0001 em 1.24 eV

(10,000 A)
Visible ligh t 4.3 x 1014 7000 A 1.77 eV

7.5 x 1014 4000 A 3.1 eV
Ultraviolet 7.5 x IOU 4000 A 3.1 eV

3 x 101" 100 A 124 eV

Soft x-rays 3 x to- 100 A 124 eV
3 x 10111 IA 12.4 keY

Diagnostic x-rays, gam ma rays 3 x 10 lK I A 12.4 keY
3 x 1(}-"O om A 1.24 MeV

Cosmic rays 3 x 1Q-"O om A 1.24 MeV
3 x l():'J OO1סס.0 A 1240 MeV

a Waves /second .

b Photon emitters in nuclear medicine generally range from 0.155 A(80 kcv) to 0.031

A (400 keY).
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scatter process. In the reaction wi th 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 nucle us, the energy difference being
emitted as a gamma ray. Moderation of fas t 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 consequ ence
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 cap ture cross-sections have a higher probability of capturing fas t neu trons.
Boron or cad mium rods in nuclear reactors are used to control or shut down the reactor
because they have high neutron captu re cross-sections . Capture reactions are an important
means of producin g artificial radionuclides (see Chapter 8). An interesting proposed
medical applica tion is boron neutron capture therapy. This simp le ye t elegant technique
involves targe ting a boron-containing drug to a tumor and irrad iating the tumor with
thenmal neutrons. The captu re of ne utrons by boron generates alpha particles that intensely
irradiate the tu mor. The success of this technique has been limited because of the difficulty
in delivering boron-eontaining drugs and thermal neutrons specifically to tumor cells .

Gamma and X.Rays

Electromagn et ic radiation exhi bits properties characteri zed by frequen cy, w ave length, and
energy. This is shown in Table 3-3 and described by the following equations:

e
v = -

A

h e
E=hv= -

A

(3-2)

(3-3)

.J
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where
v = frequency (waves/sec)
c = speed of light (2.998 x 1010 em/sec)
A. = wavelength (in angstroms x 10-" em)
E = energy in ergs
h = Planck's constant (6.626 x 10-27 erg-sec)

Thus, the energy of a I-angstrom photon is

E= (6.626 x10-27 erg--sec)(2.998 x1010 em/sec)
1x 10-' em

and its equivalent energy in elec tron volt units is

1.986 x 10-" erg

Thus,

E= 1.986 x 10-" erg
1.602 x 10 q erg /keY

12.4 keY

(3-4)

Long-waveleng th low-ene rgy electromag ne tic radiation that occurs in the vis ible light
spectrum exhibits wavelike properties; however, short-wavelength high-ene rgy 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 quail/a or phO/OIlS, and they interact w ith ma iler
as if they were small par ticles. The three processes of photon interaction wi th mailer are
the photoelectric effect, Compton scalier, and pair prod uction . Each of these interactive
proce sse s causes ionization of matter.

Photoelectric Effect

Absorption of photons by the photoelectric effect is illustrated in Figure 3-4. Th is process
involves a relatively low-energy photon interacting wi th and ejecting an inner-shell elec­
tron, usually from the K shell. The photon disappears, wilh all of its energy expended to
overcome the electron's binding energy and to im part kine tic ene rgy to the ejected electron.
For example, a 50 keY photon interacting wi th a K-she ll electron having a bindi ng ene rgy
of 40 keY ejects a photoelectron wilh 10 keY of energy. The photoelectric interaction
p roduces ion pairs. Additionally, cha racteristic x-rays and Auger electrons are em itted
from the ionized atom when electron shell vacancies are filled in by outer-she ll electrons.
The total energy emitted by an ionized atom from all processes is equa l to the inciden t
photon energy.

In soft tissue, the photoe lectr ic effec t is the predom ina nt interactive process for pho ton
energies up to 50 keV. The probability for the interaction increases as the photon energy
decreases below 50 keY and as the atomic number and density of the absorber increase.
Bone, w ith 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

&
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e- x-eneu
Photoelectron

FIGURE 3-4 Photoelectric absorption. Theentire
photon energy is transferred to the ejected elec­
tron. The kinetic energy of the ejected electron,
KE]q is equal to the initial photon energy, hv,
minus the electron's binding energy, BEk"

e"
~ KE=hv·hv·

:.:~; ..•
FIGURE 3-5 Compton effect. An incident pho­
ton transfers part of its energy to a loosely
bound electron that is ejected from the atom.
The remaining energy is associated with the
scattered photon. The kinetic energy of the
ejected electron (KEm) is equal to the difference
between the incident and scattered photon ener­
gies. The electronbinding energy is insignificant.

energies below 50 keY, such as 1251 (30 keY), 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, on ly a po rtion of the incident ph oton energy is transferred to the
electron, depending on the angle of scatter (e). The energy of the scattered photon (in
kiloelectron volts) can be calculated from the following relationship:

E = E,
, E

1+ _ ' (l -cose)
511

(3-5)

The kinetic energy given to the Compton electron also depends on the angle of interaction.
A direct hit with a scatter ang le of 1800 tran sfers the largest am oun t of energy to the
Comptonelectron. 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 ad ditiona l Compton
interactions until the photon is eventually absorbed by the photoelectric effect. The rela­
tionships between the ene rgies of the incident photon, scattered pho ton, and Compton
electron at various angles of interaction for 1251, - Tc, and 1311 photons are given in Table
3-4.The very small energy require d to overcome electron-bind ing energy has been ignored
in these calcul ations.

The probability for photon interaction by the photoelectric effect and Compton scatter
.5 about equal at photon energies between 10 and 50 keY. The Compton process pred om­
nates at energies higher than 50 keY (Table 3-5)4 Most radionuclides used in nuclear
nedicine, because of their higher energies, interact in tissue initi ally by Compton scatter.
[he probability of a Compton interaction depends upo n electron density. High-dens ity
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TABLE 3-4 Energy of Compton-Scattered Photons and Hectrons-

Angle of Scatter, 0

Photon Energy 45° 90° 1350 180°

Radionuclide (keV) E, Eu E, Eu E, Eu E, Eu

1251 275 27.1 0.4 26.1 1.4 25.2 2.3 24.8 3.3
'i'lmTc 140.5 130.5 10.5 110.5 30.5 95.9 45.1 90.9 50.1
1J11 364 301.1 62.9 212.6 151.4 164.3 199.7 150.1 213.9

~ E, = energ y of the scattered photon, Eu == energy of the Co mpton-sca ttered photon.

TAB LE 3-5 Relative Importance of
Different Types of Absorption in Water

Percent Absorption

Photon Energy Photoelectric Compton

Up to 10 keY

25 keY

50 keV
80 keY

100 keY

15D-1000 keY

Source: Reference 4.
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FIGURE 3-6 Pa ir product ion. An incident
photon of at least 1.022 MeV in the vicinity
of the nuclea r force field is transformed
in to two electrons, one ne gative and one
positive. The positron eventually is anni­
h ilat ed outside the atom, prod ucing two
0.511 MeV photons. 0.511 MeV

material provides more stop ping 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 mate rial. For this reason , lead (density 11.35) is a
good absorber of gamma radiation .

Pair Production

The pair p roduction process involves the interac tion 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 prod uced 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 d istributed to the pa rticles as kinetic energy.
The p robabili ty for pair production increases with increasing atomic number of the
absorber because of the increased nuclea r force field present wi th high-Z material. Pair
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production begins to be significant in soft tissue, with photon energies be tween 5 an d 10
MeV, and therefore is not an important mode of photon absorption with the radionuclides
used in nuclear medicine.

RADIATION DEHCTION INSTRUM ENTATIO N

Detection and measurement of radiation in nuclear pharmacy and nuclear medicine is
important for radiation protection pu rposes and for accurate assessment of radiopharma­
ceutical activity for imaging procedures. Prope r use of radiation detection equipment
requires an understanding of its construction and operation. This section covers the tw o
basic methods of radiation de tection and measurement: ion collection and scintillation.

Ion Collection Methods of Radiation Detection

Ion collection methods of radiation de tection are based on the ability of radiation to ioni ze
atoms of gas. Typical gases used are air, helium, and argon. The gas is contained in a
sealed chamber with a positive and nega tive electrode pair (Figure 3-7). A power supply
creates a voltage potential across the electrodes. An ammeter meas ures the current pro­
duced by electrons released from the ionization process. The curren t gene rated 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 vol tage can be und erstood by con­
sidering a constant source of activity exposed to a chamber that con tains a definite number
of ionizable gas molecules. In this situation a given amount of ionizing radiation enters
thechamber 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
thevoltage is increased, some of the electrons in the ion pai rs are collected at the anode,
generating a current. A greater proportion of these electrons are collected with a propor­
tional increase in cur rent as the voltage continues to increase. When the voltage ap plied
is high enough, all of the primary electrons are collected an d 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 ra te
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

Radiation Source
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FIGURE 3-7 A simple gas-filled radiation detec­
tor. Electrons released by ionization of the detec­
tor gas molecules are collected at the central
anode, producing a current proportional to the
amount of ionization; i = current, v = voltage .
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FIGURE 3-8 Current-voltage curve for
gas-filled ionization detectors. See text
for explanation.

voltage because of secondary ionizations. This is kn own as the proportional region, in which
fast-moving primary electrons produce secondary ioniza tions on their wa y to the anode.
Eventually, most of the gas molecules in the chamber are ion ized, and a region of non­
propo rt ionality is reached. As voltage is increased fur ther above this poin t, another current
saturation plateau is reached, known as the Geiger region . The vo ltage in th is region is
high enough th at the initial ionizing event in the tub e w ill result in an ava lanche of ion
pairs because of ionization of all available gas mo lecules. In the Geiger region the same
current output is produced whether the ion izing event init ially produces 1, 100, or 1000
ion pairs. At still highe r voltages, a continuous discharge or arc ing of current across the
electrodes occurs and should be avoided because th is will damage the tube.

Three types of ion collection instru ments are represented in this current / volta ge
response curve: ionization chambers, proportional counters, and Geiger-Miiller (GM)
counters. ionization chambers are useful for measuring medium- to high-i ntensity sou rces
of radioactivity and have operating voltages in the range of 50 to 150 volts (satu ra tion
current plateau region). Examples of instruments include the hand-held "Curie Pie" ion­
ization chamber survey meter, which is usefu l for measuring ou tp ut from high -activity
sources, and the dose ca librator, whic h is used to measure the activity of radiopharma­
ceuticals in the microcurie to curie range. GM detectors are us ed to measure low-intensity
radiation, such as in radiation surveys of the work environment. The ir 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 d irectly proportional to the amount of act ivity placed into the ionization chamber.
Figure 3-9 is a block diagram of its essential componentsf Operating vo ltage is abou t 150
volts. The electrode elem en ts are con figured in a sea led chamber of p ressurized gas . A
typical chamber may contain approximately 12 atmosphe res of argo n to increase detection
sensitivity. The chamber is constructed wi th a central well for accepting radiopharm aceu­
tical via ls and syringes. The current-to-voltage amplifier in the circuit of the dose calibrator
converts the small current generated by the ion izations into a voltage. The range selec tor
is a va riable resistor circuit that adjus ts the ins tru ment for the activity range (microcuries,
m illicuries, 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 activi ty is low. The chamber sensit ivity of a dose calibrator is not linear
wi th photon energy (Figure 3-10); sensitivity increases below 200 keY because of photo­
electric in teractions and above 200 keY because of an increase in Compton interactions.



Radiation Detection and Measurement 49

IoniZation Chamber

FIGURE 3-9 Block diagram of
an ionization chamber detector
(dose calibrator); i = current,
v = voltage.
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Therefore, an isotope correction amplifier is necessary to ad just the detector 's ou tp ut,
compensating for the di fferent currents generated by rad ionuclides wi th di fferent photon
energies and intensit ies.' Inst ruments typically emp loy preset radionucl ide pushbuttons
or a calibration dial for this compensa tion. This adjustment permi ts the instrument to
display the correct activity of the rad ionuclide being measure d .

In measuring the activ ity of a particular radionuclide, its calib rat ion setting is selected
and the instrument's display is "zeroed" to remove any background activity. The source
is then placed in the chamber well an d 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 com plement of quality control tests requ ired
for dose calibrators is discussed in Chapter 12.

Geiger-Muller Detectors

AGM 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 coun ter 's
response is independent of the amount of ionization occurring within the detector, beca use
a single ionization event is all that is need ed to produce a current pulse. This makes the



50 Radiopharmaceuti cals in Nuclear Pharmacy and Nuclear Medicine

Cathode Thin Window

!

FIGURE 3-11 Cutaway diagram
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GM counter suitable for low-level radioactivity detection; its most common use is for
surveying work areas for radioactive contami nation.

GM tub es are supplied with end-window or side-window configurations. A typ ical
end-window tube is shown in Figure 3-11. The th in mica window allows passage of beta
particles and weak gamma rays that normally would be stopped by the metal casing of
the tube. Becau se of the high operating voltage in GM tubes, rad iation en tering a tube
produces p rima ry 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 seq uence produces current pulses that d rive an exposure
meter and are audible as ticking sounds. GM de tectors ha ve no energy-d iscriminat ing
ability but, if calibrated against a reference source such as mcs, are useful for measurin g
expos ure rate in roentgens per hour from gamma ray sou rces. The most accurate exposure
measurements, how ever, 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
meas ured. 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, how ever, less sensitive than the GM
counter and has more application wi th high-intensity sources.

Scintillation Methods of Radiation Detection

There are two types of scin tillat ion detectors: solid-crystal scintillation detectors and liquid
scintillation detectors. The detector is the prima ry med ium that interacts with the radia­
tion. A solid-crystal de tector typically is a sodi um iodide (NaI) crystal that is hermeti cally
sealed in a metal casing. Gamma radiation of sufficient energy can read ily penetrate this
casing to interact with the crystal, but particulate radiation cannot do so. Consequently,
the count ing of pure beta emitters such as ' H and 14C is best accomplished by liquid
scintillation. With liquid scintillation, the sam ple 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 di fference in detector material, the operating principles of liquid and solid­
crystal scintillation detectors are bas ically the sam e. 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 sod ium 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 sodiu m iodide detector converts photon ene rgy into
visible light after absor ption of gamma rays by Compton scatter and photoelectric inter]
actions. The photom ultiplier (PM) tube con verts the visible light pho tons into electrical
pulses. The processing unit consists of an amplifier for adjusting the magnitude of elec­
trical pulses and a pulse height ana lyzer (PHA) for selection or rejection of pulses for

a
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FIGURE3-12 Liquid scintilla tion detection. Decay of a beta-emitting radiochemical in the scintilla­
tion "cocktail" releases beta particles (electrons) which, th rough a series of int eractions, tra nsfe r
energy to the solven t molecules . Excited solvent molecu les (5*) then tran sfe r their energy to the
tluor molecules (F). Excited fluor molecules (F*) release their energy as visib le light photons (scin­
tillations). The ligh t photons strike the photocathode of the photomultip lier (PM) tube, releasing
electrons. These electrons are multiplied , generating an elect rical pulse that is registered as a count.
The number of pulses counted is proportional to the amount of radioactivity in the sa mple.
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FIGURE3-13 Block diagram of a scintillation cou nter. Sec text for expla na tion.
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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 elec trons from each dyn ode ,
10 dynodes will result in 410 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 iodid e d etector 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 ionizat ion
process is mostly absorbed as heat, because pure sodium iod ide crystals do not scintillate
well. However, if the crystal is act ivated with 0.1% tha llium, designated Nal(TI), some of
the excited electrons become trap ped in the vicinity of the thallium atoms, whereupon
their energy is released as visib le light photons of about 3 eY.This is the scin tillation event.
It takes abou t 30 eV absorbed to generate a sing le 3 eV ligh t ph oton. About 20 to 30 of
these light photons are produced per kiloelectron volt of energy transferred to the crysta l.'
The number of scintillat ions and thus the amount of light generated is proportional to the
am ount of gamma energy deposited in the crystal. The light photons cause electrons to
be ejected from the photosensitive cathode of the PM tu be, which is optically coupled to
the sodium iodide crysta l. The electrons are then attracted to a series of dy nodes, each
about 100 V more positive than the previous one. An average of four electrons are ejected
for each inciden t electro n on a dy node so that electron mu ltip lication occurs. A series of
10 dy nodes will result in 410 or about 1 million electrons, which p rod uce a sm all electrical
pulse at the collect ing anode. The magnitude of the output pulse of the PM tube is
pro portional to the gamma ra y energy deposited in the crystal. Thus a 200 keY gamma
ray produces a pulse twice the height of a 100 keY gamma ray.

Processing of the ou tput pulse from the PM tube involves amplification and discrim­
ination. A preamplifier matches impeda nce betw een the PM tube an d the amplifier. The
amplifier permits adjustment of the pulse he ight, increasing or decreasing it proportion­
ately, to facilitate analysis. The PHA is an electronic circuit consisting of an uppe r-level
energy discriminator (ULD) and a lower-level energy discrimina tor (LLD) con figured in
an anticoincidence circuit. Only those pulses that fall with in the "window" created
between the LLD an d ULD settings are counted (Figure 3-15). The PHA permits radionu­
elides wi th different photon energies to be counted independently by adjustment of the
window (Figure 3-16).

A variety of devices can record even ts. A scaler is a digital counter that totals the
number of counts detected. A rate meter dis plays counts per unit time. An oscilloscope
provides a visual display of a rad ionuclide's gamma-energy spectrum in a multichannel
analyzer (Figure 3-17). The computer monitor of a gamma camera sys tem displays the
distribution of radioactive material in the pat ient's body. Detector outp ut can also be stored
in computer memory for data analys is and image processing.
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FIGURE3-15 Schematic of p ulse heigh t analysis in a scintillation counter. Pulses A, B, and C are
amplified linearly before processing by the pulse height analyzer. Pu lse B falls w ithin the "wi ndow "
createdby the lower-level d iscrim inator (LLD) and up per-level d iscrim inator (ULD) and is counted .
PulseAis rejected by the LLD and pulse C by the ULD.
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FIGURE3-16 Effect of pulse heigh t ana lyzer setti ngs on acceptance or rejection of various pulse
heights.

FIGURE 3-17 Sodium iodide we ll counte r and multichannel analyzer.
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FIG U RE 3-18 Gamma energy spectra for 1231, 1251, 1311, 51C r, 1>7Ga, and 2tHTl in a 2 x 2-inch sod ium
iodid e 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 rad io­
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 counting
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 ~Ci (37 kBq). The sodiuri
iodide crystal may vary in size but generally is 1.5 to 2 inches in diameter and about
inches deep. A cylindrical well is dri lled into it for accep ting tubes (Figure 3-20).The majc
advantage of this arrangement is the increased coun ting efficiency tha t results from su
rounding the sample by the detector. The detector is shie lded with lead to reduce bad
gro und radiation.

Scintillation Probe

A scintillation probe is similar to the well counter excep t that the sodium iodide detee!
is flat-faced and has no well. The crys tal may be of various sizes depending on the intend
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FIGURE 3-19 Ga mma energy spectra for WmTc, 57CO, IIlJn, me s, n.1Xe, and I XF in a 2 x 2-inch so d ium
iodide crystal.
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FIGURE 3-20 Scinti llation well counter. (Repri nted
from Handbook 80, A tvum nal of Radioactivity Proce­
dures, US_ Dep artment of Co mmerce, National
Burea u of Stand ards, 1963.)

use. Thicker crystals are more efficient de tectors and are necessary for high-energy ga mm a
rays. Probes with crystals 1.5 to 2 inches in diameter and 1 inch thick are routinely used
lor thyroid uptake measurements. Smaller hand -held portable probes are used to monitor
radioactivity over various body parts and as survey inst ruments in radiation safety oper­
ations. An example 01a 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
tee Inc., Ramsey, Nj.)

Gamm a Cameras

Three types of gamma cameras are used in nuclear medicine: planar cameras, single­
pho ton em ission computed tomography (SPECT) cam eras, and positron emission tomog­
raphy (PET) cameras.

Planar Cameras

The early sys tem used in nuclear medicine for imaging procedures was the rect ilinear
scanner. This imaging device ha d a sod ium iodide crystal 3 to 5 inches in diameter and
2 to 3 inches thick. Images were made by mov ing the detector down and across the region
of interest, recording information line by line as the detecto r scanned across the organ
(Figure 3-22). The images obtained were called "scans." Modem -day imaging employs
gamma cameras whose detectors are large enough to view the en tire orga n of interest in
most instances. The images obtained are ofte n 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, typ ically in anterior, posterio r, oblique, and right and left lateral
projections. Ho wever, wi th this technique of image acquisition, a deep-seated lesion wi thin
an organ may be obscured by overly ing norma l tissue.

The camera sys tem includes a detector consisting of a 12 to 20 inch d iameter sodium
iodide crystal IA inch or Ys inch thick backed by an array of PM tubes and faced with a
lead collima tor. The detector is wired to the camera's electronic processin g unit, which
consi sts of a PHA, a scaler-timer, a positioning logic system, a monitor, and a computer.
The sodium iod ide 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 informa tion.
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FIGURE 3-22 Diagram of a rectilinear scanner, an imaging device use d in nuclear medic ine before
gammacameras came into usc. (A) sodium iodi de detector, consisting of a collimator, sod ium iodide
crystal, and PM tube assembly that moved laterally back and forth and vertically over the area to
be scanned, creating an image line by line; (8) photographic film recording device; (C) electronic
processing unit; (D) "dot" image recording de vice; (E) example of a thyroid gland scan made with
a rectilinear scanner.
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FIG URE 3-23 Diagram of types of gamma
camera collimators.

The scaler-timer records the nu mber of coun ts and sets the desire d tim e required for
image acquisition . The collima tor is a lead disk with an array of holes d rilled through it.
It is positioned immed iately in fron t of the sodium iodide crys ta l and limits detection to
only those photons emitted from the patient within the angle of view of the collimator 's
holes. Any pho ton emitted from the patient outside the angle of view (greater than or less
than 90') will be abso rbed by the lead sep ta between the holes and no t be counted. Without
thecollimator, a ph oton could hit the crysta l at a positio n un related to its point of origin
in the patient, which would result in an image wi th incorrect activ ity dist ribution. In short,
a collimator limits the field of view of the crystal so that detail can be reso lved. Types of
collimators are show n in Figure 3-23. In general, h igher-energy nucl ides require collima­
tors with thicker lead sep ta to achie ve acceptable image resolu tion . A positioning logic
system produ ces x- and y-coord inates of the pulses generated in the crystal. In essence it
detenmines the location of each gamma ray intera ction within the crystal that, in tu rn, is
related to its site of origin within the organ. The acqu ired image is stored in com puter
memory for data ana lysis and can be disp layed on a monitor for view ing. The monitor
display is useful for patien t positioning during image acquisition.
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FIGURE 3-24 Single-photon emission computed tomography (SPECT) dua l-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 informat ion 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 came ra 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 spa tial reso lution
of SPECT is inferior to that of ded icated 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 3600 about the pa tient
in a con tinuous or stepwise manner. A typ ical dual-head SPECT camera system is shown
in Figure 3-24.

A significant advantage of SPECTover 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 pos itron from a radionuclide distributed with in the body prod uces two
511 keY annihilation photons that travel in opposite directions 1800 apart in accordance
with the momentum conservation principle. This coline ar property of the photons allows
them to be detected simultaneously by opposing detectors coup led to a coincide nce device
(Figure 3-26). Because only coincident photons are detected, there is no need for a lead
collima tor to de termine the line of origin, and that is why th is p rocess is referred to as
elect ronic collimation. Lines of response (coincidence lines) for coincidence events are
stored in computer memory and processed by an image reconstruction algorithm to
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FIGURE 3-25 Schematic showing the value of
SPECT imaging (6), 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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FIGU RE 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 keY photons
along the coincidence line. The coinci­
dence line is also referred to as the line
of response (LOR) or line of origin.

generatecross-sectional images of the activity distribution. Theoretically, the two detectors
will detect an event at precisely the same time on ly if annihilation has occurred precisely
in the middle of the line between the two detectors. Because even ts occur at other points
along the coincidence line, the coincidence wi ndow must be adjusted to accommodate
these events. To accomp lish this, the average coincidence time for PET cameras is set at
approximately 6 to 12 nano seconds'This resolving time is long enou gh to record a
significant number of true co incidence events that occur "off-center" on the coincident
line but short enough to limit the number of random coincidence eve nts tha t strike the
crystal detector coincidently with true events.

A number of possible coincidence events can be recorded with PET (Figure 3-27). A
truecoincidenceevent (T) is one whe re the photons recorded by opposin g de tectors belong
to the same annihilation event. Unwanted events, such as random (R) and scattered (5)
photons, may be recorded simultaneously with true events. Random coincidence events
are those in which two photo ns from unrelated annihilation events are de tected simulta­
neously. Scatter coincidence events are those events in which one or both photons from
the same annihilation event are scattered prio r to de tection. In random and scattered
coincidence events, the recorded line of response does no t correspon d to the true line of
response.Such events act to degrade image quali ty, and correction factors must be applied
to diminish their effect.



60 Radiopha rmaceuti cals in Nuclear Pharmacy and Nuclear Medicine

FIGURE 3-27 Random (R), scattered (5)
and true (T) events detected in a PET de tec­
tor. See text for exp lanation.
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One advantage of PET imaging over planar or SPECf cameras is tha t no absorption
collimator is required because co incide nce detection is used . The absence of a collimator
significantly increases the de tection sensitivity of PET cameras, by a factor of 10 to 1009

Another importan t factor with coincidence detection is that sensitivi ty is no t dependent
on depth, because two photons must always cmss a total path length to be detected in
coin cidence. Thus, if one 511 keV pho ton tra vels a short distance to one detector, then the
other photon must travel the long distance to the opposing de tector. 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 anni hilation radiation is a
function only of the total length of travel, independent of the depth of its origin.'?

Another major advan tage of coincide nce detection is that precise photon attenuation
correction is possible. This is typically accomplished by a transm ission scan with an
ex ternal radioactive source (e.g., fillGe/hllGa or J:\7CS) to determine tissue density maps for
attenuat ion correction . Some PET cameras use a computed tomography (CT) x-ray source
to accomplish attenu ation correction. Attenuation correction permit s accurate quanti tation
of the am ount of activity at a given location and is a major advan tage 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 d istance positrons travel in tissue from their point of origin
to thei r point of annihilation. Positron emitters that have a short mean linear range in
tissu e have better resolu tion than those with a longer range (Table 3-6). Additionally,
because the positron may have some resid ual kine tic 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 resul ts in a sm all angular deviation from colinearity that
degrad es sp atial resolution.

A PET camera cons ists of a gantry with a patient portal and de tector system, a patient
bed, and electronic componen ts to control the unit. Differen t types of de tectors are used.
Common detector materials in modern PET cameras are bismuth germanate (BCO), lute­
tium oxyor thosilicate (LSO), and gado linium silicate (GSa), which have high detection
efficiency of annihilation photons and high signal-to-noise ratio. Ces ium fluoride and
barium fluor ide detectors offer high time resolution capability but are no longer used.
Sodium iodide detectors offer high sensitivity but poor detection efficiency. PET imagi ng
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TABLE 3-6 Positron Emitter Energy and Range in Tissue

61

Ma ximum Energy
Radionuc1ide of Positron (MeV)

»c 0.9£
uN 1.19
IX) 1.72
11IF 0.64

M«;a 1.89

~Rb 3.35

Source: Reference 9, p. 5.

Maximum Linear
Range Imm)

5.0
5.4
8.2
2.4

9.1

15.6

Mean Linear
Range [mm]

0.3
1.4

1.5
0.2

1.9

2.6

FIGURE 3-28 A CT(PET camera.

employscomputer 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 CTf PET cameras. A CTf PET camera
is shown in Figure 3-28. The advantage of the CTfPET camera is the ability to acquire an
anatomic image with CT and a func tional image with PET sequentially. Comp uter pro­
grams permit exact coregistration or overlaying of the CT image wi th the PET image to
confirmif functional activity is associated with a suspected lesion . This combi ned imaging
modality prov ides a powerful diagnostic means of determining, for example, if a p revi­
ously treated tumor is still viab le.

SomeSPECTcameras can also be used to image 511 keY positron annihilation photons,
either singly, with the use of special collimators, or in coincidence mode, employing dual
heads without collimators, sim ilar to PET cameras . In coincidence mode they di ffer from
PET cameras in that the dual-head SPECT camera m ust rotate around the patient an d this
requires more time for image acquis ition. In summary, the advantages of PET over SPECT
imaging are increased sens itivity; precise attenuation correction, which permits quantitative
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TABLE 3-7 Gamma Camera Properties

Camera
Type Images Detector-

Properties

Coll imation Utility

Planar

SPECT

PET

2-D

2-0, 3-0
Tomographic slices

(transverse ,
coronal, sagi ttal)

2-0,3-0

Tomograph ic slices
(transv erse ,
coronal , sagittal)

No l
Single and dual head
Nol
Sing le, dual , triple head

BGO,LSO(Ce),G SO(Ce),
Na l, BaFy CsF

Circular detec tor

Yes

Yes

Non e
Electronic collimatio n

Coincidence detection
1O-1QO-fold t
sensitivity"

Manually reposition
detec tor

Detector ro tates
continuously or

stepped 360°
around patient"

Patient moves
slov... ly through a
stationary detec tor "

d NaI = sodium iodid e, BCO == Bi3Ge40 12, bismu th germanate, LSO(Cc) = Luz(Si0-l)O:Ce, lutetium oxyo rthosll­
ka te, GSO(Cc) = Gd2(Si0 -l)O:Ce, gadoli nium silicate, BaF2 == barium fluoride, CsP = cesium fluoride .

b Uses computer-based image reconstruction algo rithms.
<: Short positron rang e = higher reso lut ion.

measurements; higher resolution; and the use of isotopically labeled compounds that
permit physiologic tracer studies.

Table 3-7 compares the characteristics of planar, SPECf, and PET camera systems.

COUNTING RADIOACTIVE SAMPLES

Counting Statistics

Two types of errors are associated with counting radioactive samp les: determinate errors
and indeterminate errors.' Determinate (systematic) errors are errors determined not by
chance but by bias. They are errors caused by, for example, ma lfunctioning 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
aw areness 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 op eration. Additionally, the experime nter must be aware of the limitations of
counting equipment, such as the ma ximum and minimum activity levels that can be
counted accurately. The second step in minim izing 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 paramete rs
and tests to ensure accuracy wi thin 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)
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Observation

1

2

3
4

5
6

7
8
9

10
Total

Sample
Count (cpm)

159

155

141

130

177
150

144

123

129
162

1470

Sample Sq uare of
De viation- Sample Deviation

+12 144
+8 64

-6 36

-1 7 289
+30 900

+3 9
- 3 9

- 24 576
-18 324
+15 225

o 2576

" Difference from the mea n of the 10 coun ts.

time, and thus be precise, but if the sample was pipelted incorrectly, the activity of the
sample will be inaccurate. The goa l of good scienti fic 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 a toms, the grea ter the accuracy in determining the exact fraction
that willdecay 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 coun t in a give n time. Thus it is difficult to identify th e true count rate of the
source. Confidence can be gained in estimating the true value by making several I-minute
counts of a source and finding an average count per minute. Consider the cou nting data
in Table 3-8, which shows 10 l -rninute counts of a source with nominal activity of 150
counts per minute (cpm). The ave rage or mean cpm is exp ressed by

Uc'- ,
11 =

N
(3-7)

where " is the mean cpm, L";is the sum of individual J-minute counts (11;), an d N is
thenumber of observations. In the example in Table 3-8, Ii is 147 cpm. If the experiment
were repeated, Ii might be 145 cpm. One could then estimate from the two sets of data
thatthe true mean count ra te 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 ind ivid ua l
counts ace equal to the mean count plus or minus a few cou nts. Such results exemplify
the nature of a random va riab le. That is, for a vecy large number of sa mple counts, a p lot
ofeach count on the x-axis versus the probability of tha t count on the y-axis would give
a Poisson distribution. The Poisson distribution, however, is not symmetric abo ut the
mean. Therefore, a normal or Gaussian distribution is typically used to describe coun ting
statistics because it is symmetric about the mean and is very close to the Poisson d istri­
bution." A normal distribution curve is shown in Figure 3-29 and is described by the
Gaussianprob ability equation as
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FIGURE 3-29 Normal (Gaussian) distr ibutio n
curve displaying the mean count and random dis­
tribution of counts about the mean from a radio­
active source.

;
I ;

! ! i
.~95.5%~

I l I .
·30 -20 -(J Il +0: +20 +30

(II-~r

G _ 1 - "
,, - )2nl' e (3-8)

where ~ is the true mean value of the source count, Il is the experimenta l va lue of the
source count, and G" is the probability of an ind ividual cou nt II occurring. If I' is 30, the
probability of obtaining a count of 28 is 0.0681, or 6.81%.

(2Ii-",j'

G = - _1_ e- 2("') = 0 0681
" J2n(30) .

The fu rther away a count is from 1', 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 cou nt of 32 is also 6.81% and the probability of a cou nt of 40 is 1.38%.

The Gaussian distribution is defined by the parameters 1', which defines the center of
the distribution, and o, the standard devia tion, wh ich def ines the spread or dispersion of
data abo ut the mean. The experimenta l or sample mean (n) and the sample standard
deviat ion (5) are used to estimate I' and cr.

The usefulness of sta tist ics 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 n. Figure 3-29 can be interp reted to mean
that, for multiple counts of a single source, 68.3% of all observed counts are expec ted to
occur within one standard deviation of the mea n cou nt and 95.5%, within two standard
deviations.

The sample standard deviation, S, for mu ltiple cou nts is exp ressed as

For the data in Table 3-8

s=
I,(II-n)'

N-1
(3-9)
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Ii = 1470 = 147 s = ) 2576 = 16.9
10 10-1
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Thus, the samp le count is expressed as Ii ± s or 147 ± 16.9 cpm. In terms of the Ga ussian
distribution, 68.3% of the I -rninure counts would be expected to fall within the range of
130 to 164 cpm.

Counting Error

The standard deviation gives the numeri cal (absolute) spread of counts about the mean
count. A usefu l parameter for expressing the error associated with the sta ndard deviati on
is the coefficient of va riation. The coefficient of va riation (CV) is the rat io of the sample
standard deviation to the sample mean, or CV = s/Ii . The percent error (%CV) in a count is

%CV= sx200
11

In the example above, the percent error is

16.9 cpm x 100 = 11.5%
147cpm

(3-10)

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

10 minutes). For a single count 11, the standard deviation is ,J;; and in terms of the cou nt
rate is

(3-11)

In the example above, SR cpm is

s cpm = ,}1470 counts = 3.8 cpm
R 10 min

The sample count rate is expressed, therefo re, as the mean co unt rate R ± SRcpm or in this
case 147 ± 3.8 cpm. The pe rcent error of standard dev iation in the single sample count
rate is

3.8 cpm x 100
147cpm

2.6%

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 sing le cou nt of 0.1,1.0, 5.0, 10, and
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TABLE 3-9 Sample Counting Error

Pe rcent Erro r in Standa rd Deviation

TIme Net Standard (Confide nce Leve l)

(min) Count Deviation 68.3 95.5 99.7

0.1 100 10 HI 20 :10

1.0 loon 31.6 3.2 6.3 95

5.0 5000 70.7 1.4 2.8 4.2

10.0 lO,lX10 100 1.0 2.0 :1.0

100.0 100,000 316 0.32 0.63 0.95

100 minutes. The data shown in Table 3-9 demonstrate that a longer sing le samp le cou nting
time yields a small er error and the refore a mean count tha t is closer to the true coun t 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% conf idence level, which
is qu ite accep table 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 sma ller the effect of randomness in the count rate. At this
confidence leve l there is only a 0.3% chance that the true count rate of the sample falls
outs ide the mea n count plus or minus three standard deviations. Ano ther way of saying
this is that if the source were counted 1000 times, 3 time s out of 1000 the count rate would
be expected to fall outs ide this range and 997 times it would fall within this range.

Counting Efficien cy

In its simplest form counting efficiency is cou nts per minute recorded by an instrument
d ivided by the disi ntegrations per min ute (dpm) occurring in the sample being counted
(efficiency = cpm/ dpm). Counting efficiency is typ ically below 100%; for a number of
reasons, the detector may not be able to capture all of the d isintegrat ions occurring in a
rad ioactive sample. The main factors that affect counting efficiency are the int rinsic effi­
ciency of the de tector and geometry factors .

Intrinsic efficiency is the number of radiations interacting wi th in the detector div ided
by the number of rad iat ions incident on the detector." It is affected by the type of radia tion
and its energy and the size and comp osition of the de tector. For examp le, the intrinsic
efficiency of solid-erystal sodium iod ide detectors for pure beta em itters, such as ' H and
I-lC, is zero becau se the weak beta pa rticles cannot penetrate into and interact with the
sodi um iodide crystal. However, if a beta emitter is dispersed within a liquid scintillation
fluid, essentially all of the emitted radi ation 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 particl es from ' H, having a maximum
beta pa rticle energy (beta max) of 12.3 keY, is approximately 60%, whereas the efficiency
of higher-energy beta pa rticles from I'C (beta max 156 keY) is closer to 90%. The counting
efficiency of a beta emitter is easi ly de termined wi th liquid scintillation by counting an
accurate aliquot of a calib rated stan dard of the beta source and dividing the net counts
pe r minute observed by the known disintegrat ions per minute in the sample.

The int rinsic efficiency of a gamma emi tter in a sod ium iod ide de tector must be
adjusted for the photon abundance. The counting efficiency of a gamma emi tter is dete r­
mined by cou nting an aliquot of a calibrated sample of the gamma source and div iding
the net counts per minu te observed by the known disintegrations per minute in the samp le
and the photon abundance (mean number per disin tegration). The photon abundance
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Flat·field Nal
Detector

Well-type Nal
Detector

FIGURE 3-30 The counting geometry of a flat-field
sodium iodide (NaI) detector is less efficient than that
of a well-type Na! detector, which almost completely
surrounds the radioactive source.

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

Effi
. Net cpm

Clency ~ ,
(Source ~Ci)(2.22x 10' dpm/~Ci )(Photon abundance)

(3-12)

Photon energy and geometry factors, such as detector size, distance of the sou rce from
the detector, and absorpt ion and scatter of rad iation wi thin the source itself and in any
material between the source an d the detector, can affect counting efficiency." The attenu­
ation coefficien t of photons in sodium iodide is inversely rela ted to photon energy. Thus,
for a sodium iodide detecto r of a given thickness, highe r gamma energy sources wi ll 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 an d
contains a we ll that is 0.7 inch in diameter and 1.6 inches deep. Crystal detectors without
wells (flat-field de tectors) range in size from 0.5 to 3 inches in diameter and 1 to 3 inches
in thickness. Hig her coun ting efficiencies are achieved using a well coun ter because the
source is almost completely surrou nded by the de tector, thus minimizi ng absorption
losses, compared with counting the source using a flat-field detector, in which a greater
fraction of disintegrat ions escape detection (Figure 3-30).

If a radioactive source is moved farther away from the detector, fewer em issions will
reach the detector and efficiency w ill fall. This can be a useful techni que for counting
sources that are "too hot" and would exceed the dead time of the de tector.

The configuration of the source container can also affect counting efficiency. Counts
may escape de tection when the volume of a sample placed in a scin tillation well detector
is nearly equal to the volume of the well. In this situation, disi ntegrations 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 bo ttom 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 keY). This is pa rticula rly true for low-energy photon emitters, such as the 27
keY x-rays of 1251.

Counti ng instrument sett ings, particularly the window of the PHA, can also affect
counting eificiency. Wider windows allow more of the incident rad iation to be cou nted.
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However, narrow w indows may be needed to exclude unnecessarily high background
counts.

The most impor tant consi deration in radioactive counting is keeping source geometry
and counting instru ment se ttings consis tent when making relative counts between
unknown samples and standards.

Example: A 1.0 IICi (37 kBqJ sOllrce of J3JXe gas ill a 3 nil: glass vial is COlinted in a scintillation
cOllnter to yield 486,508 net cpm. The photon abundancefor the 81 keV gamma rayfor 133Xe is
36%. Calculate the counting efficiency for J3JXe in this conjiguration.

486,508 cpm

(1.0 IlCi)(2.22 x 10-<> dpml IlCi)(0.36)
0.61

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

A . . (C·) . __--;cr-_---;--'-N:..::et:...:c""pm::.:....,,---- ,ctivitv Jl I = f

, (Efficiency)(2.22 x 10' dpmlIlCi)(Photon abunda nce)
(3-13)

Example:A "grab-sample" of exhaust gasfrom a charcoal trap in a HlXe hlllg oentilntion machine
yields 350 net cpm in a 3 ml: vial. How many microcuries of 133Xe are in the sample?

A ti ity ( C) 350 cpm 7.19x W 4 1lCi
c vi lli = (0.61)(222 x 10"dpml IlCi)(0.36)

Ifthemaximum permissible concentration (MPCJof'''Xe in the workenvironment is 1x 10 4 pCi/mL,
does this charcoal trap need to be changed?

The concentration of 1~1Xe in the sample is (7.19 x 10-' IlCi/3 mL or 2.4 X 10-1 IlCi/ 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 reso lving time of a de tector is the time required, between two success ive inte rac tions
in the de tector, 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 coun ts per second . If the detector's efficiency for mXe is
61%, the theoretical ma ximum activity it cou ld count accura tely is

6 xlO" cpm

0.61(2.22x 10"dpmIIlCi)(0.36)
12.3 IlCi

In this example, any sample containing more tha n 12.3IlCi (455 kBq) would record a count
that is erroneously low because the number of detector interactions per second would be
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greater than its ability to resolve them as ind ividual events. In practice, each instrument
must be challenged to de term ine the actua l 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 inst rument dead time are (1) increasing the source d istance from
the detector, (2) partially shield ing the source, and (3) diluting the source. Dead-time
problemsare most likely to occur in a nuclear pharmacy during chroma tographic analysis
of high-activity radiopharmaceuticals. For example, a 99mTc bon e kit containing 200 mCi
(7400MBq) in 10 mL contains 100 ~Ci (3.7 MBq) in a 5 ~L spot. This amount of activity
surely exceeds the dead time of a scintillation counter. As a rule of thumb not more than
1~Ci should be counted in a well cou nter. The maximumdetectable activity for a scin tillation
counter can be de termined by counting a series of sources of increasing activity and
plotting the counts per minute versus activity on linea r grap h 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 leve ls of activity, for example, in
assessing the concentration of radioactive material released into restricted or unres tricted
environments. An example is the release of 133X e into the workroom or the outside envi­
ronment. Such releases should no t exceed the MPC for 133Xe defined in the Code of Federal
Regulations (10 CFR Part 20). The MPC for 133Xe is 1 X 10-4 ~Ci/mL for restricted areas
(work environment) and 5 X 10-' ~Ci/mL for unrestricted areas (effluent air). In monitoring
released concentrations of mXe the question becomes, "Is the scinti llation counter sensitive
enough to de tect these low concen trations?" This is where determination of the minimum
detectable activity (MDA) is important. In monitoring 1:"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 scint illati on counter to determine if it
exceeds the MPC. The following discussion and examples illustrate the calculat ions
involved.

Minimum sellsitivity (MS) is defined as the net coun t rate above bac kgro und tha t must
be exceeded before a sample is said to contain any measurable radioactivity. MS is essen­
tially three times the standard deviation of the backgrou nd count rate. It is calculated as
follows:

MS = 3~Background count
Count time

(3-14)

Example: A background of 400 COUllts ill S minutes gives a SD of 4 cpm (,)400 coulltslS mill).

TheMS is therefore 12 cpm. From Gaussian statistics, tile meall COUll t rate is 80 cpnt, and 99.7%
of background COUll ts would be expected to [allunthin three standard deointions of the meall , or
80 ± 12 cpm. There is ollly a 0.3% chalice that a trlle backgrollnd count wOllld exceed this. A
sample w!rose count is 12 cpm above all average backgrolllld of 80 Cplll (>92 cpm) is considered
to contain radioactivity.

The minimum detectable activity (MDA) is defi ned as the sma llest quantity of radio activity
that can be measured under specific conditions of MS and counting efficiency. It is calcu­
lated as follows:
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MDA = MS <pm
(Efficiencyqnn/dPm)(2.22 X 106 dpm /llCi)(Photon abundance)

(3-15)

Example: A 3 ntl: vial is countedfor background in a scintillation counter with a baseline set at
60 keV and a window of 40 keV to center 0 11 the l.uXe photopeak of 81 keV. The backgroundCOl/lit
was 523 counts ill 5 minutes. The M S is

MS
3..Js23 counts

5 min
3(4.57) = 14 cpm

The MDA for l"Xe in th is cou nter is

MDA = 14 cpm = 2.87 x 1O-5 11Ci
(0.61 cpm/ dpm)(2.22 x 106 dpm/llCi) (0.36)

If this activity was acqu ired in a 3 mL sample vial, the minimum detectable concentration
of I3JXe would be 9.57 x 10-<> llCi/mL. This value is 9.6% of the MPC for a restri cted area;
therefore, the scintillation counter can easily measure l"Xe activity below the MPC and
be used to monitor effluent from the lung ventilation machine. Efficiency for 133Xe can be
ob tained by pla cing 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
exceed ing the instrument dead time.
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4 Radiation Protection and Risk

The biologic effects of ionizin g radiation were experienced soon after the d iscovery 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 no ted
that an ulcer on his hand from radium exposure was slow to hea l. Such early expe riences
caused scientists to begin using rad iation more cautiously. Methods for measuring radi­
ation dose and techniques of radi ation protection were eventually developed. This cha p ter
covers the principal issues in radiation protection and risk as they relate to the use of
radiation in nuclear medicine and nuclear pharma cy. The topics d iscussed inclu de the
units used in radiation measurement, techniques for protection aga ins t radiation exp osure,
radiation dosimetry, and radia tion risk assessmen t.

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 rad iation with the hu man body.
Several types of units are used in the measurement of radiation: the curie (G ) and the
becquerel (Bq) for measuring radioactivity in a source; the roen tgen (R) for measuring
exposure from electromagnetic radiation; the radiation absorbed dose (rad) and the gray
(Gy) for measuring absorbed dose; and the roen tgen equ ivalent man (rem) an d the sievert
(Sv) for measuring bio logic dose.

The Curie and the Becquerel

The curie and becquerel were defined in Cha pter 2. Either of these activity terms can be
used in measuring the quantity of rad ioactive 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 1010 disintegrations or atoms decaying per second . Dosages of
radiopharmaceuticals are typ ically measured in sub uni ts of the curie: the millicurie and
microcurie. The becquerel is the 51 unit of radioactivity and is equal to one disintegration
per second or 2.7 X 10-11 G .

The Roentgen

Inthe past, the roentgen was defined as the quantity of x or gam ma radi ation tha t produces
I electrostatic unit (esu) of charge in 1 em" (0.001293 gram) of air at standard temperatu re
and pressure (5TP). 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 resu lts in the
production of 2.082 x 109 ion pai rs per cubic centime ter of air a t 5TP. It is important to
note that the roen tgen relates only to x-rays and gamma radiation and does not inclu de
particulate radiation. Additionally, the roen tgen relates on ly to an expos ure quantity, with
no qualification of the time of exposure or the amount of radi ation absorbed.

71
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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 quanti tative because it relates to
all types of radiation, not just x-rays or gamma radiation, and to the am ount of radiation
deposited in matter, not just expos ure . The value of 1 R in rad is obtained by the following
conversion .

l R = 2.082 x 10' Ion pairs . 33.7 eV
0.001293gram air 1 Ion pair

1.602 X 10-12 erg
1 eV

1 rad
100 ergs/ gram

0.869 rad (4-1)

Because tissu e is denser than air, the absorbed dos e 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 51 uni t
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 gam ma radiation exposure or how such
exposure compares with an equivalen t amount of particulate rad iation exposure .

Relative Biologic Effectiveness and Quality Factors

The biologic effect of rad iation relates not on ly to how much energy is absorbed but to
how it is distributed within the absorber. It is fairly easy to un derstand tha t 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 sma ll portion of the I
gram than if they are spread uniforml y throu ghout the 1 gram. A simple analogy illustrates
this concept: If you expose your hand to the noo nday sunligh t for a few minutes, you will
notice a feeling of warmth on your skin. But if you interpose a magnifying glass between
the sun light and your hand so that the incident pho tons of sunlight are focused on a point
on your skin, you will feel a different effect, even though the same amount of sunlight
interacts with your hand . The biologic effect differs because of the d istribution 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 prod uced 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 divide d by the dose in rad of any ionizing radiation
required to produce the same bio logic effect.

Gamm a rays of "'Co (average energy 1.25 MeV) and 200 to 300 keY x-rays have been
used as the reference radiation in determining RBE. The RBEdepends on the linear energy
transfer (LET) of a given radiation. Generally, the larger the LET, the greater w ill 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
ioniza tion per path length traveled. They have high specific ionization and the refore
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 rad iation and therefore has an RBEof 1.

In radiation protection, it is convenient to sum the dose contributions from different
types of radiation, and a mod ifier known as the radiation quality factor (Q) is used. Q is
related to the type and ene rgy of the radiation and its LET, and is assigned a value based
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TABLE 4-1 Radiat ion Weighting (Q ual ity) Factors

Rad iation Type and Energy Weighting Factor (Q )

Photons, all energies 1
Electrons, all energi es 1
Neu trons <10 keY 5
Neu trons 10 keY to 100 keY 10
Neutrons >100 keV to 2 Mev 20
Protons >2 MeV 5
Alp ha particles 20

Ada p ted from reference 1.
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on the RBE. Q values are now known as radiaiion -toeighting factors by the International
Commission on Radi ological Protection (leRP 60) and are listed in Table 4-1.

Roentgen Equivalent Man and the Sievert

The produ ct of the absorb ed dose in rad and the radiation-weighti ng factor (Q) is called
the equivalent dose, expressed in rem .I The equivalent dose is used in radiat ion protection
and personnel rad iation monitoring; the cur ren t 51 un it of equiva lent dose is the sievert
(Sv). One sievert is equivalent to 100 rem. One rem is equal to one cen tisieve rt (c5v). The
practical value of the equivalent dose is that it accounts for the differen t biologic effects
produced by equivalent doses of radiations with d ifferent 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

= 2.5 rad x 5 = 12.5 rem (0.125 5v)

In summary, the roentgen (and its sub unit milliroentgen) is considered a uni t of
exposure dose and is a measure of the number of electrons produced in a defined quanti ty
of air. It is the un it measured with a Geiger-Muller su rvey meter. The rad and gray are
units of absorbed dose and are measures of the amount of energy absorbed in a defined
quanti ty of matter. These un its are used in estimating organ dose from an administered
radiopharma ceutical or in the the rapeutic application of rad iation by any means. The rem
and siever t are units of equivalent dose, which takes into consid era tion the sensitivity of
the organ irradiated and the relative importance of tha t orga n to the well-being of the
human body. These un its are used in radiation protection to report exposures recorded
by radiation monitoring de vices such as film badges and dosimeters. As a general rule,
for beta and gamma ray sources used in nuclear medicine, 1 R is ap proxima tely equa l to
1 rad or 1 rem. Some useful conversions are given in Table 4-2.

RADIATIO N PROTECTION

Table 4-3 com pares the absorpt ion ran ges of electrons and alpha pa rticles in air and wa ter
with the attenuation of photons of similar energy.' In nuclear pha rmacy the primary
concern about external expos ure relates to gamma and x-ray emissions, becau se of their
ability to penetrate tissue and cause ionization . The da ta in Table 4-3 demons tra te that
low-energy ph oton em itters, such as 1251 (27-35 keY), are absorbed close to 50% per
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TABLE 4-2 Radiat ion Dosimetric Conversions

1 R (tissue) == 0.% rad
1 Gy := 100 rad

1 rad:= 1 cGyor 10 mGy
1 Sv:= 100 rem
1 rem = 1 cSv or 10 mSv

1 Bq ~ 1 dps
1 mei ~ 3.7 x 107 d ps (Bq)

1 mCi ::: 37 MBq
1 Bq := 2.7 x 10 II Ci

TABLE 4-3 Radiation Absorption in Air and Water

Maximum Range into Absorber (mm) % Photons Absorbed

Energy Electro ns Alpha Particles per (rna

(M eV) Air Water Air Water A ir Water

0.025 12 0.013 0.6 0.0006 <0.1 45

0.050 41 0.04 0.9 0.0009 <0.1 20

0.1 135 0.14 1.4 0.0014 <0.1 16

0.2 422 0.45 2.1 0.0022 <0.1 13
0.3 791 0.&1 2.6 (!.O027 <0.1 J1
0.5 1656 1.77 3.5 0.0037 <0.1 9

1.0 41J76 4.37 5.6 O.(Xl59 <0.1 7

a 'X, Ab sorb ed = 100(1 - et "), where x = 1 em.

Source: htt p:/ /physics.nist.gov / (Particle Range and Photon Atten uat ion Coe fficient Tables).

centimeter in wa ter (similar to soft tissue) and therefore could deposit a significant radiation
dose to tissue. The high leve l of tissue absorp tion limits detectable photons and is the
primary reason why 1251 is not used for diagnostic imaging. The da ta in Table 4-3 also
indicate that the short range of particulate radiation in water would cause the particles
to be compl etely absorbed after internal administra tion, producing a significant radiation
body burden .

There appears to be little haza rd to the body from external exposure to particulate
radiation, because electrons and alpha pa rticles are read ily absorbed by air or a few
mill imeters of skin. However, a few high-energy beta em itters such as 32p (1.7 MeV), 'lOy
(2.28 MeV), and "'Sr (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 emitte rs used in nuclear med icine is listed in Table 4-4. The maximum range of beta
particles of various energies in different absorbers, in grams per square centimeter, has
been tabu lated (http:/ /physics.nist.gov I) . Table 4-4 lists these ranges for wa ter. The range
or distance in centimeters that a beta parti cle travels in to an absorber is of pra ctical interest.
The range (R) in centimeters and grams per squa re centimeter is related to the density (d)
of an absorber as follow s: R (em) = R (grams/cm2) / d (grams/ ern') . Since the density of
water is LO gram/em ", 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 di fferent absorber can be found by div iding its range in water in grams / crn" by the
density of the absorber. Thus, for example, the maximum range of a 2.28 MeV 'lOy beta
particle in Lucite is 1.13 grams/em' divided by 1.19 grams/ ern" or 0.95 em. ~)Y beta
particles have a maximum range in air of about 8.7 m, whi ch crea tes an external exposure
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TABLE4-4 Beta Particle Range in Matter
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Maximum Beta Particle Range into Absorber (em)

Water Air Plastic'
d = 1 g1cm3 d = 1.293 X 10-3 g/cm" d = 1.19 glcm3

Beta Max Beta Range
Nuclide (MeV) in Water (g1crr 2)

'H om8 0.0007

"c 0.155 0.03

"P 1.71 0.83

"5r 1.46 0.69

"Y 2.28 1.13
15J$m DB1 0.34

0.0007

0.03

0.83

0.69

1.13
0.34

0.58

23

642

534
874

263

0.0006

0.03

0.70

0.58
0.95

0.29

• I'olymethylmeth acrylatc (Lucile, Plexig las, Pcrspex).

Source of beta particle range in water: http : / /phy~ia;.nist.gov / .

threat from ""Y. However, these beta particles are completely absorbed in abo ut 1 em of
Lucite. This exemplifies the we ll-known use of low-Z ma terial for shielding high-energy
beta particles. However, bre mss trah lung production by high-energy beta particles neces­
sitates overwrapping the p lastic shie ld with a laye r of lead to absorb these photons.

Potential sources of internal rad iation exposure are ingestion of con tam inated food or
water and inhala tion of airborne radionuclides. The most com mon 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 pa tients receiving radiopharmaceuti cals. Protection from all these sources
requires vig ilance and the use of various techniques. Airborne contamination can be
controlled by us ing exha ust hoods during dose prepa ration and ra d ioiodination proce­
dures. Imaging rooms for lung ven tilation studies wi th radioactive xenon gas should have
dedicated exhaust to the outside. Additionally, functional charcoal traps shou ld be used
onlung ventilation machines to limit room contamination from radioac tive 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 d ose. This means tha t
work with radioactive material mu st be planned well and per formed as quickly as pos­
sible, especially when workers are handling unshielded sources.

NRC regulations (10 CFR 20.13(1) state that the total effective dose equiva len t to
individual mem bers of the p ublic must not exceed 0.1 rem in a year and tha t 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, nonoccupat ional exposures over periods
of not more than 50 hours (i.e., 100 mrem d ivided by 50 hours = 2 mrem /hour). These
limits app ly particu larly to "nonocc upational personne l"- persons suc h as hospital
nurses, visitors, and non-radiation-trea ted pa tients who may be exposed to a patient
treated with radi oactive material. Listed in Table 4-5 (from NCRP Report 37, 1970' ) are
approximate times for an exposure of 100 mrem from 100 mG of various radionucl ides
at specific distances.

In particular circumstances, such as in some NRC agreement states (described in
Chapter 5), the tota l 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 0.83 m)

137Cs

""Co
1 2~1

1.11 1

l'I'2Ir

1

0.33
12

1.5

0.75

10

3
11 5
15

7

mrem. In Nor th Carolina, for example, the regulations permit a 125 mrem dose limit for
the dur ation of a brachytherapy procedure. NCRI' Report 37 provides guidance on pre­
cau tions in managing pa tients who have received therapeu tic amounts of rad ionuclides.
If nonoccup ational 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 no t exceed 100
mrem .

Regardi ng exposure from pa tien ts released from an institution afte r receiving rad io­
active materials, NRC regula tions (10 CFR 35.75 and Regulatory Guide 8.39) state that a
licensee may "release from its control any individual who has been administered rad io­
pharmaceuticals or permanent imp lan ts containing radioactive material if the total effective
dose equivalent (TEDE) to any other individual from exposure to the released indi vidual
is not likely to exceed 5 mSv (500 mrern)." Since the TEDE in this situation can exceed
100 mrern, the licensee must provide the released patien t with oral and written instru ctions
on how to maintain do ses 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 expo sure of members of the public up
to 500 mrern, accordi ng 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 rad iation exposure is a nuclear pharm acy where
the bu siness office is adjacent to the radiation preparation or storage area. Adequate
shielding of floors, wa lls, and ceiling around an accelerato r or high-radiation area must
be provided so that exposure does not exceed 100 mrem per yea r to nonradiation workers.

Distance

Maintaining as much distance as practical from a radiation source is an effective method
for red ucing exposure because of the inverse square law. This law, which ap plies only to
gamma and x-rays, states that the am ount of radiation from a po int source is inversely
propor tional to the square of the d istance from the source. Simply stated, doub ling the
distance from a source reduces the exposure to one-fourth . This princi ple of exposure
reduction works only if the source is sma ll relative to the exposed body.

The specific gamma ray constant (1) 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 em from
a 1 mO (37 MBq) source of rad ionuclide. The units of r are R-cm' / mCi hour. Table 4-6
lists the specific gamma ray cons tants for several radionuclides used in nuclear med icine.
For any given number of millicuries, N, the dose rate at distance d from the source is
given by the following equation :
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TABLE 4-6 Radionudide-Specific Gamma Ray
Constants (r) and Half-Value Layers in Lead

Hal f-Value Layer r
Rad ionudide Imm Pb) (R-cm2/ mCi hr )

IHF 4.0 5.73

51Cr 1.7 0.18
~;Co 0.2 1.0

"Co 9.0 5.5
t>7Ga 0.66 0.8
- Tc 0.17 0.78
lIIIn 0.23 3.21
12:;1 0.05 1.6

I:!5I 0.017 1.43

IJI I 2.4 2.20
1.3·' Xe 0.035 0.51

137Cs 6.0 3.32
2IJ1TI 0.006 04.7

R/hr = Nf
d'
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(4-2)

Example 1: What is the dose rate from a 100 mei (3700 MBq) 1311 SOl/rce at 1 cm and at 2 feet
(61 em)?

/
N f (100 rnCi)(2 .2 R.em' /rnCi .hr)

R hr @1 em = - = 220 R/hr
d ' (1 em)'

Nf (100 rnCi)(2.2 R.em' /rnCi .hr)
R/ hr @61 em = - = 0.059 R/hr

d ' (61 em)'

Example 2: How much time toould it take to accumulate a 100 IIIR (0.1 R) exposl/re dose from
100mCi (3700 MBq ) of JJ 1I at the distance of 2 feet?

Time to accumulate 0.1 R = 0.1 R
j

= 1.7 hr
0.059 R hr

Example 3: What distance toould lotoer the dose rate to 2 mR/hr [rom the 100 mCi (3700 M Bq)
13l[ source?

Nf = 2 rnR/hr
d'

d (em) =
100 rnCi x2.2R/hr/ rnCi x1000 rnR/R

2 rnR/ hr
332 em or about 11 feel

d
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TABLE 4 -7 Photon Attenuation Coefficients

Linear Attenu ation Coefficients, .... (cm-'}'

Ene'1lY Soft Tissue Bone Copper Lead
(keV) d =1.06 d =1.92 d =8.94 d =11.35

20 0.87 7.68 302.1 980.2

30 0.40 2.56 97.6 374.8

50 0.24 0.8] 23.4 9] .3
]00 0.]8 0.36 4.1 6'1.0

150 0.16 0.28 2.0 22.9

200 0.]4 0.25 1.4 11.3

300 0.12 0.21 1.0 4.6

500 0.10 0.17 0.7 1.8

1000 0.07 0.13 0.5 0.8

& 11 (cm-') ;:: mass attenuation coefficient (cmx/ gram) x
absorber density (gram/em").

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

Maintaining distance from a source red uces exposure sign ificantly, but this alone does
not provide adequ ate safe ty in the handling of high-activity sources. These sources mu st
be shielded. Practical ap plications of the inverse square law in the handling of radioactive
sources in nuclear pharm acy are discussed in Chapter 5.

Shielding

The effectiveness of any shielding material depends upon its atomic number, density, and
thickn ess. Material of high density and high 2 has many atoms (and electrons) packed
into a small volume, producing high stopping power. As the energy of gamma photons
increases, thicker shie lds are required to stop them. If one interp oses an absorber between
a radia tion source and a Geiger-MUller counter, the fraction of the original intensity
tra nsmitted through the shield will be a function of the absorber thickness, .r, and the
linear atten ua tion coefficient, 11. The attenuation coefficient depends on the atomic number
(2) of the absorber and the photon energy (E), bu t for given values of 2 an d E, 11 has a
cons tant va lue. The linear attenuati on coefficients of various photon energies in several
abso rbers are listed in Table 4-7. The following formula shows the relationship between
original intensity and transmitted intensity after shielding:

(4-3)

where / is the transmitted intensi ty after shielding, /0 is the orig inal intensity before
shie lding, and 11 is the linear attenuation coefficien t (mm-').

If one plots transmitted inte nsity (1) values for various abs orber thicknesses, a linear
relationship is obtained on semi -log graph paper as shown in Figu re 4-1. The absorber
thickness required to red uce the original intensity to half its value is known as the half­
ualue layer (HVL). HVL values for several radionuclides are listed in Table 4-6. Mathemat­
ically, the HVL is in versely related to the linear attenuation coefficient as follows:

0.693
Il ~ HVL (4-4)
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FIG URE 4-1 Plot of log-transmitted
gamma ray intensity (ordinate) ver­
sus absorber thickness (abs cissa ) for
1311 in lead . HVL =half-value layer.
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For example, the thickness of lead required to reduce the rad iation intensity from a 100
mG (3700 MBq) po int source of 99mTc from its orig inal intensity to 2 mR/hour can be
calculated. From Table 4-6, r (99mTc) ~ 0.78 R-cm' /mCi hour. Using the natural log form
ofEquation 4-3 we have:

(0.78 R·cm ' ImCi ·hr)(100 mCi)(1000 m R/ R)
10 ~ 78,000 mR/hr

1 em'

In 1~ In 10 -1lX

In 2 mR/hr ~ In 78,000 mR/ hr 0.693 (x)
0.17 mm

0.693 ~ 11.26- 4.08x

x ~2.59 mm

RADIAl iO N DOSIMETRY

The radiation dose to the whole body an d to ind ividual organs from an administered
radiopharmaceutical is importan t for several reasons. The amount of rad iation abs orbed
must be known in order to assess the risk to the patient. This information 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 pa tient. The rad iation dose information also
determines the maximum amount of administered activity for a nuclear medicine procedure.

A radiopharmaceu tical is distributed throughout the body, but not necessarily in a
uniform manner. Different organs absorb d ifferent amounts of radiation. The orga n receiv­
ing the highest radiation dose is termed the critical orgall. In some instances it is the target
organ, the one being imaged . Sometimes the critical organ is not the target organ. For
example, 99mTc-exametazime (99mTc-HM PAO) is used for brain imaging, but the critical
organ is the lacrima l 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 ene rgy imparted by ionizing



80 Radiopha rmaceut icals in Nuclear Pharmacy and Nuclear Medicine

radiation to a given mass of tissue. The traditional unit of absorbed dose defined earlier
is the rad, equiva lent to 100 ergs absorbed per gram of matter. The 51 unit of abso rbed
dose is th e gray (Gy), equivalent to 100 rad . Because the biologic effect of radiation depends
no t on ly on the absorbed dose but on the type and energy of the radiation, the term dose
equitmlent (H) was instituted by ICRP 30 in 1977' The dose equivalent is the absorbed
dose multip lied by the appropriate radiation quality factor (Q) (Table 4-1). The dose
eq uivalent is the traditional term used by radiation protection programs. In 1991 [CRP 60
renamed the dose equivalent as the equioalen! dose (HT) and the rad iation qu ality factor
term as the radiation-weighting factor (WR)" Both terms have units of rem or sievert. One
sievert (Sv) is equiva len t to 100 rem. The relationships of these terms are as follows:

( )
Total energy absorbed (ergs)

Absorbed dose rad = -----"'------,---...L...::,-c
Mass of absorber (grams)

Dose equivalent (H) in rem (ICRP 30) = 0 x Q

Equivalent dose (H T ) in rem (ICRP 60) = 0 X WR

(4-5)

(4-6)

(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 d istribution 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 facto r for the type of radiation impinging on the
body or emitted by an internal source.'

Rad iation Dose Calculation

The radiation dose to an organ from an in ternally administered radionu clide is given by
the expression

(4-8)

where i5 is the mean absorbed dose in rad to a target organ (r,) from a radion uclide
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 rad iation
• 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 rad iation dose from radio­
act ivity 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 (>tCi hr). in the source region (1',,) . It is the sum, or accumulation, of all the
nuclear transitions occurring in the organ h du ring 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 ha lf-life, T"ff' as follo ws :

(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 5 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

(4-10)

where

(4-11)

In Equation 4-11, the 2.13 is a unit conversion constant, II: is the mean number of particles
or photons per nuclear transformation, and E, is the mean energy of the radiation in
megaelectron vo lts. The units of A, are gram-rad/>tCi hr. In Equation 4-10, th e term m, is
the mass in grams of the target organ, making the 5 unit rad/>tCi hr. The term <1>, 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 5 values for 9YmTc. 3

Example: An investigational 99"'Tc radiopharmaceutical for spleen imagillg has the following dis­
tribution after intravenous administration: SO% spleen, 15% liver, mid 5% total body. Estimate
the radiation dose to thespleen from a1 mei (37 MBq)dose. Assume very slowbiologic elimination,
that is, T'll = TI' (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 >tCi)(0.80)(1.443)( 6 hr] = 6926 >tCi-hr

A liv = (1000 >tCi )(0 15)(1 443)(6 hr)=1299 >tCi-hr

A tb = (1000 >tCi)(0.05)(1443)(6 hr] = 433 >tCi-hr
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The second step is to multiply these cumulated activi ties by the appropriate 5 va lues from
Table 4-8 to calculate the to tal d ose to the sp leen:

o spl = Ii. sp l-S] spI <- spl )+ Aliv .s(spl <- liv)+ Afb.S(spl <- fb)

= (6926IlCi -hr)(3.3x l 0-4 rad/ IlCi-hr)+

(1299IlCi-hr)(92x ] 0-7 rad/ IlCi-hr) +

(433 IlCi- hr)(2.2 x 10-< rad/ IlCi- hr)

= 2.286 rad + 0.001 rad + 0.00] rad

o spl = 2.288 rad

Example: Estinuue the radiation dose to the lllllgs [rom a ""'Tc-DTPA aerosol used for lling
uentilaiion i1l1agillg. Asslime instantaneous uptake ill Ill llgS of 1 1I1Ci (37 MBq! witlz biologic
rentooal[rom tlze IlIIlgS into blood of 1.5% per minute.

Beca use there is a biologic clearance component, the effective half-li fe will need to be
calc ulated as a first step. Thus, if \" Ap, and Aerr are, res pec tively, the biologic, ph ysical,
an d effective decay constants:

Ab = 0.015 m in-'· 60 min/hr = 0.900 hr-I

Ap = 0.693/6.02 hr = 0.1151 hr "

A"ff = 0.9000 + 0.115] = 1.015 hr"

The cumulated activi ty and dose to the lung is as follows:

A - 1000 Ile i 985 " Ci -hr
lu - 1.015 hr" ,.

Diu = AI" .S(lli <- Ill)

=(985 IlCi-hr) (5.2x]o-5 rad/IlCi-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 rad iation 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, mai nly because there is no ethical way of
experimentally exposing humans to radiation to measure its effects. However, data on radio
arion-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 rad iation
formedical 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 expos ure.

Stochastic and Deterministic Effects of Radiation

Stochastic effects of ionizing radiation exposure are those effects whose probability of
occurrence increases wi th dose but whose severity is independent of dose. Examples of
stochastic effects are cancer (a somatic risk of ionizing radiation exposure) and hered itary
disorders (a genetic risk of ionizing radiation exposure). A stochastic effect is an all-or­
noneeffect 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
ofa 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 expec ted to
increase.' Thus, the severity of cancer caused by 1 Gy of radiation is no different from that
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 de terministic 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 [eRP 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
4-2 shows idealized dose-response curves for stochastic and deterministic effects of ion­
izing radiation.

~
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Stochastic Effects

Dose

Detenninistic Effects

FIGURE 4-2 Idealized plot of stochastic and
deterministic respo nses to ioni zing radiation
dose.



86

Effective Dose
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The equivalent dose, discussed previously, is the product of the absorbed dose and a
radiation-weighting factor. It takes into cons ideration the radia tion dose abs orb ed by tissue
and the relative biologic effectiveness of the particul ar 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 bu t on the
radiosensitivity of the particular organ or tissue exposed, a tissu e-weighting factor is
applied to the equ ivalent d ose. For example, the risk to an individual from gonadal
irradiation or lung irradiation is greater than the risk from irradia tion of the hand or skin.
The factor by which the equivalent dos e in a tissue or organ (T) is weighted is termed the
tisslle-weightillgfactor (WT) . It represen ts the relative contribu tion of tha t organ or tissue
to the total detriment if the total body is irradiated uniformly. The weighted dose equiv ­
alent was termed the effective dose equiimlent (HE) by [CRP 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 equivalen ts (H) to the organs or tissu es and the weighting
factors (WT ) applicable to each organ or tissu e irradiated; it is given by the following
ICRP 26 expression:

(4-12)

The equivalent exp ression for effective dose by ICRP 60 is

(4-13)

To sim pli fy term inology, ICRP 60 changed the name from effective dose equivalent to
effective dose. ICRP 60 also expanded the list of tissu e-weighting factors and modified
their values from those of ICRP 26. This was done becau se in the 1980s new information
became available from the Life Span Study in Japan. The data ava ilable from extended
follow-up of survivors of the atomic bombings indicated that new risk estima tes would
allow improvements in d osimetry calcula tions. Table 4-9 lists the tissu e-weighting factors
for both ICRP 26 and ICRP 60. Confus ion often occurs when terminolo gy is changed;
Table 4-10 compares the radiation dose terms and units.

To und ers tand how these weighting factors might be used, consider the data in Table
4-11, which lists the radiation absorbed doses (dose equ ivalents, H) to various organs for
99mTc-medronate (99mTc-MOP). These absorbed doses are found in the package insert for
the MOP kit. To calculate the effective dose equivalent for 99mTc-MOP using lCRP 26 tissue­
weighting factors, each of the organ do se equivalents is multiplied by the organ' s weight­
ing factor. The sum of these is the effective dose equi valent. Simi larly, the effective dose
can be calcul ated by using tissue-weighting factors from ICRP 60, which are slightly
different from those of ICRP 26.

Risk Assessment

For acute whole-body exposu res above a few gray of low LET radiation, early effects occur
prima rily becau se of cell killing. This can give rise to organ and tissu e da mage 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 ma terial (DNA),
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TAB LE 4-9 Tissue Weighting Factors

(CRr 26 (1977) ICRr 60 (1990)

Tissue or Organ WT Tissue or O rgan WT

Gonads 0.25 Gon ads 0.20

Breast 0.15 Breast 0.05

Red marrow 0.12 Red marrow 0.12

Lung 0.1 2 Lu ng 0.12

TIly roi d 0.03 Thyroid 0.05

Bone 0.03 Bone surface om
Remainde r ' 5@0.06 Colon 0.12

Total 1.00 Stomach 0.12

Liver 0.05

Esophagus 0.05

Bladder 0.05

Skin om
Remainder" 0.05

Total 1.00

~ Remainder is equally d ivided bet ween the five organs or
tissues with the h ighest doses.

b Remainder = ad renals, brai n, uppe r large intes tine , sma ll
in test ine, kidney, mu scle, pan creas, sp leen, thymus, and
uterus. If a rem ainder organ dose is grea ter than any organ
lis ted , usc W,I' of 0.025 for that orga n and 0.025 to avera ge
the dose of the rest of the remainder.

TABLE4-10 Radiation DoseTerminology
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Dose Equation

D = k S
H = D·Q
fir =D·W K

HE= :EWToH
E = :EW-roH,

Conventional Un it

rad

rem
rem
rem
rem

51 Unit

gray
sievc rt
sievcrt

sievert
sievert

Symbol and Descri pti on

A = Cum ulated activity in organ (~Ci-hr)

S = Mea n do se /unit cumulated activi ty (ra d / u'Ct-hr)
D = Abso rbed dose
H = Dose equivalen t (lCRP 26)
Hr = Equivalent dose (ICRP 60)
HE = Effective equivalent do se (ICRP 26)
E = Effective dose (lCRP 60)
Q = Radiat ion qua lity factor (ICRP 26)
WK = Radiation-weighting factor (ICRP 60)
Wr = Tissue-weighting factor (lCRP 26, 60)

resulting in radiation-ind uced cancer in exposed individuals (somatic effects) or hereditary
disease in their descendants (genetic effects). These effects are stochastic.

Epidemiologic studies of Japanese survivors of rad iat ion exposure from atomic bombs
are the source of much of the data used to estimate the soma tic risk of developing cancer.
This is considered a good model for risk estimation because exposure of the survivors
was uniform ove r the total body and people of all ages were exposed. Although exposures
ofthis population were spread over a wide range, from low dos e to high do se, all exposures
were at high dose rate. Therefore, for radiation protection purposes the effects of this type
of exposure mu st 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 99mT c-Medronate'

Dose Equivalent (H)
Organ in rad/20 mCi W, WT ,H

Kidneys 0.80 0.06 0.048

Ovaries 0.24 0.25 0.060

Red marrow 0.56 0.12 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

Effec tive dose equivalent (rcm/20 mCi) HI' = I Wr'H = 0.534.
~ Based on ICRP 26 tissu e 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 intermed iate to high
dose levels. Limited human data are available from studies carr ied ou t 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
pa tients treated with radiation. Follow-up of these populations has shown tha t there is a
min imum period of tim e between irr adiation 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 late ncy period for acute myeloid leukemi a is abo ut 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 morel

Because of the unknown effects ove r time, and the effects of other factors such as age
and sex, empiric models have been postulated that extrapo late data based on only a limited
po rtion of the lives of expos ed individuals. Two models ha ve been proposed .!> The first
is the additive or absolute riskmodel. This model postulates that radiation will ind uce cancer
independently of the spontaneous rate and that variations in risk due to age and sex at
exposure ma y occur. It predicts a constant excess of induced cancer th roughout life,
unre lated to the natural spontaneous rate of cancer. The second model is the muitiplicaiii»
or relative risk model. It postulates that radia tion exposure will increase the natural incidence
of cancer by a cons tant 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 Ionizing Radiation
committee (BEIR V) tha t consi ders sex, age, age at exposure, and time since exposure.'
The Un ited Nations Scientific Com mittee 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 we re higher because of several factors,
including an increase in the number of excess solid tu mors observed between 1975 and
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1985, new dosimetry est imates for survivors, and preference for the relative risk mode l
rather than the abso lute model for projecting the observed numbers of solid cancers to
lifetime values .' lCRP 60 selected data from the atomic bomb survivors as the most
complete set of information on which to base quantitative risk estimates, follo w ing the
lead ofBEIR V' and UNSCEAR.8The Japanese study group is large (75,991 with dosimetry
dala) and includes both sexes, all ages, and an extensive dose range with uniform who le­
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 hypocen ter.
The remaining 41,719 survivors had doses greater than 0.5 rad and, of these, 3,435 died
of some form of cancer be tween 1950 an d 1985.

Dose-Response Relationship

Experimental information on dose-response rela tio nships and the influence of d ose ra te
on radiation-induced cancer incidence has been comprehen sively reviewed by the
National Council on Rad iati on Protection and Measurements (NCRP, 1980)9 The general
conclusion was that the shape of the dose-response rela tionship for low -LET rad iation,
inmost biologic systems, was curvilinear with dose, that is, linear- quadratic in form given
by the relationsh ip E = aD + ~D'. Th is is shown as curve A in Figure 4-3. This rela tionship
hadits origins in the 1930s, when it w as used to fit data for radia tion -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 mecha nisms in the cell are opera­
tional. Under these conditions the effect per unit dose is constant (EI D = a ). At higher
doses and dose ra tes, howe ver, the effect increases more rapidly; it increases linea rly w ith
dose squared as the quadra tic term becomes operative, that is, E = ~D'. 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 numbe r of cells at
risk.

The ratio a/~, which is the dose at w hich 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 do se 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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FIG URE 4-3 Schematic curves of cancer inci­
dence versus absorbed dose . (Adapted from
reference 7.)
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From a radiation protection perspective, most exposures of the general public, patients
undergoing radiologic procedures, and rad iation workers involve low dose, low dose rate
radiation . Estima tes 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, mean ing that the risk of radiation-induced
cancer from low dos e, low dos e rate rad iation should be reduced from that of high dose,
high dose rate radiation by one-ha lf to one-ten th . 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 4-3.9 ICRP prefers to call this reduction factor the dose and dose rate
effectivenessfactor (DDREF). To provide a conserva tive risk coefficien t for radiation protec­
tion purposes, ICRP 60 has app lied 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 ap ply 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

Stud ies have shown that the risk of cancer d epends on the particular kind of cancer, the
age and sex of the person exposed, the magnitude of the dose to a particula r organ, the
quality of the radiation, the na ture 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 dea ths in
the Unite d Stat es result from cancer, the estimated number of cancers attributable to low­
level radiation is on ly a sma ll fraction of the total number of deaths that occur from all
causes . Furthermore, the cancers that result from rad iation have no special features by
which they can be distinguished from those having other cau ses. Thus, the probability of
cancer resulting from a sma ll dose of rad iation can be estima ted only by extrapola tion
from the increased rates of cancer that have been observed in individ uals after larger
doses, on the basis of assumptions about the dose-incidence relationship at low doses.

The BEIR V report based its cance r risk estimates on the data gathered from Japanese
atomic bomb survivors. It used a time-dependent relati ve risk model that conside red 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 pers ons of all
ages at exposure. Survivors who we re young when exposed are just now reaching the age
at whi ch cancer becomes an appreciabl e cause of deat h in the general populat ion . 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 follow ed for longer periods, the data are not strong when stratified into differen t
dose, age, and time categories for all cancers at specific sites in the body. Reliance on data
for all types of can cer has been limited, and at tention has been focused on estimating the
risk for leukemia, breast cancer, thy roid cancer, and cancers of the respiratory and digestive
systems, of which the numbers of excess cases are substantial. However, to obtain an
estima te of the total risk of mortality from all cancers, the BEIR V committee also modeled
cancers other tha n those in Japanese survivors. The com mittee used epidemio logic data
from patients trea ted with rad iation for an kylosing spondylitis, cervical cancer, and post­
partum mastitis and women who received multiple fluoroscopies in conjunction w ith
artificial pneu mothorax treatment for tub erculosis.
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TAB LE 4-12 Excess Cancer Mortality Estimates per 100,000 Exposed Persons
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Type of Exposure

Singleexposure to 0.1 Sv (10 rem)
Continuous lifetime exposure to 1 mSv/yr (0.1 rem/yr)
Continuous exposure to 0.01 Sv Iyr (1.0 rem /yr) from age 18 to 65

Adapted from reference 5, pp. 172- 173.

Male Female

770 810
520 600

2880 3070

TABLE 4-13 Exce ss Cancer Morta lity by Age at Exposure a nd Site for 100,000 Ma les
of Each Age Expo sed to 0 .1 Sv (10 rem)

Age (yr) at
Exposure Total Leu kemi a Non-Leuke mia Respiratory Digestive O ther

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 11 7
75 25H 165 93 90 5

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 lO-year intervals, (2) continuous lifetim e exposure caus ing
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
of10rem (10cSv), as summarized in Tables 4-13 and 4-14. In general, individuals expo sed
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 olde r show
little or no excess. Susceptibility to ra diation-induced leukemi a 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
thecancer mortality risk to 20.8(};)or an excess of 0.8%. Because exposures of radiat ion workers
and patients are considered low dose , low dose rate, the DDREF would reduce the excess
riskby one-half, to 0.4%. Thus, according to BEIR V estimates, the excess risk of death from
radiation-induced cancer would be abou t 0.04% per 1 rem effective dose equivalent (EDE)
for low-LET radiation exposure associated with medical procedures.

..



ICRP 60 cons idered all the risk estimates of its committees and others, namely BEIR
and UN5C EAR, 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 dos e rate
applying a DDREF of 2. These coefficients indicate, for example, that for the whole
population exposed to low do se, low do se rate radiation the risk of cancer above the
spontaneous incidence is 5 x 10-2 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 exp osed to 1 rem) of low dose, low d ose ra te radi ation
is estimated to die from radiation-induced cancer. 111is is an excess risk of 0.05% above
the natural incidence of cancer, similar to the BElR V estimate discussed above. This total
risk coefficient was derived from the number of radiation-induced cancers that developed
in each orga n in the body. Table 4-16 compares the fatal probability coefficients for organ
cancers developed by ICRP 26 and ICRP 60. The risk coefficien ts of ICRP 60 (5 x 10-25..-1)

are four times higher than those of ICRP 26 (1.25 x 10-2 5..-' ). The d ifference is due
princ ipally to new data on the increased p robability of cancer acquired from Japanese
survivors, new dosimetry meth ods used, and use of the rela tive rather than the absolute
risk model for projecting the observed number of solid cancers to lifetime values.

TABLE 4-15 Probability Coefficients for Cancer Lethality by Radiation
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4

5

Low Dose/Low Dose Rate
(10-2 per s vi

8
10

H igh DoselHigh Dose Ra te
(10-2 per Sv )

Working population­
Whole population

Exposed Group

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)
at Expo sure Total Leukemia No n-Leukem ia Brea st Respiratory Diges tive 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 3
85 90 73 17 15 4
Average 810 80 730 70 150 290 220

Adapted from reference 5, p. 175.

.. Ad ul t workers (age 25-64 years), of both sexes.

So u rce: Refere nce 1.
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Hereditary Risk Estimates

Estimation of the probability of radiat ion-induced hereditary effects in humans is based
primarily on geneti c stud ies 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
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Organ

Nominal Risk
(P""tal Probability Coefficient x 10-2 Sv-1)

ICRP 26 ICR P 60

Bladder
Bone marrow
Bone surface
Breas t

Colon
Liver
Lung

Esophagus
Ovary
Skin
Stomach
Thyroid
Remainder'
Total

0.20
0.05

0.25

0.20

0.05

0.50

1.25'

0.30

0.50
0.05

0.20

0.85
0.15

0.85

0.30

0.10
0.02

1.10
0.08

0.50
5.00'

.. Nominal risks are average va lues for a population of equal
numbers of mal es and fema les of all ages; breast and ovary
arc for females only.

l> The composition of the remainder is qui te di fferen t in the
two cases.

c This total was use d for both workers and the general
pu blic.

d General public onl y. The to tal fata l cancer risk for a work­
ing population only is taken to be 4.00 X 10-2 5v-1•

Animalstudies 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 ch romosomal aberration trans mi tted from one human generation to the next.
The disorders are classified into three groups: (1) X-chromosome-linked gene muta tions
and autosomal domina nt and recessive gene mutations occurring on all othe r chromo­
somes, (2)chromosome number or structural abnormalities such as deletions, duplications,
and trans locat ions, and (3) multifacto rial effects resulting from a combination of genetic
and environmental factors, including congenital abnorma lities presen t at birth and com­
mon disorders of adult life.

Two models are used to estima te hereditary risks of radiation, the doubling dose
method and the direct method. These are similar to the relative and absolute carcinogenic
risk models, respective ly. The doubling dose model compares radiation -induced mutations
with those that occu r 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 lIlodei looks at the incidence of d isorders tha t occur in the first generation exclu sive
of the spontaneous ra te. It ignores the natural mutation rate and looks for new mutations.
IeRr60 prefers the do ubling dose mode l. 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.I.
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TABLE 4-18 Recommended Values of TIssue­
Weighting Factors and Risk Coefficients­
from which They Were Derived (leRP 26)

TIssue (T) Risk Coefficient 10-2 5v1 WT

Gonads 0.40 0.25

Breast 0.25 0.15

Red ma rrow 0.20 0.12

Lung 0.20 0.12

Thyroid 0.05 0.03

Bone surfaces 0.05 0.0..1

Remainder" 0.50 0.30
Total'- \.05 \. 00

.. The risk coefficient is the probabi lity of deve lop ­
ing fata l cancer per person for 100 rem (1 Sv) of
exposure.

I> A WTof O.onis ass igned to each of the five remain­
der tissues rece iving the highest dose equivalents,
and the other remainder tissues are to be
neglected.

( The tota l somatic risk alone is 1.25 x 10 2 Sv'. The
genetic risk is 0.4 x 10-25,,1, making the total risk
1.65 x 10-2 5v ·l .
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sex chromosome abnormality. Analysis of the data showed a difference in these two groups
in the direction of higher rad iation, but the difference was not statistically Significan t. How­
ever, an average doubling dose calculated from these da ta was found to be 156 rem (1.56 Sv).

From the results of all types of genetic studies conducted, [CRP 60 conside rs the
nominal hered itary probability coefficients for severe genetic effects for the whole popu­
lation to be 1 x 10-2 per sievert per individual and for workers to be 0.6 x 10-2 per sievert.
When weighted fur ther for years of life lost if harm occurs, the corresponding numbers
are1.3 x 10-2 per sievert and 0.8 x 10-2 per sievert.' Ano ther way of expressing this is to
say that there would be 60 excess genetic d isorders above the normal incidence in the
working population or 100 excess d isorders in the whole population per milli on people
exposed to 1 rem (l cSv) effective dose.

Tissue-Weighting Factors and Detriment

When the whole body is uniformly irradiated, the probability of the occurrence of cancer
andgenetic effects is assumed to be proportional to the dose equivalent to the whole bod y,
and the risk can be represented by a sing le value" Because irra diation from intern ally
administered radi onuclides is not un iform, the concept of effective dose equivalent was
developed by a scientific committee of NCRP in 1967 and subsequently ad opted by ICRP.
TIssue-weighting factors, recommended by ICRP 26, were derived from organ risk coef­
ficients. These factors an d their risk coefficients appear in Table 4-18. Thus, for example,
the breast receives a tissue-weighting factor (WT) of 0.15 (0.25/1.65), because its risk
coefficient is 15% of the total risk coefficien t. In 1990 [CRP 60 considered org an 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.

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

Ad ditional Cases/t O" Liveborn
Offspring/rem/Generation

Type of Expos ure

Autosomal dominant
Severe
M ild

Xvlinked

Recessive
Chromosomal

Translocations

Trisomies
Congenita l abnormaliti es

Totals

Adapted from reference 5.

Current Spontaneous Incid ence!
lOb Liveborn Offspring

2500
7500

.j()()

2500

600

3llOO
20,000-30,000
37.30D-47,300

First
Generation Equilibrium

5-20 25
1- 15 75
<1 <5
<1 Very slow increase

<5 Very little increase
<1 <1
10 10-100

2lHU 11 5-200

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

Induced burden = Spontaneous burden x (Doubling doser1
x Mutation component x Dose

For exam ple, if the spontaneous burden is 20,000 per mill ion liveborn humans for some
class of geneti c dis ease, 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 / 3Dyears) the induced burden will be 10,000 cases /Ill' 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 tha t occur spontaneous ly, togeth er with those that are p roduced
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 . 11,e right columns in the table
list the expected increase in the respective spontaneous mutations resulting from 1 rem
(1 cSv) of radiation exposure per 3D-year generation. 11,e number of mutations in the first
generation is sma ll because only do minant mutat ions are manifested at this lime. At
equilibr ium, after several generations have been irradiated and there is sufficien t time for
all types of mutations to become manifest, the number of mutations is large r, giving the
full measure of the radi ation-induced burden . Thus, for example, the number of clinically
severe autosomal d ominant mutations per million live birth s at equilibrium is 25 pe r rem,
which is predicted by the induced burden formul a p revio usly described. That is, a dou­
bling dos e of 100 rem (1 Sv) will induce a mutation rate equal to the spontaneous rate of
2500 mutat ions at equilibrium.

Heritable effects of radiation have yet to be clearly demonstrated in humans, but the
abse nce of a statistically significant increase in genetically related disease in the children
of atomic bomb survivors is not inconsistent wi th animal data l The only data ava ilable
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 ) radialion 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 mor tali ty, and frequency of
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TABLE 4-19 Nominal Probability Coefficients for Stochastic Effects

Detrimen t" UQ-2 Sv-1)

Population Exposed Fatal Cancer Nonfatal Cancer Severe He reditary Effects Total

Adult workers
Whole population

4.0

5.0
0.8

1.0

U.8

1.3

5.6

7.3

~ Fatal cancer or hered itary effects in excess o f spo ntaneous or natu rally occurring effects .

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

fatal cancer, (2) risk of serious hereditary disease in future genera tions, (3) morbidity from
nonfata l cancer, and (4) life lost due to fatal cancer. The probability coefficients for sto­
chastic effects from fatal can cer and hereditary effects, as previously discussed, are listed
in Table 4-19."-14 These values were also endorsed by NCRP in 1993.15

Comparison of Radiation Risk and O ther 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 am ount of radiation risk a pa tient 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 radiologic procedure. For example, the estimated risk of
smoking is 1.37 x 10-7 deaths pe r cigarette; tha t is, one death will occur for every 7,299,270
cigarettes smoked . The risk of dying in an automob ile accident in North America is 5.6 x
10-8 deaths per mile driven; that is, one death will occur for every 17,857,143 miles driven. "
The stochastic risk of death from radiat ion is 1.65 x 10-4 (somatic, 1.25 x 10-4 and gen etic,
0.4 x 10-4) per rem effective dose equivalent (ICRP 26); that is, one extra death above
natu ral cau ses is expected to occur for every 6060 people exposed to 1 rem EOE. Thus, if
one follows the IeRP 26 risk estimate, the risk of dying from can cer or from a severe
genetic defect due to exposure to 1 rem EOE is similar to the risk of dying from sm oking
one pack of 20 cigarettes per day for 2 months (about 1200 ciga rettes ) 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 10-4 per rem EOE (Table 4-19); that is, one death
is expected to occur for about 1600 people exposed to 1 rem EOE. This would mean that
the ris k of dying from 1 EOE is equivalent to smoking about 4600 cigarettes or driving
about 11,250 miles. Thus, the ICRr 60 risk es tima tes are about four times grea ter than
ICRP 26 risk est imates for exposure to radiation . As an example of comm unicat ing risk
factors in nucl ear medicine, if a patient were to undergo a """'Tc-MOP bone scan (EDE
about 0.5 rem or 0.5 cSv), the procedure would carry the same risk of dyin g as smoking
about 2300 ciga rettes or d riving about 5600 miles, using ICRr 60 risk guides.

Other ways of discussing radiation risk with patients are to compare the EOE for a
procedure with the average annual amount of natural backgrou nd radiation of about 0.3 rem
(0.3 cSv), the annual allowable whole-body exposure for a rad iation worker of 5 rem (5 cSv),
or the EOE of another radiologic proced ure, such as a ches t x-ray. Common radiologic
procedures and their effective dose equivalents are listed in Table 4-20. A patient undergoing
a """'Tc-MOP bone scan could be told that the amount of radiation expos ure 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 rad iation 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

Rad iati on Source

Ann ua l occupational exposur e limi t'?

Average an nual natural background radiation in the United States"
X-ray procedures (average do ses) !'

Chest (d igital x-ray, PA and latera l)
Ches t (standard, no ndigital)
Cervical sp ine
Kid neys, ureter, bla dder
Pelvis and h ip
Lumbar sp ine
Intravenous pyelogr am
Upper GI
Barium enema

'~lmTc rndi ophurma ceutical s'"

Disofen in, mebrofenin 5 mCi
Exametazime 20 mG
Clucep tate 20 mO
Human serum albumi n 20 mC i
Ma croa ggregated albu min 3 mCi
Medronate, pyroph osphate, RBCs 20 mG
Merti at ide (MAG3) 5 mCi
Oxidronate 20 roO
Pen tetate (DITA) 20 mCi
Pertechn etat e 20 mCi
Sestamibi 30 mCi (rest study)
Succimer (DMSA ) 5 mO
Sulfur colloid 5 mCi
White blood cells 10 mCi

REFERENCES

Effective Dose
Equivalent (rem)

5.0

0.3
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5 Radiation Safety

Radiation safety refers to the activities and control measures used to limit the amount of
radiation exposure rece ived by radia tion worke rs, members of the general public, and
patients undergoing radiologic procedures. The rad iation protection tech niques described
inChapter 4 are use d 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 Aga inst Radiation (1 0 CFR 20); and Part 35: Medical Use of
Byproduct Material (10 CFR 35). Helpful info rmation related specifically to nuclear phar­
macies is contained in NUREG 1556, Volume 13, Program Specific Guidance about Com­
mercial Radiop harmacy Licenses. These documents are availab le in the Ll.S. Nuclear
Regulatory Commission (NRC) refere nce library on the Web at http:/ /www.nrc.gov /.
Addi tional information regarding transport of radioactive material is found in Ll.S. Depart­
ment of Transportation (DOT) regulations, which can be accessed at http:/ /wwv.'.access.
gpo.go\'Inaral efr I .

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 ion izing 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 associ ated with such
exposure. This chap ter focuses on those groups that monitor and analyze investigational
studies and reports and make recommendations rega rd ing 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 Rad iation (UNSCEAR),
whose manda te is to assess and report levels and effects of exposure to ionizing radia tion
to the General Assembly of the United Nations. The last report by this international
organization appeared in 2000.1 The second committee is the Biologic Effects of Ionizing
Radiations (BEIR) Committee, appointed in the United States by the National Academy
ofSciences. This committee advises the Ll.S. government, through periodic reports, on the
health consequences of radiation exposure. Its last repor t (BEIR V) appeared in 19902

These committees analyze and summa rize 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 . TI,e
first is the International Commission on Radio log ical Protection (ICRr). 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 L,
ICRP 60, published in 199J.' 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 reg ulatory body in the United Sta tes 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 safe ty officer (ROO) who agrees, in writing, to be responsible
for implementing the radiation protection prog ram.

(C) Permit an authorized user or qualified individual to serve as a temporary RSO.
(D) Appoint more than one tem porary RSO.
(E) Establish, in writing, the authority, duties, and responsibilities of the RSO.
(F) Establish a radiation safety committee if two or more di fferent types of uses of

byproduct material or types of uni ts are authorized; this com mittee mus t include
an author ized user of each type of use permitted in the license, the ROO, a
representativ e of the nursing service, and a representa tive of management.

(G) Provide the RSO with autho rity and resources to conduct the radi ation safety
program to (1) identify radiation safety problems, (2) initiate, recommend, or
provide corrective actions, (3) stop unsafe operations, and (4) verify imple men­
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 pharmac y the RSO must ha ve a level of basic technical kno wledge suffi­
cient to und erstand the work to be performed with byp roduct material and be qualified
by training and experience to perform the duties no ted 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 ROO.' Typical duties and responsibilities of an
RSO in a nuclear pharmacy are outl ined in Appendix H of NU REG-1556.

OCCUPATIO NAL DOSE LIMITS AND RISK

An occupational dose is a radiation dose received by an ind ividual 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 med ical administration, or from voluntary participation in medical research.
Occupational dose limits and dos e limits for the public are enforced by NRC and agree­
ment states and are found in 10 CFR 20. These limits are d erived 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 red uced by a factor of about 3 between 1934 and
1950 and by anothe r factor of 3, to the equivalent of 50 mSv (5 rem), by 1958.1 The lower

TABLE 5-1 Annual Radiation D ose Limits

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

A licensee must es tablish controls to not exceed the following:
1. An ann ual limit, which is the mo re limitin g of

a. Total effective dose equivalent
Or
b. Sum of deep-do se equi val ent and committed do se equivalent to any organ or

tissue excep t lens of eye
2. The annual limits to lens of the eye, to the skin , and to the extremi ties, wh ich are

3 . Lens dose equivalent
b. Shallow-dose equivalent to skin or any extremity

3. Cumulative exposu re (NC RP limit)

B. Occupationa l dose limits for minors (10 CFR 20.1207)

C. Limits for embryo or fetus of occupationa l wor ker (10 CFR 20.1208)

D. Total effective dose equivalent (public) (10 CFR 20.1301)

5 rem (50 mSv)

50 rem (500 mSv)

15 rem (ISO mSv)

50 rem (500 mSv)

1 rem x age in yr

10% of adult limits

O.s rem (5 rrrSv)

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 an d regulations concerning the safe use of
radiation and radioactive byproduct material in the United States. Its regulations are
publ ished in 10 CFR.

Naturally occurring and accelerator-produced rad ionuclides are regulated by ind ivid­
ual states. NRC may grant regu latory authority for byproduct material to individual sta tes,
in which case these so-called agreement states regulate all forms of rad ioactive material:
naturally occurring material, byprod uct material, and accelerator-produced material. A
state's regulation of byproduct ma terial 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 deve l­
op ment of deterministic (nonstochastic) effects of rad iation 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 rad iation protection program
so that occupational doses and doses to members of the public are as low as reasonably
achievable (ALARA). Additionally, the program must esta blish air em ission 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
rad iation will be used in a safe manner.

To keep radiation expos ure 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
p rotecting individuals aga inst 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 an d dispensing area, a nuclear
me dicine imaging room, or a hospital room where a patient is be ing 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 med icine 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 appl ications, renewals, or amendments before
subm issio n to NRC, (2) individuals who work as authorized users, authorized
nuclear pharmacists, or authorized medical p hysicists, and (3) any radiation
protection program changes permitted under 35.26.



102 Radiopharmaceuticals in N uclear Pharmacy and N uclear M edicin e

dose limits became feasible mainly because radia tion protection techn iques and methods
were developed that workers could use in their practices to keep exp osures ALARA.

The philosophy of NC RP is that, for occupational exposure, the level of protection
prov ided sho uld ensure tha t the risk of develop ing fatal cancer from exposure to rad iation
be no greater than tha t of fatal accidents in safe industries' Quantitatively, this can be
viewed as follows. It is estima ted tha t the average nomina l lifetime excess risk from a
single, uniform whole-body equivalent dose of 1 Sv (100 rem) is 4 x 10-2 for fatal cancer,
0.8 x 10-2 for severe genetic effects, and 0.8 x 10-2 for nonfatal cancer, for a total detriment
of 5.6 x 10-2 (see Table 4-19, Chapter 4). The average fatal acciden t rate in all industries is
1 x 10-1 per year or 1 dea th in 10,000, with a ran ge of 0.2 x 10-4 to 5 X 10-4.' NCRP data
from 1980 indicate that the average equivalent dose of monitored workers was ap proxi­
ma tely 2.1 mSv' (0.21 rem) per year, which would suggest a total detriment of abou t 1.1
x 10-1 per year (2.1 x 10-3 Sv per year x 5.6 x 10-2 detrime nt Sv-') .' This suggests, therefore,
that the occupational risk of the average radiation worker is roughly comparable to the
average risk of accid ental death for all industr ies.

NCRP consi ders further what the risks migh t be for the radi ation worker wh o is
exposed to maximum pe rmissible 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 a
cumulati ve 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 dea th in
safe industry is 5 x 10-4 per year x 50 years, which resu lts in a lifetime fatal accident risk
of 2.5 x 10-'. Thus, the risk of a fata l outcome from ma xima l allowable expos ure for a
rad iation worker is consistent with the maximal risk of accidental death for all industries.

RADIATION DOSETERMS

In addition to the absorbed dose, dose equivalent, and effective dos e equivalent di scusse
in Chapter 4, there are other radiation dose term s used in the area of radiation protection.
Some of these, as defi ned in 10 CFR 20, are as follows:

• Committed dose equivalent (CDE, or Hr,.,). The dose equivalent to organs or
tissues of reference that will be received from an intake of radio active material
by an individual duri ng the 50 year period after the inta ke. This term consi ders
inte rn ally deposited radion uclides whose d ose will be de termined by the time
course of radiation residing in the body. It differs from an external dose received
over a short expos ure time . ICRP cons iders what the committed dose equivalent
will be over a person's working lifetime of 50 years. Rad ionuclides with effective
ha lf-lives of 2.5 mon ths or less are esse ntially decayed in 1 year, and the com­
mitted dose equivalent is essentially equal to the annual dose equivalen t in the
year of the intake.

• Committed effective dose equivalent (CEDE or HE.,,) ' 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.

H = " W .HF.,5O £...t T T,50

• Deep-dose equivalent (DOE or Hd). The dose equivalent at a tissue depth of I
em 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 dep th of 0.3 em (300 mg/ cm' ).

• Shallow-dose equivalen t (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 em (7 mg/em') averaged over an area of 10 em'.

• Totaleffective dose equivalen t (TEDE). The sum of the deep-dose equivalent (for
external exposures) and the committed effective dose equivalent (for internal
exposures).

DOSE LIMITS FOR VOLUNTEER SUBJ ECTS

Radiation safety concerns typ ically involve monitoring the exposure of radiation workers
(occupational exposure), the general public (nonoccupational exposure), and pati ent s
undergoing dia gnostic or the rapeutic procedures. A fourth exposure group consis ts of
human subjects who volunte er to undergo experimental procedures that involve exposure
to ionizing radiat ion during research stu dies . Such stud ies are typi cally conducted at
universities or research centers and monitored by institutional review boards (IRBs) in
compliance with FDA regulat ions. The main purpose of an IRB is to ensure tha t the
research is conducted in an ethical manner and that the volunteer subject has been
informed of the benefits and risks of par ticipating in the study and has consented to do
so. If the subject will receive a radioactive d rug or be exposed to external bea m radia tion
from a source such as an x-ray or comp uted tomography (CT) mach ine, a human-use
radioisotope committee must also approve the research . The two ma in purposes of this
committee are to ensure that the radiation dose received by the su bject is within the
acceptable guidelines for radiation expos ure and that no female subject is or might be
pregnant during the study.

NCRP Report 70, Nuclea r Medicine Factors Influencing the Choice and Use of Radio­
nucl ides in Diagnosis and Therapy (1982), con tains 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 rad iation
exposure of the whole body, active blood-forming organs, lens of the eye, an d gonads are
3 rem per year for a sing le dose and 5 rem per year for an annual an d total dose commit­
ment; for other organs the limits are 5 rem and 15 rem for single dose and annual and
total dose commitmen t, 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 evalua ting the radiation safety of proposed research
and by the principa l 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 equi valen t from natural back ground radiation is 3 mSv (300 mrem).
About one-third of this exposure comes from radiation in the cosmos and ter restrial
sources, and about two -thirds comes from radon . Additional sources of ioni zin g radiation
exposure, principa lly from medical procedures, increase the ann ual expos ure to about 3.6
mSv (360 mrem) (Table 5-2).'



104 Radiopharmaceutica ls in Nuclear Pharmacy and Nuclear Medici ne

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

Average Ann ual
Source HE(mrem)

Na tu ral sources
Radon 200
Cosmic, terrestria l, body 100

Med ical
Diagnostic x-rays, nu clea r med icine 53

No nmed ical 7
Total 360

Source: Reference S.

Background Radiation

The natural sources of background radiation include cosmic, terrestrial, and human body
sources. Cosmic radiation, mostl y from high-energy p rotons, varies with altitude and
latitude. The average annua l dose in the United States is 26 mrem. It doubles with every
6562 feet of altitude. At 39,000 feel, which is representat ive of airline altitude, it is 0.5
mrern Zhour," Cosmic radiatio n is higher at the North and South Poles, where charged
part icles are attr acted, and lower at the equator. Terrest rial radiation is from the ear th and
bu ild ing ma teria ls and varies geographically. In the Rocky Mountains, where rocks are
rich in thorium and uranium, th e average annual effective dose equ ivalent 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 m rem /year.sNa tura l bodily exposure comes ma inly from
inhaled radon gas, wi th a small component from ingested nuclides, principally HC, 2lOPO,
and -IOK6

Manufactu red sources of background radiation include medical proce dures in diag­
nostic radiology and nuclear medicine and nonmedical sources of exposure such as con­
sumer products (e.g., smoke de tectors) an d radioactive fallout from the atmosphere.

The ave rage natural background radiation exposure varies around the world. For
example, in the United Slates it is 300 mrem, in the Brazilian coastal region it is 500 mrem,
in Niue Island in the Pacific it is 1000 mrern, and in Kerala, India, it is 1300 mrem.
Interestingly, despite the wide variation in these background dose rates, the re 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 practi ce occurs while handling
radioactive materia l during transport and receipt, during rad iopharmaceutical compound­
ing and dispensing operations, during patient dose administration, and dur ing pa tient
imaging procedures. Patient procedures pose a radiation risk to bo th nuclear medicine
personnel and the patients themselves. Radiation workers wear whole-body film badges
and extremity dosimeters tha t are processed monthly to assess exposure. The results are
reviewed by the RSO for compliance with regulations. In general, radi ation worker expo­
sure is well below the occupational dose limits. A few p rincipal area s are reviewed here
to identify the sources and magnitude of worker exposures from procedures in nuclear
med icine and nuclear pharmacy, as described in NCRP Report 124-'
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Transport and Receip t of Radioactive Material

As ageneral rule, radiation sources should be shielded so that the external exposure does
not exceed 20 I1Gy (2 mrem) / hour. For example, a 3700 MBq (100 mCi) source of 131I
requires 5 ern (2 inches) of lead to achieve 20 I1Gy / hour. Thus, for example, it is important
that the cart used to transpor t doses of I31I-sod ium iodide to a patient's room provide
adequate shielding to the transpor ter to keep exposure ALARA. After the patient receives
a dose of 13II-sodium iodide, expo sure increases significantly because the pa tient is no t
shielded. For exam ple, the dose rate at I m from a patient immediately after receiving 100
mCi of nIl is approxima tely 0.2 mGy (20 mrem)/ho ur. A typical dose ra te from a shielded
radiopharmaceu tical package containing 100 mCi of 1311 is about 60 mrem/hour at the
surface and 0.2 mrem / hour at 1 m.? Th is dose rate, of course, var ies depending on the
amount of lead used to shield the source.

Hospital inpatients are sometimes injected with a radioph armaceutical in their rooms
when the nuclear medicine procedure requires a wa iting period between dose adminis­
tration and imaging. This typ ically occurs with bone imaging. In this circums tance the
radiopharmaceutical dosage should be tran sported to the patient room in a lead-lined
syringe carrier to minimize exposure of the technolog ist and others along the way. This
ensures that ALARA exp osure is maintained in nonoccupational areas.

Dose Preparation and Patient tnjection

NRC regulations require tha t a syring e shield be used in com pound ing radiopharmaceu­
tical kits, because hand exposure can be quite high when large amoun ts of radioactivity
are handled in such operations. Figure 5-1 illust rat es the exposure from 99mTc with and
without lead shie lding . It demons trates tha t 0.3 em (V. 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 condi tions 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

7.2 Rlmin

Lead (0.6 em)

10 -40 RJmin--_

0.8 mRlmin

1[',
':=1
l~ lJ

:s-l
:~ . 0.3 em Lead
,g.::..,
"

800mR/min
(20 mCilO.5 mL)

~
/'

FIGURE 5~1 Rates of film exposure from a <l',ImTe source in a syringe and a generator elution vial.
Syringe contains 20 mCi of 'I'ImTc activity emitting a dose rate of 800 mR/minute (unshie lded) and
0.8 mR/ minute (shielded w ith 0.3 mm of lead). Generator elution vial contains 600 mCi of 'i'lmTc
emitting 3.7 R/minute at the unsh ielded entrance port of the vial and l()--6 R/minute at the surface
of a lead shield 0.6 em thick. (Courtesy of Dr. John How ley, Radiation Safety Branch, National
Institutes of Health, Bethesda, MD.)
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to the index finger was 1600 mrern per curie of <j<JmTc injected using unshielded syringes,
with a significantly sma ller dose to the other fingers. For personnel who performed only
generator elution, calibrat ion, and dose preparation (no pa tient injection), the average
dose was only 200 mrem per cur ie eluted . This report indicates that the majority of
exposure comes from pa tient injection and averages about 1400 mrem per cur ie or aboot
28 mrem per 20 mCi (740 MBq) dose injected.

Use of syringe shields during patient injection is cons idered 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 pos itions on the syringe. Figure 5-2 summarizes
the dose rates from syringes con taining <j<JmTc and illustrates tha t there is a significant
difference in dose depending on how close the finger is to the volume of activity. Figure
5-2 ind icates tha t 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 tha t finger contact time with the syringe during patient injection averages
15 seconds,' a 20 mCi (740 MBq) dose wo uld deliver 275 mrem to the finger at position
A, 6.25 mrern at position B, and 1.5 mrem at pos ition C. The occupational dose limit for
extremity exposure is 50 rem per year or an average of 1 rem pe r week. From the example
just cited it is clear tha t one could easily exceed this limit after administering only 4
un sh ielded doses with the fingers held at position A and after 160 doses at position S.
Based on an average dose rate from rad iopharmaceuticals, noted previouslybyt\nderson,
of 28 mrem per 20 mCI (740 MBq) dose injected , 35 doses per week (1000 mrem per week
limit ~Ivldehd by 28 mrem per dose) would be the maximum allowed in order to avoid
excee . mg t . e 50 rem per year limit of extremity exposure.

VOI~~: obvIOUS that the fosition of the fingers on the syringe relative to the rad ioactive
advantag

l:
~~ ~:Fn°grttahnt actor in reducing exposure of the hands. This points out the

e Inverse square law (see Ch t 4) h .
especially if they are not shielded It is . t I ap er w .en handling syringes,
badges worn on the rin fin' .' impcr ant a so to recogn ize that hand radia tion
On the basis of these da~a t.;:.er WIll not give a tru e estima te of exposure at the fingertips.
routinely prepare patient' doshens oslhoogls,tds who ItnJecht patients and nuclear pharmacists who

u mont or and and fin :t ) •

these procedures. Syringe shields m b ger exposure rates dunng
able dose limit The d . . ay e necessary to keep exposures within the accept­
less bulk d" . eSlgn of syrmge shields has improved over the years to make them
which is ~O~~ d:~:~:rt~~:~;a~e. Figure 5-3 illustrates a shield constructed of tungsten,

ABC

a-:r. 'I : : ::::,.---- 1
I

FIGURE 5 ~2 Exposure rate (in mrem per mCi per
minute) of fingers at various posit ions on an
unshielded 2 mLplastic syringe conta ining "v'Tc.
(Compi led from reference 9.)
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FIGURE 5-3 Tungsten syringe shield with leaded­
glass view ing: window. (Used with permission of
Biodex Medical Systems, Shirley, NY)

TABLE 5-3 Dose Rales from Palients Injecled with 20 mei "mTc-Medronote

lime after
Injection Patient Cond it ion

Position of
Measurement

Dose Rate in mRlhr
(patient's wai st)

At Surface At 1 Meter

5 min

H r

With and without

bone metastases

Witho ut metastases

With metas tases

Anterior
Pos terior
Anterior
Pos terior
Anterior
Posterior

9
9

3
5

14

49

0.9

1.0

0.3
0.6

2

4

Source: Reference 7, p. 21.

Skin contamination can be a po tential problem. Kereiakes!" reported that complete
decayof 1 ~Ci of !>9mTc on the skin can range from 200 Gy from a point source to 0.07 Gy
ifit is spread out over 1 em'. The potential for su ch a high dose rate emp hasizes the
importa nce of wearing disposab le gloves w hile handling radioactive m aterial.

Beta-emitting sources can also produce significant exposure of the hands. It has been
estimated that a dose of 4.5 rad is delivered to a finger he ld for 30 seconds in contact with
aminge conlaining 10 mCi (370 MBq) of :up in a 5 m L vo lume," This high dose ra te is
possible because of the penet ra ting power of high-energy beta particles . With the increased
use ofbeta emitters for radionuclide therapy, the hand ling of these d oses sh ou ld be given
careful consideration. See Table 4-4, Chap ter 4, for p hysical data on beta em itters used in
nuclear medicine.

Patient Procedures

Severa l studies have reported on exposures of nurses and nuclear medicine technologists
from patients who have received a radiopharmaceutical, and these have bee n sum ma­
rized.' Some of the highest exposure doses to technologists arise from patients injected
with a WmTc bone agent. For example, the dose rates from a 20 mCi (740 MBq) d ose of
"'"Tc-medronate are sum marized in Table 5-3. NCRP Report 124 states that the exposure
from diagnostic nuclear med icine patients is typ ically less than 1 mR/hour at 1 m. Bene­
detto et al." estimated that the dose per year to nuclear medicine personnel exposed to
patients is about 400 mrem .

Summary

In summary, the following recommendations will reduce radiation dose to the hands and
body.



• Time: Work quickly and efficiently.
• Distance:

- Hold syringes at a safe distance from the active volume.
Make venipuncture with a bu tterfly set and stop cock for difficult injections
to reduce handling time of the dose.
Handle "hot" sources with tongs.

• Shie lding: Use syr inge shields, especially wi th large-activi ty sources .
• Protectives: Wear disposable glov es.
• Monitors:

- Monitor hands with Geiger-Muller (GM) counter frequently to de tect contam­
ination.
Wear ring badges on index finge r or finger likely to receive the highest dose
on the basis of syringe handling techni que.

PERSONNEL MONITORING

Radiation workers are monitored for exposure with whole-body bad ges and extremity
badges such as finger do sime ters. Persons wh o 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
• 50 mSv (5 rem) sha llow-dose equivalent to the skin or any extremity

2. Minors likely to receive an annual dose in excess of any of the follow ing:
• 1 mSv (0.1 rem) deep-dose equivalent
• 1.5 mSv (0.15 rem) lens-dose equivalen t
• 5 mSv (0.5 rem) shallow -dose equivalent to the skin or any extremity

3. Declared pregnant women like ly to receive an ann ual dose during their entire
pregnancy of 1.0 mSv (0.1 rem) deep-dose equivalent

Internal exposure monitoring is requ ired for

1. Ad ults likely to receive in 1 yea r in excess of 10% of the applicab le annua l limit
on intake (ALI) for ingestion and inhalation. The ALI is the intake of a given
radionuclide per yea r 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 pregnan t women likely to receiv e 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 involve ment.

Whol e-bod y badges, which monitor for deep-dose an d shallow-dose equivalent expo·
sure, must be worn on the body where they are like ly to receive the highest exposure (10
CFR 20.1201c). Typically, this is the chest area or the waist.

Investigational Levels

During implementation of the radiation safety program, the RSO es tablishes perso nnel
exposure investigational levels to help identify potential areas of excessive radiation
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TABLE5-4 Investigational levels for Radiation Exposure Monitoring

Body Part

109

Investigational Level
(mrem per monthly
monitoring period)

Leve l l Level 2

Whole body: head, trunk, gonads, or eye lens
Extremities: elbow, arm below elbow, foot, knee, leg below knee. or skin
Conceptus

100
1000

30

400

3000

40

~- LANDAUER " "
.H1A

@J~ I CE liOdilwr. Inc. 2 Sci enc e R~ Glenw ood. IIlino's 60 425 - 1586

IlISE Telephone: 170 8 )7 5 5 - 7 0 0 0 Facs im,lor. (708)755-70 16 .
_ _l2>dauerinc .com

514

(}if-r'~" ~
RADIATION DOSIMETRY REPORT

$lR'IS IANAt lTlCAL WORt. OIlD(R \RE'OAT (l.\ T( 1:'IIlETiR 1~l"OIIr TIM! "" I luxe!"t QUt IttU I1l,O IN _ RAU ~

,""'. 1113 0 12 18301 95 08/14/01 08/08 /01 8 ,
.. DUPlI CATE ..

8· DOSE f O UI~ AHNT IMIIE MI QUARTf lllY ACCUMUL ATED YEAR TO DATE lIFHlME
~. Z

FOR PERIODS SHOWN B£l OW DOSE EQUIvALENT !MREM! cess EQUIVALENT (MRfM) DOSE EQl/IVAIENT IMRFM) 0< s" ~ t: . w

"" < " oeEP EYE S HAl l OW DEEP EYE SHAllOW DEEP EYE SHALLOW DEEP EYE SHAL LOW o' lli~ a ~ u. u
~ o om "" SOL "''' "" "" "'" LOf 'Of ODE LOL SOL wo

"" "
· 06/ 0 1 , . '"f'31/01 "e'l i'. '" •...."" 200' •. ,~, Il t I~<'~I .· • . C"" •• .». ' 0' "

H&ODY *P " " za aa az " .. .. 42 1490 1490 1494 9107/ 90

06/01 0' ''!'' 06 30/01 """' ,,_,.'4'
_~ , 2;~

t,'= ,-"W' _7 200' .~- "'"!.,;;l'I6i' .- ~i, ' < " ,',
'",

"
g;;;~'l it. ,

HBODY op " ae as 80 ao 79 rra m 170 24. 240 ". -r ' / 00

~:"GR I~
vc , '90 ." 1150 '100,... I~

_. sec '.2l ~ 1130 7~- -- . 2780,-- ..~ !;! 00;00.
" , "

"'IOY I;, 1-,. .. .. 52 52 ea >6, 2:'- - 254 1553 i ....1553 r---15 26' 15 0s/97

-- 07/ 0 1. 1 .;. 07 3t101
~.

,"" '

~"
-~ 200' o~

..

= • • " / 80

" m • U'"

"lOY p' 1-" t 15 . ~15 " . 15 :-228 22S 223 5254 ern; I ~ ' "" ) rnJ'"

~: - .-,!'" - -eo .- - 020 '299ll ::;;oe
533 sra 52' s / ee

"'" """'"..,... • • • '80 08 /98

""'" OIlAII" U*1JI0l IItUASl, VI( ""PR 7290 - RPT130 - A1 C - 0ll9B9

FIGURE5-4 Personnel radiation dosimetry report.

exposure and to initiate an investigation into the cause of an exposure. Investigational
levell exposures are typically set well below (abo ut on e-fourth) the occupational exposure
limits to identify exposure level trends in the work environment and to p rovide a level
ofcontrol 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 requ est to review radiation safety procedures to keep exposure ALARA. If
level 2 exposure is exceeded, the RSO may conduct a direct investiga tion and an interview
with personnel involved and p repare a written repor t with suggested corrective action s.
Figure 5-4 illustrates a typical radiation dosimetry repor t for personne l exposures ,



110 Radioph armaceuti cals in Nucl ear Pharmacy and Nuclear Medicine

Film Badges and Thermoluminescent Dosimeters

Film Badges

Film badges cons ist of rad iation-sensitive photographic film housed in a p lastic holder
that can be clipped to clothing. They are typically worn on the chest or waist areas for I
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 sen t to a laboratory that develops the film and
reads the exposure. The greater the exposure, the darker is the film. It is compa red with
a standard known exposure to assess the person's exposure level. The typical sensitivity
range for film badges is 30 to 1000 mrem .

Thermotuminescent Dosimeters

TLDs are small devices tha t con tain calcium or lithium fluoride crys tals. The crystals
absorb energy released in them by ionizing radiation and the molecules achieve a meta­
stable state . When hea ted under controlled conditions the crysta ls release the ir "stored"
energy in the form of vis ible light, which is analyzed for exposure intensity. The sens itivity
ran ge is 10 mrem to 100 rem . TLDs are typ ically used in finger badges, but they are also
used in some body bad ges. Figure 5-5 shows examples of a film badge and a TLD.

Bioassays

In accorda nce with 10 CFR 20.1502, a licensee is required to monitor occupa tional intake
of rad ioactive material by and assess the committed effective dose equivalent to (1) adu lts
who are likely to receive in 1 yea r greater than 10% of ALI in 10 CFR 20, Appendix B,
Table I , columns I and 2, and (2) minors and declared pregnant women likely to receive
a com mitted effective dose equivalent in excess of 0.05 rem in I year. A recommended
time of monitor ing is with in 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 meas urements for all
occupationally exposed individuals involved in the preparation or admin istration of ther­
apeu tic dosage s of 1311(capsu les and solutions) is addressed in 10 CFR 20.1204 and 20.1501.
Each licensee must monitor (20.1204) the occupa tional intake of radioactive ma ter ial by
and assess the committed effective dose equivalent to ad ults likely to receive, in I year,
an intake in excess of 10% of the applicable ALI(s) in 10 CFR 20.1001-20.2402, Appendix
B, Table I, columns 1 and 2. Additiona lly, 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 gu ide recommends an evaluation level when
any thyroid measurement exceeds 2% of the ALI and an investigational level when it
exceeds 10% of the ALI. 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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TABLE5-5 Annual Limits on Intake (ALI), Derived Air Concentrations (DAC), and Maximum
Permissible Concentrations (MPC) for Selected Radionuclides, from 10 CFR 20, Appendix 8
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Unrestricted Areas

Radio­
nuclide

Table 1
Occupational Values

Oral Ingestion Inhalation (Restr:cted Areas)

Column 1 Co lumn 1 Column 2
ALI (fLO) ALI (fLCi) DAC (fLCilmL)

Tab le 2
Effluent MPC

Column 1 Column 2
Air (!..Lei/ml) Water (...Cil mL)

Tab le 3
Rel ease to Sewers

Avg ConclMonth
(fLCilmL )

'"I 3000 6000 3 X 10-f>

'" I 40 60 3 X 10-11
L111 30 50 2 X in-
I13Xe 1 x 10-4

2 x 10 8

3 X I O-llI

2 x 10 111

5 x 10 7

1 X 10 4

2 X 10 -('

1 X 10-(,

1 X 10-)

2 x 10-05

1 X 10-5

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

A technologist prepared a dose of BII-sodium iodide for thyroid therapy. A bioassay of the iechnol­
agist's thyroid indicateda thyroid content of 0.08"ei 24 hours afterdosage preparation. Does this
Ihyroid biollllrden require[uriher eoaiuation?

Determine if the thyroid intake of 13'1 exceeds 2% of the ALI.

Intake =
A IiCi (thyroid content at timeof mea surement)

IRF for 131[

= 0.080 IiCi 0.60 IiCi
0.133

The intake retention frac tion (IRF) for 131[ after 24 hours is 0.133 (from the table of IRF
thyroid values in NUREG/CR 4884, Interpreta tion of Bioassay Measurements). The eval­
uation level for 13'1 is 2% (1 IiCi) of the ALI (50 IiCi). Since the intake for this technologist
(0.6 ~Ci) does no t exceed this level, no further evaluation is needed . If a pe rson's thyroid
content is greater than 0.133 IiCi, the intake value is greater than 1 IiCi, 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 IiCi, the int ake value exceeds 10% of
50 ~Ci ALI, and the RSO needs to conduct a more tho rough investigation (level 2) with
multiple measurements, air sampling, and so on. A thyroid content of 6.65 IiCi reaches
the ALI, and the person should be excluded from further exposure to rad ioiod ine for the
year. Preferably, the person should be removed from radioiod ine exposure before the ALI
is reached .

Pregnant Radiation Workers

A licensee must de velop a pregnancy po licy to ensure that the dose equivalen t 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 limi t
of 0.5 rem and no more tha n 0.05 rem in any month once a pregnancy becomes known.
The policy shou ld 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 20.21060) . Without th is declaration, the licensee
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cannot be he ld 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 th is dose by the time of declara tion, 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), a t the end of each day of use a
licensee must survey with a rad iat ion detection instrument all areas where unsea led
byp rod uct material requiring a written d irective was prepared for use or administered.
Records of the su rvey must be kept for 3 years. This requirement is less descriptive than
the previous Part 35 regulation. Therefo re, the older regulations are described here because
they delineate the types of surveys an d 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 the se surveys
with an instru men t 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, ad mi nistered, and
stored. The w ipe test detection method must be capable of detecting 2000 dis­
integrations per minute (dpm). The licensee must es tablish 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 informat ion: (1) date of su rvey and p lan of the area surveyed, (2)
tr igger levels es tablished for each area, (3) results of the surveys obtained,
reported in mR/hour or dpm per 100 em', and (4) the instruments used and
initials of the person who conducted the surveys.

An exam ple of survey tr igger levels established at an educational inst itution for monitor­
ing ambient and removabl e contamination is shown in Table 5-6.

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

Unrestricted Areas

Radiation Expo su re Surface Con tamination Radia tion Exposure

Restricted Areas

Surface Contam ination

No t >2 mR/hr Not >200 dpm / 100 em-
Not >100 m rem /
5 consecutive days

No t >500 mrem
in any 1 year

No t >2 mR/hr in frequently
occupied are as

Not >0.1 mrern at 5 em from
surface of int erest

N(Jt >600 d prn per 100 em!
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Effluent Monitoring

In accordance with regulations stated in 10 CFR 20.1301, a licensee's operation mu st be
conducted so that (1) the total effective dose equivalent to the public does not exceed 0.1
rem per year, and (2) the d ose rate from an external source to an unrestricted area does
notexceed2 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 tha t the
lotal effective dose equivalen t to any member of the pu blic do es no t exceed 0.1 rem per
year or that (1) the average concentra tions of radioactive material released in gaseous or
liquid effluents to an unrest ricted area do not exceed the values in 10 CFR 20, Appendix
B,Table 2, and (2) if an individual is contin uous ly presen t, the dose from external sources
does not exceed 2 rnrern in any 1 hour and 0.05 rem in a year.

Anexample of demonstrat ing compliance wi th these regulations is a calculation used
to determine that the effluent concentration of 133Xe gas exhausted to the outside of a
facility does not exceed the maximum permissible concentration (MPC) of 133Xe in the air
exhausted, as follows.

AIll/clear medicinefacility conducts Ill llg uentilaiion studies witil 133Xe gas. 011 average, 10 doses
of20mCi each areadministered per week. Determine if tileexpected levels'of m Xe released outside
Illefaeilit)! exceed tile MPC to all unrestricted area given ill 10 CFR 20, Appendix B, Table 2.

The room exha ust rate is 1714 ft' /minute x 2.83 x 10' mL /ft' ~ 4.85 x 10' mL/ minute.
Assume 20% spillage of I3.1Xe. The MPC of I3.1Xe to an unrestricted area is 5 x lO-'IlCi /mL
(see Table 5-5).

133 Xe llCi/ mL exhausted/wk
20, 000 llCi/dose x 1O doses/wk x 0.20
4.85x1O' mL/min x 10,080 min /wk

~ 8.09 x1O-8 llCi/mL (16% ofDAC)

Regulatory Guide 8.37 (ALARA Levels for Effluen ts) recommends aimi ng for only 20%
of derived air concentration (DAC) in effluen ts as a conserva tive limi t for radi oactive
material release.

DAC is the concent ration of radionuclide breathed for 2000 wo rking hours per year
that results in an intake of 1 ALI; 1 DAC ~ ALI/2A x 10" m L. Note: 2.4 x 10" mL ~ (2000
hours) x (60 minutes /hour) x (2 x 10' mL/minute) . The followi ng determina tion must
consider the DAC used in occupa tional exposure:

Wilat is tile eo acuat ion time for a radiation worker ill tile imagillg roo", ifa 20 mCi (740 MBq)
dose of '33Xe is spilled ill tile roo", (restricted area)?

Regulatory Gu ide 10.8 (Guide for Preparation of Ap plications for Med ical Use) states in
Appendix 004 a model procedure for calculating spilled gas clearance times (t) , where

A = highest activity of gas in a sing le container, in microcuries
= 20,000 llCi

V =volume of room, in milliliters
= (5628 ft' ) x (2.83 x 10' mL/ft' ) ~ 1.59 x 10" mL

Q= exhaust rate, in mL/ minute
= (1714 ft' /minute) x (2.83 x 10' mL /ft') ~ 4.85 x 10' mL /minute

C = DAC 133Xe restr icted area = 1 x 10-1 llCi /mL (Table 5-5)
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; 0.75 min

t(c1earancetirne); - ~ x ln (ex ~ )

; 1.59x 10' m L Xln ( lX 1o-4 !ICi/mL 1.59xlO' mL)
4.85 x 107 mL/min 20,000 !ICi
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• Caution , Radiation Area: >5 mrem in 1 hour at 30 em
• Cau tion , High Radiation Area: >100 mrem in 1 hour at 30 ern
• Grave Danger, Very High Radiat ion Area: >500 rad in 1 hour at 1 m

CAUTION SIGNS

FIGURE 5-6 Standard radiati on symbol. The cross-hatched area
is magen ta or purple; the background is ye llow. (Reprinted from
10 CFR20.1901 .)

Note that th is is the time until the concentration reaches the DAC for mXe 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 ens ure 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 rad ioiodines and radioxenons. A partial list of radio­
nuclides given in 10 CFR 20, Appendix B, is shown in Table 5-5.

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

Sealed Source Monitoring

A licensee must wipe test a sea led source every 6 months to ensure that not more than
0.005 !ICi (185 Bq) of removable contamination is p resent (10 CFR 35.67 and 35.2067). This
procedure does not apply to sources wi th half-lives of less than 30 days, gases, and 100
!ICi (3.7 MBq) or less of beta- or gamma-em ittin g rad ionuclides . Typical sources that app ly
in nuclear pharmacy would be reference standards, such as 137C S, 133B a , and 57C O, used to
check the dose calibrator. Records of the leak test must be retained for 3 years.

----------------
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Because of the types and amounts of radioact ive material used and stored in nuclear
medicine and nuclear pharmacy laboratories, these areas are likely to require no more
than the Caution, Rad iation 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 righ ts of
workers during NRC or agreement state inspections.

Posting Requirements (10 CFR 19.11)

J. Each licensee must post the following documents or a notice stating where they
may be examined:
a. Current copies of the regula tions in 10 CFR 19 and 20.
b. The radioactive ma terials license.
e. The opera ting procedures applicable to licensed activi ties.

2. A licensee must post, for 5 days or until the violation is corrected, any no tice of
violation involving working conditions within 2 days of rece ipt of the violat ion
notice.

3. A licensee 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 person likely to receive an occupational dose higher than 100 mrem per year mus t be

1. Informed of storage, transfer, or use of radioactive material.
2. Instructed in radiation safety proced ures.
3. Instructed to report any violations to the licensee.
4. Instructed on how to respond to warnings in case of radiation exposure occurrences.
5. Instru cted about requesting radiation exposure reports.

Notification and Reports to Individuals (10 CFR 19.13)

Alicensee must provide each worker with the following reports:

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

2. An annual report of a worker's radiation dose.
3. A radiation exposure record upon a former wo rker's reque st.
4. A report of any radiation exposure incident report sent to NRC.
5. A radiation exposure report upon termination of employment.

Presence of Individuals during Inspections (10 CFR 19.14)

Alicensee must comply with the following cond itions of inspection:

1. A licensee must allow NRC to inspect facilities annually.
2. A licensee must notify NRC of any individual authorized to represent workers

at inspection .
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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 cond itions must prevail during inspections:

1. NRC may consult with workers privately.
2. Worke rs may bring any perceived violations of regulations, overexposures, and

so on to NRC's attention.

Request for Inspections (10 CFR 19.16)

The following cond itions must p revail regarding requests for inspec tion:

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

2. NRC will dete rmine if inspection is warranted.

RECEIPT O F RADIOACTIVE MATERIAL

Regulations describ ing the proced ures 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 an d 173. The regulations for some agreement states may differ and may
be more stringent than NRC regulations . Pa rt 20 requires a survey only for packages
conta ining greater than Typ e A quantities (wh ich are typically >10 Ci), but all packages
bearing White-I, Yellow-H. or Yellow-III labels must be wipe tested for surfa ce contami­
nation (see Warning Labels section). Table 5-7 summarizes the package receipt require­
ments for NRC. The GM su rvey 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 d isk rubbed over at least 300 em' of
multipl e surfaces. The disk is counted, corrected for counter efficiency to convert counts
per minute (cpm) to dprn, and the results reported as dpm per 100 cm-. Mon itoring of
packages must be performed as soon as practicable but not later than 3 hours after receipt.
If measured levels exceed the limits sta ted in Table 5-7, the licensee must immediately
notify (1) the final delivery carr ier and (2) the NRC operations center by telephone.

TABLE 5-7 Nu clear Regulatory Commission M onitoring Requirements
for Radioactive Material Packages upon Receipt

Limit Type

External radiation
limits

(Geiger-Muller

su rvey)

Surface contamination

lim its (wipe test)

Qualifications

Only radioactive materials with Radioactive
w hite- l, 'rel low-Il, or Yellow-III label containing>
Type A quantities or if crushed, wet, or damaged .
Most radion uclide Type A quantities are >10 Ci
(see Table 5-8)

All packages wit h Radioactive white- l, 'rello w-ll,
or Yellow-Illlabel except if a gas or special fo rm.

All nuclear medicine rad ioactive materia ls are
normal form

Requirements

Package s urface levels

(not >200 mR/hr)

Transport index

(not>10 mR /hr at 1 m)

Averaged over 300 cm~ must

be not greater than 2200 dpm

(0.001 ~Ci) per 100 em'
of pac kage 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 shou ld 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, compa ring requi sition, 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 rnaterial and packages for contamination before discarding,
treating any contaminated materials as rad ioactive waste.

4. Obliterate any radiation labe ls 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 app ly to pharmaceutical manufacturers
and nuclear pharmacies that ship rad iopharmaceuticals to hos pitals and clinics. Require­
ments for packagi ng 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." Speci fically, 10 CFR 71.5 states that "each licensee who transpor ts
licensed material outs ide the confines of its plant or other pla ce of use, or who delivers
licensed material to a carrier for transport, must comply with the applicable requ irements 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 r, and 173.400 through 173.476
2. Marking and labeling: 49 CFR 172: subpart 0,172.400 through 172.407, 172.436

through 172.440, and subp art E
3. Placarding: 49 CFR 172: subpart F, 172.500 through 172.519, 172.556, and Appen-

dices Band C
4. Accident reporting: 49 CFR 171.15 and 171.16
5. Shipping pape rs an d emergency information : 49 CFR 172: subpa rts C and G
6. Hazard ous material employee training: 49 CFR 172: subp art H
7. Hazardous material shipper/carrier registration: 49 CFR 107: subpart G

DOT requirements do not ap ply when radiopharmaceu ticals are being transported by
a physician for his or her medical p ractice, as outlined in 10 CFR 71.9, but the ph ysician
must be licensed according to 10 CFR 35.

For purposes of transportation, radioactive materials are defined as those materials
that spontaneous ly emit ionizing radiation and have a specific activity in excess of 0.002
~Ci/gram (74 Bq / gram) of material. All materials are radioactive to some degree . The
demarcation of 0.002 IlCi/gram (74 Bq/ gram) allows a distinction between mate rials not
normally considered rad ioactive 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 sh ipped. The two forms of radion uc1ide are special form and normal form .
Special form radi oactive material is ma terial that may present a direct radiation hazard if

d
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released from the package but causes little hazard resulting from contamination because
it is in a nondisp ersible solid form or sealed in a durable capsule. Special form materials
are much less likely to spre ad contamination in the event of package failure . The regula­
tions therefore genera lly 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 tha t has not been
qualified as special form. Radiopharmaceuticals are normal form materials.

The pr incipa l types of pa ckage used to ship radioactive ma terial are Type A, Type B,
and "excep ted" packages. The criteria for tes ting the integri ty of Type A packages are
found in 49 CFR 173.465 and those for excep ted packages in 49 CFR 173.410. Packaging
normally used by nuclear pharmacies is mil itary ammunition boxes. Radiopharmaceutical
manufacturers typically ship in cardboard or fiberboard boxes. Shippers are not required
to pe rsona lly test the package, only to ensure that the testing was performed before use.

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

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

Package Acti vity Limits

Al (Special Porm)- A2 (Normal Porml- Excepted Quantity Package Limits"
Radionuclid e (curies) (curies) Imilltcuries)

"c 27 135 1.35
S7C O 216 216 21.6
&le o 27 27 2.7
»c. 811 811 81.1
mc s 54.1 135 1.35

"F 27 135 1.35
!>7Ga 162 162 16.2

"'I 162 162 16.2

"'I 541 54.1 5.41
1311 81.1 13.5 1.35
1I1In 45.1 54.1 5.41

"Mo 16.2 135 1.35
UN 165 135 1.35
" p 8.11 8.11 0.811
IllbRe 108 13.5 1.35
I88Re 5.41 5.41 0.541
1I1Rb 54.1 24.3 2.43
'''Sm 108 135 1.35
"'Sr 165 13.5 1.35
9'lmTc 216 216 21.6
"Tc l OBO 24.3 2.43

"'T! 270 270 27
117mSn 162 54.1 5.41
1.13X e 541 541 541
\Illy SAl 5.41 0541

, From 49 CFR 173.425
b From 49 CFR 173.435 (liquids = Az x 10 4; gases = A2 X 10-])
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An excepted package is usu ally one used for returned was te, such as used patient
syringes. Certain quantities of radioactive materia l 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, tha t mu st be met, outlined in 49 CFR 173.421 as follows:

I. Package may not exceed excepted quan tity package limits (see Table 5-8).
2. Material must be packed in strong, tight pa ckages that will not leak any radio­

active mat erial during norma l transpo rt conditions.
3. External radiat ion at any point on the external surface cannot exceed 0.5

mR/ hour.
4. Removable externa l 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 descrip tion of the contents mu st 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 sta tement, "Thi s package conforms to the conditions and
limitations specified in 49 CFR 173.421 for excepted rad ioactive material, limited
quantity, N.O.5., UN 2910."

Marking and l abeling

Transport Index

The transport index (TI) is the highest dose rate at 1 m from any accessible exterior surface
of the package of radi oactive material. The TI limits are listed in Table 5-9. All TI valu es
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 sin gle transport vehicle or sto rage location
may not exceed 50. The TI system provides contro l over radiation exposure of personnel
handling packag es and of casually exposed persons in the immediate vicinity, as well as
the exposure of fast ph otographic film in close proximity to radioactive material.

Warning Labels

Each package of radio active material, un less 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 necom mended by NC RP. The labels alert persons that the package
contains rad ioactive materials and that the package may requ ire 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 h igher radiation levels and the need for more precautions. Rad iation
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-I
Yellow-II

Yellow-Ill

Not applicable
<1.0 mR/hr
>1.0 mR/hr

g).5 mR/h,
>0.5 mR/hr and S50 mR/hr
>50 mR/hr

----~
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Yellow II I

7

White I

Yellow II

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

FIGUR E 5-7 U.S. De par tment of
Transportation (DOT) labels for
radioactive material packages . The I,
II, or III referring to level of radiat ion
emanating from the package is in red .
Each label is diamond shaped, 4
inches on each sid e, and has a black
solid-line borde r one-fourth inch
from the edge. The background co lor
of the upper half is white for the I
label and yellow for the II and III
labels. The 7 is the DOT hazardous
ma terial classification number for
radioactive material.

The following items must be en tered in the blank spaces on the warning labe l:

1. Contents:The name of the rad ionuclide or its symbol (e.g., molybdenum 99 or "Mo)
2. Activ ity: The activity contained in the package, expressed in curies, millicuries,

microcuries, or the ir abbreviations (Ci, rrrCi, or llCi), 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-l labels)

Most packages shipped from nuclear phar macies are either White-lor Yellow-II. Yellow­
11I is rarely requi red bu t typ ically is found on -Tc generators and 1311-sodium iod ide
therapy packages.

Placarding

The shipper of radioactive ma terial 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
act ive Yellow-III labe l. The placard must appear on four sides of the transport vehicle.
Placarding is usually not of concern for nuclea r 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 contaminat ion on its external surface in accordance with 49 CFR 174.443. The
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wipe must occur over at least 300 ern- of surface and not exceed a level of 2200 dpm per
100 em' . Common sites for radioactive contam ination on nuclear pha rmacy 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 ou tside of
the package; the words Type A or Type B when appropriate must be lettered (V,inch high)
ontheoutside of the packa ge; and exported pa ckages must be marked "Ll. SiA." The proper
shipping name for most rad iopharmaceuticals is "Radioactive Material, N .O.s., UN 2982."
Other shipments, involving primarily small quantities of radioactive ma terial, and espe­
cially return shipments by nuclear pharmacy clients, are labeled as excepted packages of
limi ted quantity, as previously noted. Require ments for excepted shipments are found in
49CFR 173.421 and 173.422. A pa ckage con taining more than the rep ortable qu antity (RQ)
listed in the Hazardous Mate rials Table in 49 CFR 172.101 must have the letters RQ noted
on the package and shipping pape rs. Most radi onuclides in nuclear pharmacy shipments
are less than the hazardous materials limit; however, 131[ has a limit of 10 mC! and "RQ"
must appear on the package markings and shipping papers (e.g., RQ Rad ioacti ve Mater ial,
N.O.s., UN 2982).

If a package contains liquid radioactive material, it must be packed with enough
absorbent mater ial to absorb at least twice the volume of liquid . Ad di tionally, the outside
of each package must contain a security seal that is no t readily breakable an d 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
49CFR 173.200 th rough 173.204. Items included are

• Proper shipping name (e.g, Radioactive Materia ls, N.O.s.)
• Hazard class: For radi opharmaceu ticals, the hazard class is 7
• ID number: For the shipping name "Radioactive Material, N .O.s.," the 10 num-

ber is UN 2982
• Package type: This is typically Type A
• Name or abbreviation of each radion uclide in the shipment
• Physical an d chemical form of the radioactive mate rial .
• Category of label applied to each package (e.g., White-I, Yellow-II)
• Tt of each package
• Emergency response telephone number
• Shipper's certification and signature

Anexcepted quantity package needs no shipping pa pers, but the verbatim statement noted
earlier under excep ted 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 carr ier of rad ioactive ma terial must ensure
that DOT and the shipper are noti fied in the event of fire, breakage, sp illage, or suspec ted
radioactive contamination involving the shipment. Carriers must also ensure that vehicles,
areas, or equipment in which rad ioactive material may have spi lled are no t 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 a
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.
4. Conduct vehicle inspections for proper operation.
5. Review requirements pertaining to vehicle attendance and incident reporting.
6. 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.

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 exter
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 ir
container must be labeled "Radioactive."

Packages that contain more than a limited quantity or no more than the A, qUai
must be shipped in a Type A package. A surface wipe test must be performed ane
package surveyed at the surface and at 1 m to determine the TI. The package shou'
labeled with two warning labels (White-I, Yellow-Il, or Yellow-Ill), one each on 0pF
sides of the package. The labels must contain the name or symbol of the radionuclic
activity, and the TI. The package must contain the marking "Radioactive, N.OS
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
mustbe surveyed inside and out before they are returned to the shipper and should ha ve
any external "Radioactive" signs removed if no activity is present.

DISPOSAL OF RADIOACTIVE WASTE

The following methods are accep table 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 pha rmacy practice.

Transfer to an Authorized Recipient

Radioactive ma terial may be transferred to an authorized commercia l radiation waste
dump, but this is very costly and is rarely, if ever, used for nuclear medicine waste because
of the relatively sho rt ha lf-lives of the material. Transfer of wa ste applies mostly in
situations in which a hospital pa rticipates in a return shipment program with a radio­
pharmaceu tica l manufacturer that reuses the lead shield ing material. A typical example
is the II'JrnTc generator return program. Ano ther exa mple 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 radionudides used in nuclear medicine have short half-lives, a licensee may
allow a radioactive material w ith a physical half-life of less than 120 days to decay in
storage before d isposal (10 CFR 35.92). If this option is chosen, the licensee must survey
the vial to confirm background levels of radioact ivity and obliterate all radiation labels
before discarding into ordina ry trash . This me thod is par ticu larly suitab le if su fficient
storage space for waste is available.

Effluent Release

This meth od ap plies to the release to an unrestricted area of vola tile rad ionuclide waste
such as 1311 and "'Xe. The requirements under 10 CFR 20.1301 mus t be followed . See the
previous section on Effluent Monitoring.

Release to Sanitary Sewer

In accorda nce wi th 10 CFR 20.2003, the following conditions must be met in order to
dispose of rad ioactive waste to a sanitary sewer: (1) The radioactive material mus t be
readily soluble or dispersible in water, (2) the monthly release must no t exceed the con­
centration listed in 10 CFR 20, Ap pendix B, Tab le 3, and (3) the total quantity released in
a year cannot exceed 5 Ci of ' H, 1 Ci of I'C, an d 1 Ci of all other radioactive ma terial
combined. All radioactive excreta are exempt from this regulation.

Example: How nutch 1311call be disposed of ill the sewer each mOlltll [rom a 200 bed hospital?

The monthly limit for "'I in 10 CFR 20, Appendix B, Table 3 is I X 10-5 IlCi/mL (see Table
5-6). Sewer release, based on 10" mL/bed/day)," is (1 x 106 mL/bed/day) (30 daysl
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TABLE 5-10 Radionuclide Activities above Whic h Major
Spill Procedure Is Used

Rad ionuclide M illicuries Radionudide M illi curies

_Up 10 JIl In 10
51Cr 100 12.~I 10
~7CO 100 l ~~ I 1
b7Ga 100 UI I 1
-Te 100 2U1TI 100

Source: Regu latory Guide 10.8.

j{

month) (200 beds) = 6 x 10' mL/month. So the allowed release is 1 x 10-5 /lCi / m L x 6 x
10' mL/ month = 60,000 /lCi (2220 MBq)/month.

Incine ration and Burial in Soil

Each of these methods requires a special license and is not genera lly applicable to nuclear
med icine or nuclear pharmacy.

RADIATION EMERGENCY PROCEDURES

The mos t 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 activ ity released . The general guide to follow in the event of any spill is
confinement and shielding of the spilled activity to protect personnel from expos ure . NRC
Regulatory Guide 10.8 provides a model sp ill procedure in Append ix Jand lists items that
can be used to asse mble a spill kit.

The decision to implement a major spill proced ure instead of a minor spill procedure
depends on several va riables, including the number of individuals affected, the radiation
energy and exposure rate, the likelihood of spread of contaminat ion, and the rad iotoxicity
of the spi lled material. For some short-lived radionuclides the best sp ill proced ure is to
simply restrict access to the area until complete decay occurs. Shielding sp illed material
that has a low gamma energy, such as '!9mTc, is an effective way to limit exposure of workers.
In any event the RSO should be consu lted . Regulatory Guide 10.8 lists several radionu­
elides and the amounts above which a major sp ill procedure shou ld be instituted; these
are reproduced in Table 5-10. These amounts can be used as a guide for developin g any
labo ratory spill procedure guideli nes . The model proced ures 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 sp read 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

contamina tion. Shield nonremovable contamination.
5. Report the incident to the RSO.
6. The RSO will follow up and complete the necessary repor ts.
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Major Spill Procedure (liquids and Solids)

1. Clear the area. No tify all persons not involved in the spill to vaca te the room.
2. Prevent spread by covering with absorbent material, but do no t attempt to clean

up the spill ed material. Limit the movement of any personnel who may be
contaminated.

3. Shield the source if possible.
4. Close the room and lock or secure the area to pre vent entry.
5. Notify the RSO immediately.
6. Decontaminate personnel by removing contaminated clothing, flushing contam­

inated skin with water, and washing with mild soap.
7. The RSO will supervise cleanup of the spill and completion of necessary reports .
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6 Rad iation Biology

Scientists learned in their ea rliest experiments w ith ionizing radiation that it had the
capacity to produce biologic effects . A radium source that Henri Becquerel carried in his
restpocket prod uced sk in erythema. Pierre Curie's exposure of his hand to radium caused
anulcer that was slow to heal. We now know that electromagnetic and par ticulate radiation
interacts with matter to produce excita tion and ion iza tion of atoms, and during such
interactions part or all of the radia tion's en ergy is released and deposited within the
volume of interaction. Th is fact has been put to good use in tailoring radiation treatment
regimens for pati en ts w ith cancer.

Biologic tissue is composed of various substances held together by chemical bonds,
principally those between carbon, hydrogen, oxygen, an d nitrogen. The average ene rgy
dissipated per ionizing event is about 34 eV, more than enough to break a covalen t bond.
Scientists studying the interactions of ionizing radi ation w ith 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. Surviva l studies after irradiation of cells at low doses have demons tra ted that cells
hare 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 radiobiolog ists and in hospitals by radiotherapists.

This cha p ter covers the basic principles of radiation biology, inclu ding the effects of
ionizing radiation on normal living cells and on tumors.

BIO LO GIC EFFECTS OF IO NIZING RADIATION

Figure 6-1 is a flow diagram of the significant elemen ts to be considered in a discussion
ofthe biologi c effects of radiation. We are concerned only with ionizing rad iation, that is,
alpha, beta, ga mma, and neutron radiation. These are penetrating types of radiation that
posea potential risk from interna l 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 d iscussion.

The primary interactions of ionizing radiation within cells of the body cause excita tion
and ionizati on , releasing high-speed elect rons that cause further interactions with biologic
molecules. Energy is transferred, by direct or ind irect action, to critical components of the
cell during these ev ents. The energy deposited may break the bonds of molecules that are
necessary for cellu lar function or rep roduction. The most critica l target is DNA. If the
radiation dose is small and the damage sligh t, the cell may be able to repair th e damage
and return to health . Higher do ses and dose rates may cause harm that exceeds the cell' s
ability to repair, and perma nent damage will become evident w ithin days or weeks of
exposure . Such res ults are known as deterministic effects . If the dose is high enough,
determin istic effects can be life threatening, as in the deaths caused by the Chern obyl
nuclear reactor accident in 1986. Some examples of non-life-threatening deterministic
effects are skin erythema caused by x-ray exposure, loss of ha ir (epilation) in a patien t
being treated wi th radiation therapy for a brain tumor, an d the development of cata racts
several years after hig h-dose radiation exposure of the eye. Deterministic effects have a
threshold dose below which no effect is observed but above which the severi ty of effect

127
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Direct Effect .../ ....~~..

Indirect Effect
DNA

FIGURE 6·2 Mechanisms of direct and indirect
effects of ioniz ing radiation on biologic sys­
tems. Gamma ray ph otons from an ion izing
radiation source release free electrons by pho­
toelectric or Compton interactions. The elec­
trons then in teract direc tly wi th DNA or
indirectly via free radica ls.

The direct and indi rect processes of radiation interaction are illustrated in Figure 6-2.
In each situation the primary event is the same: release of a h igh-speed electron from an
ionizing event. In the d irect effect, this pr imary 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 radiat ion and water molecules to produce free radicals are

Equation 6-1a desc ribes, for comparison , the normal dissociation of water into hydrogen
ions and hydroxyl ions. This process does not involve any inte raction with radiation.
When the wate r molecule dissociates, all the electrons involved in the covalen t bond
between oxygen and hyd rogen are possessed by the hy droxyl group. This leaves it wi th
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 desc ribes the production of hydrogen and hydroxyl free rad icals. The
radiation interaction with a wa ter molecule separates the atoms so that the hydrogen
retains its lone unshared electron, leaving the hyd roxyl group with an unshared electron.
Both, therefore, have neutral ionic charges. Equation 6-1c shows a similar reaction with a
biologic molecu le (represented by RH).

The stepwise mecha nism for the radiolysis of wa ter into hydrogen and hydroxyl free
radicals is shown in Equa tions 6-2a, b, and c.

H 20 HH' + OH-

HO~H" +OH"2

RH~R"+H'

H 20' + H 20 --7 H,O' + OH"

(6-1a)

(6-1b)

(6-1c)

(6-2a)

(6-2b)

(6-2c)
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Ionizing Radiation
(excitation & ionization)

Cellular Interactions
(direct& indirect)

Chromosome Breaks & DNA Modification

Repair or PermanentDamage

FIG URE 6-1 Overview of biologic effects of ionizing
radiation.

Deterministic Effects & Stochastic Effects
- Effect increases - Probability of effect

with dose increases with dose

increases in proportion to the dose. Radiation protection pra ctices to keep exposure as
low as reasonably achievable are designed to prevent deterministic effects.

If any repair process from radiation-ind uced 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, bu t 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 germin al cells (oocytes or sperma togonia) sus tain radiation­
induced damage resulting in a mutation that is passed on to future generations.

The International Commission of Radiological Protection (ICRP) has estima ted 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
ra re, so the risk to the general population and radiation workers from typical radia tion
exposure in the env ironment or on the job, in general, is much smaller.

DIRECT AND INDIRECT EFFECTS OF RADIATION

Experiments have shown that the sensitive target wi thin cells for interactions with ionizing
radiation is DNA. Two principal mechanisms are involved in this interaction. Direct effects
occur when radiation produces pr imary ionization, releasing a high-s peed electron in the
vicini ty of a chromosome that interacts directly within DNA. For example, photons mal'
interact by the photoelectric effect or Compton effect, releasing a free electron that then
deposits its energy within the DNA molecu le 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 l-igh ionization density of their tracts
releases many electrons as the radiation passes through the DNA molecu le.

Ind irect effects of radiation are mediated by free radicals produced secondarily in the
interaction of radiation with water molecules. The free rad ical, which carries an unpaired
electron, is highly reactive and may interact with DNA, causing bond breakage. Indi rect
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, abou t two-thirds
of x-ray damage in ma mmalian cells is due to the hydroxyl radical (OH ') .'
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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 rad ical comb ines with another wa ter molecule to
produce the hydronium ion and a hyd roxyl radical. Finally, the fast electron combines
with a water molecule to produce a hyd roxide ion and the hydrogen radical.

Free-Radical Reactions

The radiolysis of wa ter is a significant event in radiobiology because of the free radicals
formed . Electrons not only orbit around the nucleus of an ato m 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 pai r wi th ano ther electron of opposite spin. If the
free rad ical is produ ced in the vicinity of a cell' s DNA, it may react with the DNA helix,
breaking one of its bonds. If the broken bon d is not repaired correctly, the cell may not
be able to replicate, may fail to produce a critical protein required for cell viab ility, or may
produce conditions that lead eventually to the deve lopment 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)

R"+0 , --> RO; (restoration blocked )

H"+ 0, --> HO; (hydroperoxy radical)

RH +HO; --> R" + H 20 , (molecule inactivated)

HOi + H" --> H20, (hydrogen peroxide)

OH"+OH"--> H,O, (hyd rogen peroxide)

(6-3a)

(6-3b)

(6-3c)

(6-3d)

(6-3e)

(6-3f)

Equation 6-3a demo nstrates the possibili ty of restorat ion of a biologic molecule after it
inte racts 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 combi ne
wit h a hydrogen radical to produce the react ive hydroperoxy radical shown in Equa tion
6-3c. The hydroperoxy rad ical can in turn inactivate a biologic molecule, as shown in
Equa tion 6-3d. If the inactivated molecule plays a significant role in the cell's metabolism,
the cell's viability may be threatened. The hydroperoxy rad ical can combine wi th a hydro­
gen radical (Equation 6-3e) or two hydroxyl rad icals can combine (Equation 6-3f) to
produce hydrogen peroxide, a known cell toxican t. Thus, multiple mechanisms tha t may
cause detrimental biologic consequences are possible.
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FIGURE6-3 Ladde r structu re of a portion of the DN A mo lecule illustrating the two phos­
phate-sugar backbone rails covalently bonded to the bases: adenine, thym ine, guanine, and cyto sine.
The two rails are connected by hydrogen bond s (dashe d lines) betw een the base pairs.

Telophase G1

Cell Cycle

G2

s

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 fun ctions occurring d uring the cell cycle is in
order. DNA appears in the nucleus of the cell as a coiled double helix of the suga r molecule
deoxyribose, a phosphate, and the bases ad enine, thymine, guanine, and cytosine. If the
DNAhelix is uncoiled and flattened ou t, it resembles a ladder (Figure 6-3). The covalently
bonded sugar-phosphate groups form the rails or backbone of the ladder, and the ru ngs
are fonmed by hydrogen bonding of the base pa irs attached to the sugar molecules in each
rail. The bases bond in specific pairs: adenine with thymine and guanine with cytosine.
The DNA molecu le is replicated in the nucleu s of every cell that undergoes mitosis. If it
is damaged in any way, by either chemicals or radiation, it may not be able to rep licate
or may replicate in a way that creates a mutant gene. Extensive research has been done
to study the effect of rad iation 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 tu rn, are d ivided in to additional phases. Interphase is the period
from the end of cell d ivision to the beginning of a new mitosis. During this tim e the cell
appears to be quiescent, in part because the chromosomes in the nucleus are not readil y
visible because the DNA strands are uncoi led and filamen tous. However, during the 5
phase of interphase DNA synthesis occurs. This is the even t that allows each new daughter
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FIG URE 6-5 Four phases of mitosis in the cell cycle,
illustrating movement of the chromosomes.

Prophase

Anaphase

8
Metaphase

Telophase

cell formed during mitosis to acq uire exactly the same genetic makeup. Dur ing 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 DN A filament (adenine
with th ymine 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 immed iately after the S phase, Gl and G2 respec tively, are gaps during
interphase when DNA is not replicating.

The cell cycle enters mitosis at prophase (Figure 6-5). Dur ing th is ph ase the DNA
filame nts of each chromatid shorten and condense into coils, th ickenin g the chromatin
material and ma king it visible after staining procedures. The nuclear membrane disap­
pears, and a centromere appears between the two chromatids. Spind le fibers begin to form
at the opp osite ends of the cell. The beginning of chromatid movement toward the center
of the cell initiates metaphase. During this phase the centromeres divi de, 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 nu mber 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.
Dur ing telophase the chromosomes uncoil and elongate into filamentous strands once
again, and a nuclear membrane is formed around them. The center of the cell inde nts,
sepa rating the cytoplasm into two distinct cells after the forma tion of a new cell memb rane.
The two new da ughter cells, each with a complete set of identical chromosomes, enter
interphase and the cell cycle is complete.

The leng th of the cell cycle and the var ious phases for a pa rticular type of cell can be
determined by labeling techniques. One method uses a radioactive substrate (tritiated
thym idine) that is taken up during DNA synthesis Cells labeled with tritiated thymidine
are allow ed 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 ph ase of DNA synthesis.
If staining and autoradiography is delayed for several hours after labeling, some cells will
move on to mitosis, in wh ich cells incorporate radioactivity at the various stages of cell
div ision depending on how much time has passed between labeling and the analysis. By
us ing this technique, the lengths of various phases of the cell cycle can be determined.
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FIGURE 6-6 Radiation-induced breaks in DNA mol­
ecule. (A)single-strandbreak, (6)double-strand sep­
arated break, (C) double-strand opposite break.

EFFECTS OF RADIATION ON GENETIC MATERIAL

Ample evidence from radiobiologic experiments demonstrates that DNA is the critical
target for the bio logic effects of radiation in cellular systems. Other molecules and
organelles in the cell may also exhibit detrimental effects from radiation, such as structura l
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 ra il 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 tha t
basepairing holds them together, the strands may still be eas ily 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 resu lting from opposite double-strand breaks in DNA in which the
chromosome breaks in two. These abnormalities typ ically result from breaks occurring in
twoseparate 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 Gl phase . A misre­
pair can occur when the broken fragment from one chromosome is exchanged with the
fragment from the other chro mosome, resulting in one chromosome with tw o centromeres
(a dicentric chrom osome) 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 no t be transmitted to the
daughter cell. A ring chromosome is formed when a double-strand break occurs in the same
chromosome in the Gl phase (Figure 6-78). Misrepair occurs when the two broken ends
attach to each other, form ing a ring chromosome with one centromere and an acentric
chromosome. When these replicate during the S phase, a ring chromosome is transmitted
toeach daughter cell minus the pieces lost in the acentric chromosome. Adicentricchromatid
forms when a cell is irrad iated immediately after DNA synthesis during the G2 phase.
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FIGURE 6-7 Chromosome aberrations induced by radiatio n. (A) Breaks in two irradiated Gl-phase
chromosomes before replication fo llowed by ilIegitmate union of the broken fragments. After S­
phase repli cation 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
formin g a chromosome ring. After replication, ov erlapping ring chromosomes form. (C) Breaks in
each chromatid of a G2-phase irradiated. postre plication chromosome followed by sister union of
the broken ends. During anaphase a d icentric chromatid is formed and each centromere migrates
to a po le, stretching the chromatid between the two pol es to form an anap hase bridge.

Breaks occurring in each chromatid of the same chromosome are misrepaired by sister
un ion of the two ends (Figure 6-7C). After centromere 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 distinc tion should be made regard ing 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 chroma tid 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 individua l chromatids when irradiation occurs
after DNA synthesis. Chromosome aberrations are produced when cells are irradiated
pri or to DNA synthesis in the Gl -phase. If successful rep air of the d amage 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 chroma tids will be passed on to both daughter cells.
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FIG URE 6-8 Double-strand breaks in adjacentchromo­
somes. Translocation misrepair results in exchange of
broken pieces between chromosomes. Deletion rnisre­
pair causes loss of a piece of genetic material after a
double-strand break in the same chromosome.

Chromosome breaks that lead to nonlethal aberrations are shown in Figure 6-8. A
tralls/oeation 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 resu lt when two do uble­
strand breaks occur in the same arm of a chromosome, causing a piece of genetic material
tobe removed . If the p iece of genetic mater ial that is lost is associated with the production
ofa suppressor gene in the cell, cancer can develop.

CEll SURVIVAL CURVES

Cell killing by rad iation is defined as a loss of pro liferative ability. It may result from any
number of causes, such as po int mutations, chromosome breakage, and rupture of vital
cellular membran es. The magnitude of cell killing is measured by the fraction of cells that
survive after rad iation exposure, the end poi nt being the ability of cells to form colonies
ingrowth med ia. 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 func tion of dose is measured. A surviva l
curve is generated by irrad iating cells at various doses, plating them on growth media,
and counting the number of cell colon ies that survive after a given time. Unirradiated
cells are also plated as a baseline to de termine the fraction of un treated cells tha t will
grow. This is the plating efficiency (PE). The survival frac tion of treated cells at each dose
of radiation is determined by the following form ula:

Survival fraction
Number of colonies

Number of cells plated x PE

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 exponen tial curve indicates that there is a single target in the cell tha t
must be hit or inactivated to kill the cell. With th is 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, simila r to
exponential deca y of a radionuclide . This type of curve has been observed after irradiation



13 6 Radio pharmaceuticals in Nuclea r Pharmacy and Nuclear Medicine

10.0

16

10

12

B

r ;~D' - ----- -- ----.

8

Dose (Gy)

4 68

Rad (x 10' )

4

2
0.001 '-_-='-_--'__.L-_~--.J'-

1.0

c
0

"-B
~

0.1LL

ro
>

.~

=>
(f)

0.01 Single Target

n
/

, A,

,,

10'
Dq~ ,

10'
,

ro
-~-~\ ..,::--

ro
> 10.1 --- > 10-1.~ .~

=> =>
(f) (f),

10.2 Low LET 10.2

10.3 10-3

4 8 12 16

Dose (Gy)

of viruses and certain bacteria and yeasts . A Sigmoid curve indicates that multiple targets
must each be hi t (inact ivated) to kill the cell. This is the mu ltitarget, single-hit theory 0

cell su rv ival kine tics. In the sigm oid curve a shoulder region is ev ident at lower dose,
(cell killing is no t prop ortional to dose), signifying that d amage must be accumulated
before a cell is killed (i.e., sublethal damage occurs in this region). However, as thE
radiation dose increases, a point is reached at which the amount of sublethal damage il
eventually maxim ized . At this po int, cell killing becomes propo rtional to dose, and th.
survival curve becomes exponenti al. A sigmoid curve is typically observed afte r irradia
tion of mammalian cells.

FIG URE 6-10 Survival curves for mammalian cells exposed to high-LET and low-Lei ionizing
radiation at high dose rates (>0.1 Gy/ min). D is the applied dose of radiation, Do is the mean lethal
dose, and D, is the quasi-threshold dose. (Adapted from reference 1, p. 100.)

FIGURE6-9 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 kiil 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 poss ible. As dose increases, the probability
of more cells being inactivated increases, and the
survival fraction declines.
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Many studies cond ucted over the years have yielded survival curves typified by those
shown in Figure 6-10, which demoostrate the response of mammalian cells to high- and
low-LET radiation at high dose rates (>0.1 Gy /rninute). ' 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
isexponential, that is, linear on a sernilog plot. Survival of cells under these conditions is
givenby the equa tion

(6-4)

where N is the nu mber of cells surviving, No is the n umber of cells initially, NINo is the
surviving fraction, 0 is the applied dose of rad iation, and Do is the mean lethal dos e. Do
is the dose considered to p rovide, on average, one inactivating event per cell. According
to this equation, when the ap plied dose is equal to the mean lethal dose [i.e., 0 ~ Do),
then N ~ 0.37No. Therefore, the Do dose is the dose at which 37% of cells survive (i.e.. 63%
ofcells are killed).

The question then is, if the applied dose is sufficien t to kill all cells, why do 37%
survive? The answer is related to the random na ture of radiation interaction wi th matter.
When the Do dose is ap plied, some cells will sus tain a leth al event more than once and
some will escape being hit at all. Another way of saying thi s is that the ran dom nature of
radiation interaction dictates that

• Some cells will sus tain hi ts in all targets (lethal damage).
• Some cells will sustain hits in a few targets (su blethal da mage).
• Some cells will sustain no hits in a cell (cells not affected).

The survival curve in Figure 6-1OA for low-LET radiation is characterized by the
parameters II (the extrapolation numbe r), Do (the 0 37 dose), an d 0 " (the quasi-threshold
dose). The extrapolat ion number is obtained by extrapolating the linear portion of the
high-dose curve to the ordinate. This was originally rega rded as the number of targe ts
required to be hit to inactiva te a cell, but it is now called sim ply the extra polation number.
For mammalian cells, II ran ges from 2 to 10. The Do do se 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 subletha l damage occurs after a
large dose of radi ation. The 0 q and n terms are measures of the size of the shoulder region
typically seen in the ea rly part of the curve and are related by the followi ng equation:"

o
=~ log II
o 'o

(6-5)

The survival curve in Figure 6-1OA for low-LET rad iation shows a shallower initial
slope (shoulder) that increases with dose. This respo nse is explained by the m ultitarget
theory, which states that only sublethal damage occurs in the cell, allow ing the cell to
repair the damage. The repair of cellular damage has been demonstrated in mamma lian
cell experiments involving two doses of radia tion separa ted by inter vals of time.' It was
shown that wh en the same tota l dose of radiation is administered in fractions, separated
bya period of time, the number of cells surviving increases with the time between fractions
and the survival curve after the second fraction exh ibits the same 0", II, and Oq as the
previous su rvival curve (Figure 6-11). Cells surviving the first dose frac tion respond as
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FIGURE 6-11 Effect ofdose fraction­
ation on the survival of cells irradi­
ated w ith successive fractions of
ionizing radiation separated by a set
time interval. Each curve exhibits the
same shoulder, slope, and ex trapola­
tion number, indicating that repair of
da mage has occurred between doses.
Curve A represents survival from a
single large dose. Curves B- E repre­
sent survival after equal fractions o f
the large dose. The dotted line F con­
ne..-cttng s ing le poin ts on curves B--E
has a shallow er slope than line A and
there fore a larger Ouco mpared w ith
cu rve A, demonstratin g repair.
(Adapted from reference 4, p. 287.)

unirradiated cells to the second fraction . This was interpreted to mean that sublethal
radiation damage had been repa ired by the time the second dose was ad ministered .

Another way of explaining what is happening in cell surv ival curves is shown in Figure
6-10B. The low-LET curve in B is simil ar to the one in curve A, bu t it is continuously
bending, with no final straight portion. This curve is fitted to a linear-quadratic function
that assumes there are two componen ts to cell killing, where the frequency of lethal events
is given by F(D) = aD + ~D2, indicating that cellular effects are proportional to dose and
dose squared , depend ing on the magnitude of the dose. This concept is similar to the
induction of can cer an d heredi tary effects caused by low-dose and high-dose rad iation
di scussed in Chapter 4. Surviva l of cells is given by the equa tion

where 5 is the su rviving fract ion (NINo) from applied dose (D), and a and ~ are constants
of proportionali ty. The dose at which the linear and quadratic components are equal is
the ratio of a! ~ . This ratio has significance in rad iotherapy.

Accord ing to the linear-quadratic model, radiation response in cells is related , in a
sim plified 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 do uble-strand break can be caused by a single track of rad iation 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 doubl e-strand break
in one chromosome and the other electron caus ing a do uble-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 probabil ity of an interaction between
the two breaks is proportional to dose. This makes the dose-response curve for chromo­
somal aberrations linear at low doses. At higher doses the two chromosome breaks may
result from two separate electrons, and the probability is then propor tional to dose
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squared. The quadratic effect causes the dose-response line to become curved. It is there­
iore reasonable to link the linear-quadra tic relationsh ip character is tic of the ind uction of
chromosome aberrations to the cell survival curve,"
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FIGURE 6-12 Double-s trand breaks in two adjacen t chromo­
somes by one electron from a single ionizing event (single­
track break) and by two electrons from separa te ioniz ing
eve nts (double-track break).

Single­
track BreakI~V----i·-·cr"

As mentioned previously, several factors have a role in dete rmining the sensitivity of cells
to radiation. The significant factors are LET, dose ra te, the presence of oxygen, and the
phase ofthe cell cycle d ur ing irradiation.

.ot too many years after the discov ery of x-rays and radioactivity, physicians observed
that rapid lygrowing tissue such as tumors appea rs to be more read ily affec ted by radiation
than nearby normal tissue. Togain more objective evidence of cellular sensitivity, Bergo nie
and Iribondeau" exposed rodent testicles to radiation, reporting their res u lts in 1906.
Testidescontain cells at various stages of maturity, and Bergonie and Tribondeau's experi­
ments demonstrated that ionizing radiation is more effective against immature spermatogo­
nia undergoingmitosis than against ma tu re diffe rentiated sperm cells. Their conclusions were
that dividing cells are more sensitive than cells that do not divide and that a cell's
sensitivity is determined by the cell's characteristics ra ther than the radia tion.

In 1925 Ancel and Vitemberger" modified the law of Bergo nie and Tribo ndeau; they
proposed that the damage to any cell from radiation is the same but the appearance of
damage is influenced by two factors. They suggested that mitosis is an importan t fact or
because radiation-induced damage is expressed only w hen the cell attem pts to divide,
and that damage is more apparent when various cond itions are p resent during and after
irradiation, changing the cell's sensitiv ity.

[n 1968 Casarett" classified cells in to five categories of radiosens itivi ty, ranging from
"egetati\'e, undifferentiated stem cells, which are the most radiosensitive, to di fferentiated
mature cells,which are the most radioresistant . These categories are summarized in Table
~I.lt is clear from this classification tha t cells actively undergoing d ivision are the most
radiosensitive and are at greatest risk from excessive rad iation exposure.

One of the first clinical symptoms to arise from high-dose w hole-body exposure to
Ionizing radiation, such as occurred in the Chemobyl nu clear reacto r accident is nau sea
andvomitingcaused by the effects of radiation on the ga strointestinal cells. In calculating
effecti\'e dose from radiopharmaceu ticals, the cells of the body give n the greatest risk
weighting factor are the gonadal cells because of their potential for passing on rad ia tion­
induced genetic defects when they di vide.

Radiation Biology
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TABLE 6-1 Relative Radiosensitivity
of Cell Populations

Radiose nsitivity Cell Type

High sensitivity Lymphocytes
Ery throblasts
Sperm atogonia

Relati ve sensitivity Myelocytcs
Intesti nal crypt cells
Epidermal basal cells

In termedia te Endothe lia l cells
Os teoblasts

Relatively resistan t Gra nulocytes
Ostcocytes
Ery throcytes
Spermatozoa

Hig hly resistant Fibrob lasts
Muscle cells
Nerve cells

Source: Reference 7.

linear Energy Transfer

High-LET rad iation, such as neutrons and alpha part icles, has a hig h specific ionization
and therefore produces dense ioni zation along its tracks, in contrast to x-rays or gamma
rays. The high density of ion pairs increases the probability for interaction wi thin the
cr itical targe t cen ters of a cell. Rad for rad, biologic damage is greater than with sparsely
ionizing radiation. The shoulde r region seen on surviva l curves for low-LET rad iation,
which is assoc iated with cellu lar repair of subletha l damage, is reduced or absent with
high-LET radiation because of the increased efficiency for inflictin g letha l da mage (more
double- strand breaks) (see Figure 6-10). The quasi-threshold dose, 0 ", is absent on the
surviva l cu rve, 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 singl e-strand breaks, which allow
for repair of sub letha l damage. Therefore, the shoulder of the survival curve is broader
with radiation at a low dose rate (Figure 6-13). High dose rates deliver mo re ionizing
tracks pe r un it of time, thu s p roducing more double-stra nd breaks, and also allow less
time for repair of sublet hal damage. There is no dose-ra te effect with high -LET radiation
because of its dense ion ization.

Oxygen Effect

Oxygen has been shown to be an effective radiosensitizer; its presence during irradia tion
of cells and tissue can enhance the killing effect of radia tion. The magnitude of oxygen's
effect can be measured and is known as the oxygen enhancement ratio (OER). The OERis
the ratio of the radiation dose required to produce a given effect without oxygen to thai
required to produce the same effect with oxygen. Experiments have shown that adminis­
tration of oxygen during irradiati on enhances the effect more than ad ministration before



r

Radiation Biology 141

10.0

FIGURE 6-13 Effect of dose rate on cell survival
fro m low-LET radiation . Low dose ra te (10
rad / m in) produces a broad should er an d shal­
low slope compared with h igh dose rate (100
rad/min), which produces a smaller sh oulder
and steeper slope.
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or after irradiation. Oxygen is most effective when it is p resent 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 postu lated that the mech­
anismof action is related to free radical formation of biologic molecules that combine with
oxygen, preventing the molecules from restoring themselves (see Equation 6-3b)8 Thi s
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
isabsent or diminished with high-LET radiation (alpha and neutron) because the damage
produced by densely ionizing radiat ion is not repairable.

Tumors have a distinct architectural pattern consisting of a central region of necrosis
(dead cells) surrounded by a rim of v iable 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 hy poxic
cells. Thus, these cells become more radiosensitive at subsequent doses of rad iation (dose
fractions), and th is phenomenon is believed to playa role in the effectiveness of fra ction­
ated radiation treatment plans.

Cell Cycle Effects

Experiment s 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 Gl phase is less sensitive to radiation, and the S phase is
the most resistan t.

When mammalian cells grown in culture are irradiated at 3TC, more cells in the G2
and M phases are killed than cells in the S phase. The surviving cells tend to become
partly synchronized in the cell cycle. In th is situation, most surviving cells will be in the
Sphase of the cell cycle . If the length of the cell cycle for the particular cell ty pe is known,
radiobiologists can irradiate a group of synchronized cells when they reach another phase
ofthe cycle. In th is way the rela tive ra di osensit ivities of the cell cycle can be determined.
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FIGURE 6-14 Survival of hamster cells exposed
to two fractions o f x-radiation separated by varc
ious time intervals. Repair of cells is ev ident in
the first phase of the curve between a and 2
hours. Cells synchronized in the 5 phase from
the first dose cycle to more sensi tive 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, hav ing exceeded thei rcycle
time and repopula ted by mitosis. (Adapted
from reference 9.)
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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 ho ur; S phase, 6 ho urs; G2 phase, 3 hours; and Gl
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 va rious 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 firs t 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 cohor t of cells
cycle around (reassortment) to the G2 and M phases, where they become more radiosen­
sitive. If the second dose is giv en at this time in the cycle, the increased radiosensitivity
exceeds the effec t of repair, and the surv iving fraction will decrease. If the second dose is
no t given until 10 to 12 hours after the first dose (i.e., more th an the length of the cell
cycle), the cells w ill have cycled through mitosis and increased in number (repopulation).
This triad of repair, reassortment, and repopulation, coupled with reoxygen ation, is known
as the "4 Rs" of radiobiology and plays a signifi cant role in the treatment of tumors with
radiation.

DOSE FRACTIONATION IN TUMOR TREATMENT

Soon after its d iscovery, radiation wa s applied to treat can cer. The treatme nt schedules
that were developed fall into two main groups. Single-dose therapy involves large radio
ation doses at one time, and multiple-dose therapy involves sma ller (fractionated) doses
over a lon ger time.!"The information ga ined from clinical experience and radiobiology
research has shown tha t 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 surround ing nor mal tissue. The amount of radiation us ed to treat a tumor is limited
by the tolerance of normal tissu e. 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
nor mal tissue necrosis is called the normal tolerance dose (NTD). The ra tio of NTD to
TLD is called the therapeutic ra tio. It is desi rable that this ratio be large in order to spare
normal tissue and reduce morbidity. Therapeutic ratios vary by tumor type because of
the di fferences in tumor and normal cell radiosensitivities. The total tumor dose and
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fractionation schedule are selected to maximize tumor killing an d minimize normal tissue
damage.

Dose fractionation is an important factor in p lanning radiation treatment. Ultimately,
the benefit of rad iotherapy de pends on a the rapeutic gain between the responses of the
tumor and that of the normal tissue. A gain from fractionat ion is realized becau se a number
offactors are operational dur ing therapy:

• Repair of subletha l and poten tially lethal damage; normal cells often have a
greater capacity to repair intracellular effects than tu mo r cells do;

• Repopula tion of cells between fractions, allow ing regrowth of normal cells;
• Redistribution of cells throughout the cell cycle, which tends to sensitize the

more rapidly dividing cells in tumors; and
• Reoxygena tion effects; repeated fractions permit reduction of the nu mber 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 di vid ing
tissues (skin, mucosal cells, rapidly d ividing tumors) have relatively greater a/~ ratios,
about 10 Gy, while more slowly d ividing tissues (kidney, brain) have smaller a/~ ratios,
about 2 Gy, representing their greater capacity to rep air at low er doses." The greater the
a/~ value in tumor cells and the lower the value in adjacent normal tissue cells, the more
fractionation will help the therapeutic ratio. If the rad iation dose is divided into several
fractions, each with a sm aller dose, more slowly d ividi ng tissu es like normal organ tissues
can be preferentially spared from the effects of radiation. More rapidly d ividing tissues
like tumors show a relatively greate r radiatio n effect during fractionation because they
havea 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 whi ch normal cells can recover but
tumor cells cannot. Thus, sometimes a greater tumor cell kill with relat ively fewer late
normal tissue effects can be achieved by reducing the fraction size and increasing the tot al
number of fractions to create a greater therapeutic gain."

ACUTE EFFECTS OF WHOLE-BODY IRRADI ATIO N

Theacute effects tha t occur after whole-body irradiation are well described .t-P These effects
are deterministic in that they resu lt in a measurable loss of cell and tissue function as a
direct conseq uence of radiation's inactivation of vita l elements within cells. Information
on these effects is derived mostly from Japanese atomic bomb survivo rs, patien ts who
undergo rad iotherapy, and victims of nuclear reac tor 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 radi ation 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 abou t 24 hours, with peak symptoms occurring 6 to 8 hours
after exposure. The most frequent prodroma l sy mptoms are anorexia, nausea, and vom­
iting. The time of onset and the severity of symptoms are dose dependent. The frequency



Gastrointestinal Syndrome

This syndrome results from an exposure of 10 to 50 Gy. The most frequent symptoms 0

gastrointestinal damage are nausea, vomiting, and bloody d iarrhea. Without specific ther­
apy, the loss of body fluids and electrolytes resu lts in dehydration, with death typically
occurring 5 to 12 days after exp osure. The cause of death is necrosis and mitot ic arrest 0

mucosal stem cells. The cells most affected are the stem cells in the crypts of the smal
intestine. As the matu re cells lining the intestine become senescen t and slough, no cells
are available to replace them. Thus, the intestinal wall becomes denuded and is unp ro­
tected, permitting invasion of bacteria into the bod y. Hemorrhage and fluid loss ensue.
Similar effects occur in the stomach, colon, and rectum but at a slower rate because these
cells turn over more slowly,'?

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 follow ing the
prodroma l phase. Its length is inversely propor tional 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 low er doses the latency period is the result of the time required
for the deleterious consequences of cell depletion in mitotically active tissues to becom
clinica lly evident. This is most important for cells in the gastrointestinal tract and bone
marro w. Thu s, after an exposure event, the stem cells of these systems may be killed bu
the mature cells that are present will continue to function for a time unti l they die. When
this occurs, clinica l symptoms and signs of stem cell deficiency will become evident. Th
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 synd rome 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 ava ilable to rep lace the circu lating cells as they are lost to senes
cence. As a resu lt, the victim experiences lymphopenia, neutrope nia, 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 0

death is bone marrow suppression and hematopoietic failure.
The likelihood of death during the hematopo ietic syndrome depends on the dos

received. Experiments in monkeys exposed to a sing le dose of x-rays showed that n
an imals died with doses up to 200 rad, whereas a dose of abo ut 800 rad killed all th
animals exposed.' The LD,,)/~), which is the dose tha t kills 50% in 30 days, is abo ut 530
rad for monkeys. For humans the peak time of death from hematopoietic failure is al~

30 days, but the time can be as long as 60 days. Therefore, the LD50 for humans is express
as LD50/ 60• Dose estimates of Japanese survivors of the ato mic bombs indicate an averag
LD50/ 60 of 3.1 Gy, with a range of 2.7 to 4.0 Gy, depending on the circumstances 0

exposure." The available data indicate that the LD50/ 60 for hea lthy humans after an acut
total-body exposure in the absence of med ical care is in the range of 2.5 to 3.5 Gy, increasiruf
to 4.5 Gy when supportive medical care is ap plied and 10 to 11 Gy with a successful bon
marrow transplant." After the nuclear reactor accident at Chemobyl in 1986, an estimate
203 workers received an exp osure of more than 100 rad , Of these, 35 workers had sever
bone marrow failure and 13 died . The remainder recovered after medical care.'
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Cerebrovascula r Syndrome

This syndrome results from an exposu re of more than 50 Gy. Soon after exposure the
principal symp toms are apathy, lethargy, somno lence, tremors, convulsions, and coma.
Death occurs within 10 to 36 hours after exposure." This syndrome is so named beca use
the mostconsistent les ions 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 sm all vessel leakage, which is typically foun d at
autopsy." The high-dose exposure in th is syndrome is also sufficient to cause severe
damage to the hematopoietic and gastrointestina l 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 d ose received, the health of the
victim, and the med ical care provided . If the prodrom al pha se is short an d the latency
period long with milder symptoms, the p rognosis for recovery is be tter than if the latency
period is short or absen t and sympt oms are severe. Supportive medical treatmen t can
improve the outcome. Typical measures include reverse isolation to protect aga inst infec­
tion and aggressive replacement of fluids, electrolytes, and blood prod ucts. 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.' An ima l experimentation
has shown that the use of antibiotics to control infection raises the LDso by a factor of 2.
The patient should be isolated in a ste rile env ironment. After higher doses (800 to 1000
rad), bone marrow transplantation may be useful.'

The magnitude of rad iation exposure may not be kno wn in some cases. The blood
levels of cellular elemen ts can provide some measure of exposure, because lymphopenia,
neutropenia, thrombocytopenia, and anemia occur in tha t order. The absolu te lymphocyte
count is espec ially useful in this context.

Despite the severity of effects from acute radiation exposure, heavily irradiated sur­
vivors of rad iation 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 shor tened life span, early malignancies, or rapid ly growing cataracts.' Although
this is encouraging information for v ictims w ho survive acute exposure, it canno t be
considered definitive of the actual level of risk because of the small stu dy pop ulation .

CARCINOGENIC EFFECTS O F RADIATION

The preceding section d iscussed the deterministic effects of acute large-dose rad iation
exposure in wh ich radiation terminates the reproductive and metabolic func tions of cells
and causes the victim to d ie. The carcinogenic as well as the heredi tary effects of radiation
(discussed in the next sect ion) are known as stochastic effects beca use they arise from
random modifications (mutations) in somatic or germ cells. Because the cells are not killed,
themutation produced may eventually cause somatic cells to become cancerous or germ
cells to produce genetic defects in offsp ring from the parent cell. As was dis cussed in
Chapter 4, the risk of stochastic effects incre ases with radiation dose, and th e cha nce for
repair of radiation-induced alterations improves as dose and dose rate decrease.

Many reports in the litera ture from the early years of radiat ion use document the
increased incidence of cancer in persons exposed to radiation in the work envi ronment
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which decays to long-lived alpha-particle emitters of high LET.13 Even though
there is a clearly increased inc idence of lung cancer a mong mine workers, it is
difficult to sep arate the effects of radiat ion from those of other con tributing
factors, suc h as cigarette smoke. The excess cance r mortality is slightly hig her
for males than femal es an d is greatest between the ages of 25 an d 65 for bo th
sexes (see Tables 4-13 and 4-14).

• BOlle calEca . Th e ingestion of lon g-lived, a lpha-emitt ing rad ium isotopes, which
have metabolism similar to calc ium an d localize in bone, has been associated
with the development of bone cance r. 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. Sma ll amounts of radium ingestion
(226Ra and 2~Ra) over several years produced a radiation bone burden. Bone
sarcomas and carcinomas of the ep ithelial cells lin ing the paranasal sinuses and
nasopharynx developed in these workers. The other affected population was
patients given injections of 224Ra for treatment of tuberculosis and ankylosing
spondy litis. These cancers were induced by high-LET radiation in bone w ith
very slow turnover.

• Skill CaIl Cer. The first person to die of radiation-induced cancer in the United
States was Clarence Madison Dally, Thomas Edison's ass istan t, whose hand was
exposed to x-rays from a fluoroscope.!' He de veloped rad ia tion dermatitis and
finally d ied from metastatic epidermoid carcinoma. In the years that followed,
many such cases occurred among physicists, physicians, x-ray technolog ists , and
dentists before sa fety standards were instituted . Squ amous cell an d basal cell
carcinomas were observed frequently. Radiation-induced skin cancers are readily
diagnosed and treated , and there is a large difference be tween incidence and
morta lity?

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 th at the incidence
of radiation-induced cancer follows a linear-quadratic relationship w ith dose (see Figure
.J-3). This relationship is based on data from the Jap an ese 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 rela tionship is
exponential, being proportional to dose squared. The incidence of cancer induction falls
off at very high do se because of cell killing. This dose-response relationship for cancer
induction is similar to that for induction of chromosome abe rrations and therefore links
the induction of cancer to radiation's alt eration of genetic material.

A plot of cell surviva l and neoplastic transformation in ma mmalian cells as a function
ofradiation do se from (,(Jeo gamma-ray exposure is shown in Figure 6-15. The p lot shows
that the frequency of neoplastic transformation per surviving cell increases w ith dose up
to a few gray and reaches a plateau at higher doses, representing a ba lance between
transformation in surviving cells and cell killing . At still higher doses the curve falls expo ­
nentially, paralleling the survival curve of nor mal cells, ind icating that cells des tined to
become transformed have a survival response similar to that of untransformed normal cells.

It is known from experimental stud ies th at contro l of cell proliferation is the conse­
quence of signals affccting cell division and di fferentiation, an d if a cell turns can cerous
it is because of a change in the s ignaling system. The conversion of a normal cell in to a
malignan t state may result from activation of an oncogene, loss of a supp ressor gene, or
a combination of these two mechani sm s.s! '
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• 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
ms foun d in cancer cells of acute leukemia.

• Chromosome translocation, Radiation breaks occurring in two separate chromo­
somes with translocation of the pieces. For examp le, breaks in chromosomes 2
and 8 w ith translocation activate the myc oncogene that is responsible for Bur­
kitt's lym phoma.

• Geneamplification. Extra copies (overexpression) of a proto-oncogene can lead to
activation of the oncogene. For exam ple, gene amplification in the N-1I1Yc onco­
gene produces neuroblastoma.

Normal cells may contain tumor suppressor gene~ that are associated with various chro­
mosomes. Hybrid iza tion studies have demonstrated that when these cells are combined
with cer tain tu mor cells, tumor igenicity of the tumor cells is suppressed ." One example
is chromosome 11 in norma l h uman fibroblasts, which conta ins a suppressor gene for the
mal ignant phenotype of HeLa cells (a human tumor cell line). Stud ies ha ve sh own that
when HeLa cells are fused with human fibroblasts the hybrid cells do no t prod uce the
malignant pheno type of He La cells. However, when chromosome 11 is removed from the
hybrid cells, the tumor is expressed again.

Oncogenes

Cells in the ir 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, caus ing the cell to become cancerous . Activation can be induced by
chemica ls, viruses, and radiation, which each can produ ce tumors that are indis tinguish­
ab le from one another. The three principal mechanisms by which proto-oncogenes are
activated to produce a malignant cell are as follows: 2, 13

FIGURE 6-15 Probability of survival
of I OTl /2 mammalian cells (top
curve) and neoplastic trans formation
per irradiated cell (bottom curve) as
a function of radiation dose. See text
for explanation. (Reprinted with per­
mis sion of the American Association
for Cancer Research, lnc., from Han
A, HillCK, Elkind MM. Repair of cell
killing and neoplastic transformation
at reduced rates of Co-60 gamma
rays. Cancer Res. 1980;40:3329.)
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Radiation ma y inactivate suppressor genes in chromosomes of human cells, resulting

in cancer. Some examples of suppressor ge nes w hose inactivation or loss is associated
with human cancer are the p105-RB gene on chromosome 13, which is associated with
retinoblastoma, and the p53 gene on chromosome 17, which is associated wi th breast
cancer, small cell lung cancer, cervical cancer, and bladder cancer. ' The risks of rad iation­
induced cancer are discussed in Chapter 4.

HEREDITARY EFFECTS OF RADIATION

Radiation does no t produce un ique genetic effects; it simply increases the probability of
effects that would occur naturally, simi lar to the induction of carcinogenic effects by
radiation. While the carcinogenic effects of radia tion arise from transformational changes
in the DNA of somatic cells, the reby affecting the person who received the radiation
exposure, the hereditary effects of radiation ari se from tra nsfor ma tions in the DNA of
germ cells, which wi ll ma nifest themselves in the offspring of those irradiated . If a rad i­
ation-induced mutation affects a dominant gene, the defect w ill be expressed in the first
generation. If, however, the m utatio n occurs in a recessive gene of one parent, the defect
will be expressed on ly if there is no dominant complementary ge ne 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 he r son if the Y chromosome from his father does not carry a dominant
complementary gene. Examples of sex-linked recessive defects are hemophilia an d color
blindness. The he reditary risks associated with exposure to ion izing 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 letha l to the cell can be passed on to offspring, whereas
lethal chromosome breaks will not be passed on. However, some ch romosome tra ns loca­
tions resulting fro m breaks are not lethal and will be passed on. Offspring will ha ve a
defective chromosome from one pa rent and a no rmal complementary chromoso me from
the unaffected parent. If the defective chromosome d oes not cause embryo nic death, the
offspring will likely have some physical or mental abnormality as a result of the defective
chromosome.

Radiation Effects on Testes a nd Ovaries

The male p roduces sperm from pube rty to death. Ma ture sperm are the result of several
developmental stages. Sperm atogonial stem cells p rogress to become primary and sec­
ondary spermatocytes, then spermatids , and finally mature spermatozoa. The average
time from the immature stern cell stage to mature spermatozoa is 10 weeks. Since the first
studies by Bergonie and Tribondeau, exposu re of male germ cells to rad iation has show n
that spermatogonia a re mo st sensitive to radiation an d mature spermat ozoa are most
radioresistant. Temporary and permanent sterility can be caused by gonadal exposure to
radiation. Because these cells un dergo continual cell division and are at va rious stages of
maturity, a mod erate dose of radiation may kill the more sensitive imma ture spermato­
cytes. Rep roductive potency w ill remain as long as the unaffected mature sperm are viable;
however, a risk of mu tation w ill be p resen t in these cells. When these sperm die, a period
of temporary sterility will ensue until the via ble ste m cells can repopulate by division.
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TABLE 6-2 Threshold Doses for Deterministic Effects in Human Germ Cells

Tis sue and Effect

Tcstes
Tem po rary sterility
Permanent sterility

Ova ries
Permanent steri lity

Acute Single Dose
(rad)

15
35Q-6CXl

250...600

Prolonged Exposu re'
(rad/yr)

-10
200

20

.• Annual dose rate if receiv ed in highly fractionated or protracted exposures.

Source: Reference 1.-

The ovary ha s its full complement of oocy tes at birth; by 3 da ys of age the oocytes are
in a resting phase an d no further cell d ivisio n occurs. Thus, there is no possibility 01
temporary ster ility 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 thi s stud y millions of specially bred mice were irradiated under various
condition s and the effects were measured. Hal l' sum marized the findi ngs 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 mo use, so much

so that at low dose rate almost all the genetic burden in a population is carried
by ma les.

• The gene tic consequences of a give n dose can be greatly reduced if a time interva l
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 person s exposed to 10 rad or more allow a period
of 6 months to elapse between exposure to radiation and a pla nned conception, to permit
repair processes to m inimize the risk of genetic mutation.

RADIATION EFFECTS ON THE EMBRYO AND FETUS

The principa l effects of irr adiation on the mammalian fetus are letha l effects on the embryo,
malformations, mental retardation, and induction of malignancy.' The most important
factors in causing these effects are dose, dose ra te, and stage of gestation during irradiation.

Russell and Russell'v" divided the developmental period in utero into three stages.
(1) Preimplantation is the time from fertilization to when the embryo at taches to the ute rine
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)
Orgallogwesis begins after the embryo imp lants in the uterine wall at around day 9 of
ges tation . During thissta~cells ofthe 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 develop ing. The CNS in adults cons ists of nondivid ing highly differentiated cells,
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but in the fetus the cells forming the CNS are continually divid ing, migrating, and differ­
entiating. The neuroblasts appear by the 18th day of gestation in the human. As the fetu s
develops, the neu rob lasts disperse th roughout the body and become more differentiated .
Neuroblasts continu e to exist throughout fetal deve lopment of the CNS and until at least
2weeks after birth. The eNS continues to develop un til 10 to 12 years of age.' Much of
the evidence for radiation effects on the em bryo and fetu s has been obtained from exper­
iments in animals, notably mice. Therefore, it is useful to compare the time sp ans of
gestational stages in mice and humans:

• Preimplantation: Mouse, 0 to 5 days; human, 0 to 9 days
• Organogenesis: Mous e,S to 13 days; human, 10 days to 6 weeks
• Fetal pe riod : Mouse, 13 days to full term (20 days); human, 6 weeks to 9 months

Effects of Radiat io n: Animal Studies

The principal effects seen from irradiation of mice and rats are growth retardation, con­
genital malformation s, and embryon ic, neo natal, or fetal death.

Irradiat ion during the prei mplantation period resu lts in either embryonic dea th or
normal develop ment if the embryo survives. At th is stage the cells of the conceptus are
few and are not yet specialized. Damage to one cell, the progeni tor of many descendant
cells, has a high probability of being fatal; growth retard ation or malformations are not
seen at this stage of develop ment. In mice, doses as low as 10 rad can kill a fertilized egg .'

Irradiation during early organogenesis produces severe grow th retardation, seen as
low birth weight at term. Animals can recover, however, and go on to attain full grow th
as adults. A dose of 100 rad will produce growth retardation . Ano the r principal effect
during this sensitive stage is th e development of congenital anomalies. Some anomalies
observed in mice are exencep haly (imperfect cranium wi th protrusion of the brain outside
the skull), anencepha ly (absence of a cranial vault and cerebra l hemispheres), stu nted
development, and evisceration. Since va rious organs form on specific gestational days,
irradiation on those days p roduces speci fic abnormalities , For examp le, radiation exposu re
of the mouse emb ryo on the 9th day resu lts in a high frequency of ea r and nose abnor­
mality, whereas exposure on the 10th day resu lts in bone abnorm ali ties." The neurobla sts
in the fetus are high ly undifferentiated, mitotically act ive, an d high ly radiosensitive if
irradiated at this time . Some of the common abn ormalities observed in mice after in utero
irradiation are microcepha ly (sma ll bra in), hyd rocephaly (water on the brain), an d eye
deformities such as microphthalmia (small eyes).' A dose of 200 rad in mice during the
period of max imum sensitivity 8 to 12 days after concep tion can result in a nearly 100%
rate of mal format ions at birth. A 200 rad dose on day 10 afte r conce ption carries a 70%
death rate because of gross fetal abnormalities."

The feta l growth stage is less sens itive to radia tion, because the organs are formed and
cells are more d ifferenti at ed . Higher doses are required to produce effects, mostly on
formed orga n systems. Any grow th retardation at th is stage, however, is permanent.
Irradiation durin g th is pe riod may resu lt in stochas tic effects such as cance r later in life.

Effects of Rad iat ion: Human Studies

Information abou t irradiation of humans in utero comes primarily from stud ies of Japanese
atomic bomb sur viv ors and exposure of pregnant women d uring med ical proced u res.

In Japanese survivors and the ir offsp ring, no birth defects were found as a result of
irrad iation before 15 days of gestation; this is consistent with animal data . That is, any
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FIGURE 6-16 Frequency of
mental retardation as a func­
tion of dose and gestattonnl
age from atomic bomb rad i­
ation exposure in utero.
(Adapted fromreference 17.)
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damage that occu rs d ur ing this stage will likely result in em bryonic death. The embryos
that escape damage develop norm ally.' The principal effects of irradia tion in utero are
microcephaly and mental retardation. The most pronounced microcep haly was seen with
150 rad of in utero expos ure, but effects we re also seen with maternal exposure of 10 to
19 rad .? Mental retardat ion was not observed to be induced by radiation before 8 weeks
from conception or after 25 weeks I Dur ing the most sensitive period, 8 to 15 weeks after
conception, th e fracti on of those exposed who became sev erely 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 grea t (0.1 pe r sievert).' Mental retardation is tho ught to be assoc iated
with decrea sed migrati on of cells from their p lace of origin to their site of func tion in the
brain; the highest risk is during the ges tational stage when the brain cortex is being
formed. ' Poo led data from Hiroshima and Nagasa ki for children exposed at 8 to 15 weeks
of gestation demonstrate that the d ose-response rela tionship for mental retardation is
linear, w ith a threshold of 12 to 20 rad (Figure 6-16).16 Thi s is consistent w ith the deter­
ministic nature of retardation, which requires the killing of a minimum number of cells
to be manifest.

Less sev ere mental retardation in children exposed to ionizing radiation before birth
has been shown by intelligence test sco res."·!8 With exposure during the sensit ive period
8 to IS weeks after conce ption, the observed sh ift 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 othe r 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 ges tation 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
it ies of many organs, particu larly in the skeleton and eNS.

.
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• Irradiation betw een weeks 11 and 16 of gestation ma y cause a few eye, skeletal,
and gen ital abnorma lities and frequently causes microcephaly, retardat ion, and
stunting of growth.

• Mild microcephaly, men tal retardation, and growth stunting may result from
irrad iation during weeks 16 tOJ 20 of ges tat ion.

• After 20 weeks, the fetus is more radioresistant, but irrad iation during this time
may produce some functional defects .

Children who were exposed to radi ation in utero seem to be susceptible to child hood
leukemias and other cancers tha t are expressed during approximately the first decade of
life. ' Studies in England" and the United States22•l 1 of x-ray exposure in utero and sub se­
quent malignancies show an assoc iation between exposure and the subsequent develop­
ment of childhood malignancies. Stew art and Kneale" performed an analysis of the Oxford
Survey of Childhoo d Cancers. The survey analyzed 15,298 child ren. Fifty pe rcen t (7649)
died of malignancy before age 10 (case group); of these, 1141 had been x-rayed in utero.
There were 7649 child ren who di d not die and were cancer- free (control group), and of
these 774had been x-rayed before birth . The case l control ratio of those who were x-rayed
(1.48) was significantly greater than the ratio of those who were no t x-rayed (0.95). The
easel control ratio increased wi th 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 ,
itwas found that the ease l contro l ratio was 8.25 in the first trimester, 1.49 in the second,
and 1.43 in the thi rd. Thus, the excess of cancer risk from x-ray examina tion in utero was
directly related to fetal dose, and the risk of cancer was greatest when exposure occurred
during the first trimester. Ano ther 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 child ren x-rayed, 1141
(59.3%) died of cancer, wh ereas of the 13,383 not x-rayed, 6508 (48.6%) die d of cancer. This
demonstrates a 22% increase in cancer dea th after x-ray exposure in utero.

Additional evidence tha t in utero irrad iation causes childhood malignancy comes from
a study that showed the same incidence of leuke mia and other cancers in twins of irra­
diated women as in sing le children of such women, with a clear excess over child ren who
werenot exposed to rad iation." ICRP estimates that the risk of fatal childhood cancer due
to prenatal exposure throughout p regnancy is 2.8 x 10-2 per siever t.' This corresp onds to
an excess over the spontan eous rate of 280 malignan cies 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 du ties of a
radiation worker shou ld be review ed to ensure tha t th is limit is not exceeded .

The most critical stage of gestational development for rad iation-induced congential
malformations, including microcephaly and mental retardation .iextends 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-I NDUCED CATARACT FORMATION

A cataract is an opacification of the norma lly transparent lens of the eye. Cataracts may
be caused by aging, family history (genetic), med ical problems such as diabetes, injury,
medication such as steroids, and ioni zing radiation. The lens contains cells that continue
to divide and rep lenish the lens tissue. Rad iation injures the dividing cells, making them
nontranslucent. Accumulation of these injured cells leads to catarac t developm ent, which
is a deterministi c effect.
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Studies in humans, principally radia tion therapy patients, and in an im als have shown
that ion izi ng rad iati on can cause cataracts.v-? A cataract may be stationa ry at a defined
locus or it Inay progress to cloud a larger portion of the lens (p rogressive cata ract) .

The m inimum dose requ ired to produce a progressive ca taract is about 2 Gy (200 rad)
in a single exposure, wi th larger doses necessary in a fractionated regimen." The latent
per iod between irradiation and the appearance of len s opacity is dose relate d ." The latency
per iod is abou t S years after exposure to a dose in the ra nge o f 2.5 to 6.5 Gy (250 to 600
rad ). In one study of radiotherapy patients who had rece ived low doses to th e eye (220
to 650 ra d ). p rogressive ca ta racts developed in only abou t 12(;{1, com pa red with 88% of
those who received high .doses (650 to 1150 rad).' Radiation-induced cataracts are a deter­
m inistic late effect. There is a practical th reshold dose below which ca taracts are not
p roduced and above which the severity of the biologic response is dose related (Figure 6-1 7).

What are the potential risks for th ose who handl e large amounts of act iv ity, par ticularly
99mTc generator eluates? The following simple example provides some guid ance on the
am ount of exposu re possible and demonstrates the small probability of cataract ind uction
from th is type of exposure.

What time of exposure is required to accumulate 20() rad f rom the unshicidcd injection port Of1 a
99mTc elution vial containing 7 Cl of activity?

7000 mCi x D.S R/hr/mCi/cm

60 min/hr
93 R/min at 1 cm

200/ad = 2.15 min at 1 COl from unshielded end of vial
93 ROlin

Applying the inverse square law we have
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93 R/min / .
---2 = 0.1 R rrun at 1 foot
(30 em)
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200 rad
0.1 R/m in
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7 Licensing and
Regu latory Control

Neil A. Petry

Radiopharmaceu ticals are radioactive prescription d rug products tha t are inte rna lly
administered and intended for usc in the diagnosis, treatm en t, and mi tiga tion of disease.
These unique drug products are requi red for the practice of nuclea r medicine, the clinical
and laboratory med ical specialty that utilizes the measured nuclear properti es of radio­
active and stable nucl ides in diagnos is, therapy, and research and in evaluating metabolic,
physiologic, and pathologic conditions of the body.' The term radio ph armaceutical is also
applicable to nonradioactive reagent kits and radion uclide generators intended for use in
the preparation of radi oactive drugs and radioactive biologic drug prod ucts used in
nuclear med icine practice . However, the defin ition of radi opharm aceutica ls does not
include substances that contain trace quantities of naturally occurring radionuclides or
sealed radionu clide sources intended for brachyther apy.

Because radiopharmaccuticals have both a drug component and a radioactive or
nuclear compone nt, the two federal agencies wi th major responsibility for licensing and ­
regulatory control of radioactive drug products are the Food and Drug Ad min istration
(FDA) and the Nuclear Regu latory Commission (NRC). Othe r federal agencies, including
the Occupationa l Safety and Health Administration (OSHA), the Environmenta l Protection
Agency (EPA), and the Department of Transportation (DOT), primarily regula te the safe
industrial production, hand ling, and transportation of radioph armaceuticals, rather than
issues related to the ir use in the course of medical or pha rmacy practice .

Well-established legal precepts support the rights of states to regulate both the practice
ofmedicine and the practice of pharmacy. Consequently, FDA authority over physicians
and pharmacists and thei r use of drugs produ cts, including radioph arrnaceuticals, is
attenuated at the state level. Exactly where federal and state authority intersect con tinues
tobecontroversial. In contrast, NRC, through mu tual agreement and w ith little con troversy,
most often delegates its authority to radiation control agencies within the various states.

111is chapter focuses on issu es related to the direct regulati on of radiopharmaceu tical s
by FDAand NRC at the federal level. Before considering the specifics of federal regulation
of radioactive d rugs, the chapter presents an overview of the regulate d products and
practice envi ronments, a brie f introduction to ex isting nuclear pharmacy practice guide­
lines, and a historical perspective on d rug regulations in gene ral. The cur rent regulatory
framework should be viewed in the contex t of the evolution of nuclear med icine and nuclear
pharmacy practice into vital components of today's high-quality health care svstcms> "

REGULATED PRODUCTS AND PRACTICE ENVIRON MENTS

Most of the rad iopharmaceutical prod ucts used in nuclear medicine are procure d from
pharmaceutical companies that specialize in the manu facturing, marketing, and distribution
of FDA-approved radioactive drug dosage forms. A majority of the radiopharmaceuticals
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used clinically are small -volume parcnterals; however, oral solu tions and capsules, aero­
sols, gases, and other unique dosage forms are also importan t. Some of these manufactured
radiopharmaceutical prod ucts are provided as finished dosa ge forms ready to be dis­
pensed for patient administration. However, most of the radiopharmaceutical products
used in nuclear medicine must be prepared or com po unded 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 rad ionuclide compone nt) and in some cases because of
lim ited radiochemical stability (i.e., dissociat ion of the radionuclide from the drug or
molecular component).

Usually, rad iopharmaceuticals are prepared by nuclear pharmacists practicing in com­
munity-based, centralized (i.e., commercial) nuclear pharmacies. Less frequently, they are
p repared in hospital pharmacies or insti tutional nuclear medicine departme nts. In all
practice settings, nuclear pharmacists strive to provide pa tien t-specific unit doses of the
highest quality. This typically requires a professional support staff tha t often includes
pharmacy technicians.

Centralized nuclear pharmacies provide service to most hospitals and private clinics
offering nuclear medicine services. Large medical ins titu tions typically have an in-house
nuclear pharmacy service to facilitate clinical research w ith both FDA-approved and
investigational radiopharmaceutical products. Thus, nuclear pharmacy services are wid ely
available in almost all practice settings and geographic areas. Occasionally, however,
nuclear med icine technologists may perfor m the basic pharmacy functi on under the direct
supervision of a qu alified nuclear medicine physician. This arrangement is still permissibl e
in any clinical practice se ll ing, as it constitutes the p rac tice of med icine . Usually, however,
cent ralized unit dose radiopharmaceutical services are used because this is more econom­
ical in terms of personnel and cost. Regardless of the mo del us ed for providing radio­
pharmaceutical se rvices, it is importan t that hospital pharmacy directors be aware of their
responsibility for mo nitoring all drug prod uct use in their institutions, including use in
the nuclear medicine depa rtment. A basic unde rstanding of the ass ociated 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
es tablished." 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-orien ted foundation for the competency-based Board of Pharmaceutical Special­
ties (BPS) certification exam' These standards may also be useful to nuclea r medi cine
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 curren t regulations governing the medical
use of both drugs and radioactive materials; thus, the re may be specific legal requirements
for the activities described.

Nuclear pharmacy p ractice is a basic pa tient-oriented pharmaceutical se rvice that
embodies the scientific knowledge and profess ional judgment required to improve and
promote heal th through assurance of the safe and efficacious us e of rad ioactive d rugs for
d iagn osis and therapy.' The most read ily iden tifiable areas of responsibi lity, or domains,
that constitute the prac tice of nuclear pharmacy are the procurement, compounding,
quality control, dispensing, and distribution of radiopharmaceuticals and pharmaceutical
drug products used in nuclear medicine. Additiona l do mains of responsibility include
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health and safety, provision of information and consulta tion, monitoring patient outcome,
andresearch and development.

Nuclear pharmacists work in a var iety of practice settings; therefore, the ir respons i­
bilities may vary significan tly. For example, a nuclear pharmacist working in a cen tralized
facilitydedicated primarily to the procurement. compounding, quality control, dispensing,
and distribution of unit dose rad iopharmaceuticals may have a set of regulatory respon­
sibi lities that differ substan tially from those of the clinical nuclear phar macist providing
service in an institu tional medical center where distribution may not be undertaken at all.
Onthe other hand, the institution-based nuclear pharmacist invariably bears responsibility
for regulatory issues associated wi th the use of radiopha rmaceuticals in clinical research
and drug development projects. Regardless of practice setting, nuclear pha rmacists must
be knowledgeable about the many regulations governing each domain of responsibility.
Furthermore, nuclear pharmacists may supervise a variety of individuals w ho assist in
the provision of these specialized pha rmacy services, so they are responsible for the
activitiesof all such support personnel and for ensuring that they are ap propriately trained
and credentialed .

DRUG REGULATION: HISTORICAL PERSPECTIVE ON FDA

Current regulations on the med ical 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 J. Hilts!" tells the fascina ting
story of FDA's maturation from its start in the Teddy Roosevelt administra tion 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
ofFDA 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, ad ulterated foods
and drugs, and unfoun ded claims of the therap euti c efficacy of patent medicines. The act
prohibited interstate sa les of misbranded and adulterated foods and drugs and paved the
way for the establishment of FDA in 1931. The Act did not, however, require p remarket
testing of drugs to determine thei r safe ty. Whe n 107 people died after ingesting su lfanil­
amide elixir form ulated with d iethylene 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 bas is of drug regulat ion in the United States tod ay, and a working
knowledge of this law is important for ensuring regulatory compliance of drug use in any
clinical setting, includ ing nuclear med icine practice. FDCA is both simple and complex."
It is simple in that it spec ifies only three illegal acts : adulteration, misbranding, and the
placing of un ap pro ved drug products into interstate commerce. At the sam e time, it is
complex because many activities a re included und er the umbrella of these three illegal
acts. When challenged to explain why something known to be illega l is in fact illegal
under FDCA, stating that the activity is adulteration, misbranding, or the placing of an
unapp roved new drug into inte rsta te com merce is a safe response. As passed in 1938,
FDCA required premarket testing of new d rugs for safety and presentation of safety data
to FDA prior to ap proval of a new drug product for marketing. The act also elim ina ted
the requ irement for FDA to prove inten t to defraud in drug misbranding cases.

In 1962, the Kefauve r-Harris amendm ents to the 1938 FDCA increased federal con trol
over methods of production and testing of drugs before their release for p urchase by the
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public. The emotional impe tus for these amend ments came from another medical tragedy.
An FDA med ical officer, Frances Kelsey, blocked marketing approval of the drug thalido­
mide beca use of unexplained adverse effects; the subsequent discovery that thousands of
deformed infants had been born to mothers in Europe and Sou th 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; never theless, the distribu tion 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 resea rch for the purpose of providing new technology to facilitate
an end to World War II. The postwar program for radioisotope d istribution grew out of
the Man hattan Project Isotopes Division, which d uring the war years had developed top
technical expertise for produc ing and hand ling radioisotopes at the division's facilities in
Oak Ridge, Tennessee. In 1946, the Manhattan Project formally publicized its groundbreak­
ing program for distribution of rad ionucl ides for peaceful research purposes. This new
radioisotope distribution program for the first time placed nom inal constraints on the
procurem ent of rad ionuclides for research. Thus, radionuclides for med ical res earch could
not be ordered casually; an application for each proposed purchase had to be submi tted,
reviewed, and approved. A special subcomm ittee had to revie w 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 rad ioisotope 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
com mittee on Human Ap plications . On June 28, 1946, the subcommittee held its first
mee ting, 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 dis tribution 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 de legated review of the
rou tine radioisotope applications to the AEC Isotopes Divis ion, and the Isotopes Division
developed a procedure whereby an individual wishing to procure byproduct material had
to file an app lication and receive an Au thorization 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 au thor i­
zations" that delegated more autho rity to local radioisotope committees of approved
research institutions. As a result, research institutions possessing general authorizations
could for the first time ob tain specified rad ioiso topes for approved purposes pursuant to
fi linga single applicati on each year, thus eliminating the need to file a separate application
for each radioisotope order.

During the 1950s a series of reg ulatory changes affected many administrative proce­
dures governing radioisotope use. In 1954, licensing and regulation were added to AEC's
authority. Concerns abou t radioisotope procedures were disseminated through various
communications made public by the Isotopes Division . Throughout the 1960s and early
19705, administrative procedu res governing the licensing and regulation of radioiso tope
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 Deve lop ment Administration, which late r became the Depart­
ment of Energy, and the Nuclear Regulatory Commission.

At several junctures during the development of proced ures for licens ing and regu lating
byproduct materia l intended for medical use, these governme nt units published official
circulars 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, tha t init ial gu idance was repla ced by a 26 page AEC document en titled
TheMedical Use of Radioisotopes- Recom mendat ions and Requirements. Then in 1965,
AEC published its Guide for the Prep aration 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, enti tled Consolida ted Guidance About Material
Licenses: Program-Specific Guidance About Medical Use Licenses." Most important,
NUREG-1556 provided val uable guidance on the recently revised 10 CFR 35 rule.

REGULATORY CONTROL OF RADIOPHARMACEUTICALS

Theregulation of radiopharmaceuticals has a complicated his tory. The 1938 FDCA applied
to all drugs, including radiopharrnaceuticals, which were a unique and promising new
class of products. Six years later, the Public Health Serv ices Act of 1944 authorized the
FDA Bureau of Biologics to regulate radioact ive 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, radiopharrnaceuticals were
controlled ch iefly by AEC. The 1954 Atomic Energy Act authorized AEC to license the
possession, use, and transfer of by product ma terial (i.e., radioisotop es produced in a
nuclear reactor).

In 1963, after enactment of the Kefauver-Harris amendments, FDA began implemen t­
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 possibi lity that their safety and efficacy we re not adequately controlled by the
agency as required for all drugs by the 1962 FDCA amendments. Fortunately, AEC reg u­
latorycontrols 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 adm inis tered 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 immedia te problem was addressed in 1963 when
FDA allowed a temporary exemption for radioactive new drugs and biolog ics from the
IND regulations, provided these agents were distrib uted in complete compliance with
ex isting AEC regulations." The main purpose of the tem porary exemption was to allow
the continued av ailabil ity o f radioactive d ru gs manufactured from reactor-produced radi­
onucl ides until FDA and AEC cou ld reach agreement on the establishm ent of effective
regulations that would. m inimize unnecessary d u plication of reg ulatory control. The
exemption did not include naturally occurring or accelera tor-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 rad ioactive drugs."
The new regulations, as outlined in 21 CFR 310.503, iden tified specific reactor-produced
rad ioisotop es that for certain stated uses were no longer exempt from the new drug
regulations because they were con sidered well-es tablished drugs in nucl ear medicine
practice. Both FDA and AEC concluded that it was inappropriate for these rad ioactive
d rugs to be distributed under a claimed IND exemption when they were clea rly intended
for routine clinical use. III Therefore, manufacturers and d istributors of these d rug products
w ere required to submit adequate evidence of safety and effectiveness for use as recom­
mended in the prod uct labeling.

During the regu latory transition period tha t foll ow ed, rad iop harmaceutical manufac­
turers we re allowed to d istribute only those radioactive drug pro d ucts 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
be tween 1951 and 1970." On July 25, 1975, FDA issued a final ru le that totally revoked
the 1963 IND exem ption and placed radiopha rmaceutical, com pletely under FDA regu­
latory au thority, as are all other d rug 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. Th us, NRC is
now responsible for all licensing and regulatory functions originally ass igned to AEC by
the Atomic Energy Act of 1954 as "mended. Even though NRC' s authority covers radio­
active drug prod ucts conta ining reactor-produced byproduc t ma terials, it does not include
the regu lation of such products that contain naturally occurring or accelera tor-produced
rad ionuclides, because these two categories are regulated by the states.

In most cases NRC has transferred its authority to control the use of reacto r-produced
material to individual "agreement" states. Currently, there are 32 agreement states, 14
"nonagreem ent" states , and 2 states that have filed letters of intent with NRC to become
agreement states." (The District of Columbia is treated as a nonagreem ent s tate.) Under
the current regu latory scheme, the agrt...-ernent 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 un derstand 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 radiopharmaceutical, from IND regula­
tions, FDA stated that it would reg ulate the safety and efficacy of radioactive drugs with
respect to pa tien ts , At the same time, N RC w ithdrew from regulating radioactive drug
safe ty and efficacy and stated that it would regulate the radia tion sa fety of workers and
the general public.
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,1979 NRC published the follow ing three-part po licy statement that it developed to
, the regulation of medical uses of radioisotopes (44 FR 8242, effective February 9,

NRC w ill continue to regulate the medical uses of radioisotopes as necessary to
provide for the radiation safety of workers and the general public.
NRC will regu late 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 an d into
other areas traditiona lly considered to be part of the practice of medicine .

policy states further in 44 FR 8242 tha t

.he NRC intends not to exercise regulatory control in those areas (regarding
iatients) where, upon careful examination.. it determines that there are adequate
cgula tlons by other Federal or State agencies or well administered professional
.tandards. The Commission recognizes that the FDA regulates the manufacture,
nterstate distribution, investiga tional, and research use of drugs, inclu din g radio­
?harmaceuticaIs.. but does not have authority to restrict the routine use of drugs
to the procedures (described in the product labeling) tha t the FDA has approved
3S safe and effective. The NRC sees itself as the only Federal Agency that is
currently authorized to regu late 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 radiopha rmaccuticals that
'C a radionuclid e component consisting of a short -lived positron-emitting radio isotope .
, most common positron emitters currently used in the production of PET drugs are
. 13N, 1';0, and jKp; 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.
Thedevelopment of a suitable regulatory framework for PET drugs and the associated

19ing technology has been quite challenging, ow ing to the un ique nature of PET as a
dical imaging technology and the attempts of the federa l government to apply regu­
Jry policy devised for other, and often quite different, applicat ions of med ical techno l­
y. The struggle to regulate PET drugs and imaging technology and the eme rging reg­
itory framework have been well documented . In 1998 Keppler and associates"
blished an excellent case st udy on PET regulation. The au thors provide valuab le theo­
ical perspective on why regu lations exist, as well as analysis of why regula tion of the
ituring PET industry has unfolded as it has. The ins ights provided in tha t ar ticle w ill
pport efforts to expand clinical PET and int rod uce new imaging technologies into health
reo The section of the article that summarizes the his tory of PET regulation is included
re, with permission . (To facilitate iden tification of the regul ator y doc uments cited in the
iginal publication, the refere nce numbers have been edited to correlate w ith the refe rence
t provided at the end of this cha pter.)

Before 1975, the Food and Drug Ad minis tra tion (FDA) had delegated the regulation
of the radiopharmaceutical industry to the N uclear Regul atory Commission. When
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the FDA asse rted its juri sdiction in 1975, it chose to regulate the industry substan­
tially the same way as the tradi tional d rug indus try. Therefore , the FDA began
ev aluating new dru gs-that is, radiopharmaceuticals-through investigational
drug applications. New drugs then we re approved for use on the basis of suffici ent
information provided in new drug applications." The FDA would then enforce
cur rent good manufacturing practices for production of the approved drug to
ensure quality. Early on, ho wever, it was clea r that the short half-lives of many of
the PET and other radiopharmaceuticals limited the tradition al application of
prod uction and ma nufactu rin g regulations.

In the late 1970s, the FDA established a subcommittee to ev aluate the sp ecial
circumstances of these short-lived radiopharmaceuticals. Exemption from manu­
facturing regulations at the site of final use was consi dered for sites qualifying as
a nuclear pharmacy or a medi cal facility under the provisions of the Durham­
Humphrey amendment to the Food, Drug and Cosmetic Act. Th us, facilities pre­
paring radiopharmaceu ticals could opera te under these provisions, eliminating the
need to register wi th the FDA as a dru g man ufacturer for these activities. The
repor t detailing the exemption requirements, titled "Nuclear Pharmacy Guideline:
Criteria for Determining When to Regis ter as a Drug Establishment" (Nuclear
Pharmacy Guidelines ), was adopted by FDA in 1984." These guidelines not onl y
covered production activities for traditional nuclear medicine isotopes but also
described activities consistent with the preparation of PET isotopes." The ac tiv ities
detailed affirm ed the practice of med icine and pharmacy.

In the 19805, the concep t of the "clinical" PET center developed because of the
promise of clinical usefulness shown w ith early trials of F-18 fluorod eoxyglucose
(FOG). At about the same time, the health care industry was in the mid st of
transition. Hospita ls 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 cap ital com mitment ($5-$7.25 million) required
to develop a clin ical PET cen ter made PET an unlikely venture for hospitals fear ing
the future contraction of the industry." Fur thermore, the revenues that could be
proposed to offset the more than $2 million per year in opera ting expenses were
viewed as risky in pa rt because its regulatory pa th and reimb ursement potential
remained unclear.2~,2-t

Many of those attending to these early clinical activities proposed using the
Nuclear Pharmacy Gu idelines and the practice of medicine and pharmacy as the
basis for operations at the new or planned clinical centers. Concern cen tered only
on isotope approvals because PET sca nne rs and the subsequently developed d ual­
use or co incidence imaging devices received FDA clearance for marketing as "PET
devices," grand fathered in w ith changes in device regu lations. The concept of the
practice of med icine and pharmacy w ould allow a fast-track mech an ism for clinical
u tilization of these new PET compounds. Many in the physician and pharmacist
communiti es be lieved ra tionale existed for this approach, citing case law, the
am endments to the Food, Drug and Cosmetic Act, as we ll as the N uclear Pharmacy
Guidelines and other FDA publications in support of the exemption for d rugs not
intended for interstate commerce." But as Coleman et al. pointed ou t, the FDA
contended then - and now-tha t the practice of medicine and pharmacy cannot
be applied to unapproved drugs." The physician and pha rmaci st communities'
assertion that the practice of medicine and pharmacy should be the course of
regulations did no t 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 pa thway 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 tha t 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 manufacturi ng guidelines would be pro­
hibi tive, limiting the clinica l proli ferat ion 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 reg ister 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 pract ice 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 FOC was approved, wh ich led to
a continued lack of Medicare reimbursement. Therefore, the Institute of Clinical PET,
with fund ing from industry, led efforts to develop a single drug master file for FOC.
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. Add itional prospective data reaffirming earlier conclu­
sions were required. Finally, the FDA approved the efficacy of FOC 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 abbrev iated new drug applications. An approved sta tus 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.

Fluor ine-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 tha t 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 requiremen ts placed on the
Peoria facility by compliance with the new d rug application and the FDA's man­
ufactu ring requirements we re 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
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Finished Pharmaceutic als: Positron Emission Tomography" published in the Federal
Register on April 22, 1997.27- 2' The rescission was published December 19, 1997, in
the Federal Register.3<J.3\ Effectively the legislation reverts regulatory guidelines to
those provided in the 1984 Nuclear Pharmacy Guidelines until new guidelines are
established . In the interim, United Stntes Pharmacopeio standards are to be met for
drugs to be considered unadulterated.

Most importantly, a new Med icare approval process also resulted from the
political efforts . Desp ite lack of FDA approval, the Health Care Financing Admin­
istration agreed tha t Medicare would begin to cover PET scans for characterization
of solitary pulm onary nodules and initial staging of lung cancer as of January 1,
1998. It was agreed that a fast-track review of several other ind ications for PET,
including evaluation of brain tum ors, myocardial viability, colorec tal cancer, head
and neck cancer, Hodgkin's lymphoma and ovarian cancer, would be initiated over
the next 18 months.
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In lateMay 1998, although the prescribed regulatory process had not started in earnest,
discussions betw een the PET community and the Health Care Financing Ad ministration
(HCFA) were under way to seek broader approval for use of 18F-fludeoxyglucose (I8F­
FDG, previously referred to as 18F-fluorodeoxyglucose) in oncology, neurology, and car­
diology applications. As a result of the persisten t collaborative effor ts between the PET
community and HCFA, PET imaging reimbursement ap prova ls have been dr amatically
expanded over the past 5 years ." (HCFA was rena med the Centers for Med icare an d
Medicaid Services [CMS] in 2000.3.' ) 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." Althoug h the use of PET ima ging in rou tine health care is expanding
rapidly, significant regulatory issu es 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 Rad iopharmaceu ticals (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 no t finalized such new gu idelines . Consequently, the
PET community continues to prepare PET drugs according to ap plicable USP standards
without being requi red to file NDAs or abbreviated new drug ap plications (ANDAs) with
FDA. However, when the new FDA guidelines are published as a final ru le in the Federal
Register, the medical community will have 2 years to bring itself into compliance with the
new regulations. Concerted efforts have been ma de to develop stan dards for regulat ing
PET drog production sites tha t take into accoun t 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
beoverlooked in the final rule. Clearly, there are still many regulatory issues to be resolved
regarding the prod uction and clinical use of PET drugs, and the PET community must
continue to monitor regu latory developments and prepare for compliance in the near
future. It is particularly important that nuclear pharmacists monitor new developments
in the regula tion of PET drugs. Descriptions of the current IND, NDA, and ANDA sub­
mission processes are available on FDA's Web site.3..';-37

1 -



FDAMA (Public Law 105-115) affirmed FDA's pub lic hea lth 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 he alth by ensuring that foods are safe, wholeso me, sanitary, an d properly labeled;
human and ve terinary 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 represen tatives 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 Secreta ry,
carry out items (1) through (3) in consu ltation with experts in science, medicine, an d public
hea lth, and in cooperation wi th consumers, use rs, manufacturers, importers, packers,
distributors, and retailers of regulated products.

FDA's p ublic 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
ensu re 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, regu la­
tions, and guidelines; and interpreted and implemented by scien tists, lawyers, biostatis­
tician s, engineers, and project managers of varied backgrounds." Thus, FDA plays a
significant role in the development and approval of all radiopharmaceuticals in clin ical
use. FDA's Center for Drug Evaluation and Research regulates formats for clinical trials
and review of radiopharmaceuticals prior to their approva l for marketing.
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ROLE OF FDA IN PUBLIC HEALTH PROTECTION

INVESTIGATIONAL NEW DRUG PROCEDURES
FOR RADIOPHARMACEUTICALS

From the viewpoint of FDA, a "new drug" may be a new molecular (i.c., che mical) 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.c. , 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 involvin g 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 responsib le individual or a pharmaceutical
company sponsors well-controlled, scientifically designed safety and efficacy studies
un der an FDA-accepted lND application (referred to simply as an IND). FDA authoriza­
tion must be secured in adva nce of the interstate shipment and admi nistration 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 marketi ng of a new drug, including responsibili ty for compli ance with app licable
provisions of FDCA and all rela ted regulations. The sponsor is typically an ind ividual,
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 impo rtant 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 al ternative, the investigator-sponsor may
bea clinical radiopharmacologist or nuclear pharmacist qualified by train ing and experi­
ence in the eva luation of new radioactive drug products.

PRECLINICAL RADIOPHARMACEUTICAL STUDI ES

In the earliest phase of development of a rad ioactive drug product, da ta from animal
studies and da ta 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 rad ioactive drug is reasonably safe for administration to human
subjects during the proposed clinical trials. Additionally, the actual procedures and meth­
ods used for generating and gathering the prelimi nary 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
clidic purity of the rad ioactive drug are essential for the evaluation of radiatio n dosimetry;
any trace radiocontaminants (including daughter radion uclide s) and altered chemical
forms that might significantly influence biodistribution and rad iation absorbed dose es ti­
mates must be identified. Preclinical studies usually include studies of bo th biodistribution
andtoxicity in animals. Animal bio distribution studies are used to determine normal organ
distribution patterns, assess transloca tion, and identify the routes and extent of radio­
pharmaceutical excretion. These data are essential for obtaining meaningful radiation
absorbed dose estimates, the p rinci pal measure of rad iopharmaceut ical safety. Animal
toxicity studies usually focus on the potential chemical toxic ities of components other than
the radionuc lide, since only trac e amounts of the radioactive element are typically present.
Acute toxicity tests are usually requi red in at least tw o animal species to determine th e
acute LD50 (amount suffi cient to kill 50% of a population of animals) and to de monstrate
the lack of acute toxicity at doses several orders of mag nitude higher on a dose-per­
kilogram basis than those proposed for human stud ies using the same route of admini s­
tration. Subacute toxicity testing over a 2 to 3 week period in two animal species, a rodent
and a non rodent, at several dosage levels is requ ired to demonstrate adequate safety
margins relative to equivalent maximum clinical dosage. Chronic toxicity studies are
typically not required for radiopharmaceuticals, which are adm inistered on a one-time
basis to most patients.

Investigators may obtain the required data from the ir own experiments. but gathering
the data can be qu ite challenging, costly, and time consuming. It may be advantageous to
use data from the literature or othe r 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 ro ute of adminis tration).

RADIOACTIVE DRUG RESEARCH COMMITT EE STUDIES

Limited use of radioactive drug products in human research subjects prior to FDA accep ­
tance of an IND is allowed under spec ific conditions se t forth in 21 CFR 361.1. Radioact ive
drugs, as defined in 21 CFR 310.3(n), are generally recognized as safe and effective when
administered to human rese arch subjects, under the conditions set for th 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 reg arding



the metabolism (including kinetics, distribution, and localiza tion) of the radioact ive drug
or regard ing human physiology, pathoph ysiology, or biochemistry are extremely valuable.
However, such studies must no t be intended for immed iate therapeutic, diag nos tic, 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 clinica l intent regarding
the med ical 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
localiza tion) may have eventua l d iagnostic or therapeutic implications; however, the initial
studies are considered basic research within the meaning of this specific se t of regulations.

Before these limited human studies are cond ucted, approva l must be obtained froma
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 sect ion describing reports that the RDRC must provide to FDA, there is
an important federal control point regarding the number of researc h subjects that may be
studied under these regulations. If at any time the RDRC approves a research proposal
that invo lves 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 encou rage protocols
requesting fewer than 30 adult research subjects when appropriate and discourage the
use of individuals under age 18 unless absol utely 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 repor t 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
de termine if the pharmacolog ic dose and radiation dose are within the required limits
and that the rad iation exposure is justified by the quality of the proposed study and the
importance of the information it seeks to obtain. The RDRC mu st also ensure that other
requiremen ts are in place regarding qualifications of the investigator, proper radioactive
material licensure, selection and consent of research subjects, qua lity of radioactive drug
p roduct used, research protocol design, reporting of potential adverse reactions, and
app roval by an appropriate local or contract institutiona l review board (IRB).

Compliance with strict pharmacologic dose limits is compu lsory in the conduct of
human research under an RDRC approval. The amount of active ingredient or combination
of active ingred ients to be administered must be known not to cause any clinically detect­
able pharmacolog ic effect in humans. This fundamental regula tory principle implies that,
in the absence of any known human pharmacology da ta, the study cannot be approved
by the RDRC nor conducted by the investigator simply because there are no human data,
and the active ingred ient will be administered only in minuscule trace amounts. The lack
of human data is mos t often the single reason why potential RDRC studies cannot be
approv ed. In a few isolated cases, investigators have successfully undertaken IRB­
approved subpharmacologic dose studies in humans using a nonradioactive form of the
active ingred ient 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 pa thway is approved by the RDRC and undertaken by the investigator, both
mu st recognize that without proper operational controls and safeguards, the dose of active
ingredient could theoretically exceed the established subpharmacologic threshold. For
examp le, if shor t half-life positron-emitting HC is the radionuclide component of a very
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t study drug, the actu al mass of active ingred ient in the administered human dose
vary 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
mountof the active ingredient in any batch of the radioactive drug be substantia lly

han the established subpharmacologic threshold. Finally, when the same active
dient without the radionuclide component is administered simultaneously under
Dor in accordance with the approved labeling for a therapeutic drug, the total

unt of active ingredients including the radionuclide must be known no t to exceed
ose limitations applicable to the separate administration of the active ingredients
ding the rad iunuclide.
e regulations governing RDRC studies also impose important limits on accep table

tion dose. These limits are significantly more restrictive than those allowed under
approved studies, perhaps because normal volunteer populations are most frequently
ted and enrolled in RDRC studies. The key here is that the amount of radioactive
rial to be administered must be such that human research subjects receive the mini-
practical radiation dose necessary to perform the study without jeopardizing the

fits to be gained from each study. If the single-study or cumulative multiple-study
ation dose to an adult research subject in a given year is below the leve ls specified in
e regulations, the study can be recognized as safe and thus approved by the RDRC.
rdingly, the whole body, active blood -forming organs, lens of the eye, and gonads
not receive more than 3 rem from a sing le dosage or an annual and total dose

mitment of 5 rem. Other organs may not receive more than 5 fern from a single dosage
nannual and total dose commitment of 15 rem . Occasionally, investigators may wish
onductstudies in research subjects less than 18 years of age. This is possible; however,
radiation dose cannot exceed 10% of the specifications for adult subjects. All sources
adiation exposure associated with each study must be included in the de termination
talradiation doses and dose commitments. Therefore, exposures from all radioactive
ponents in the drug product must be included in this determination, whether they
essential or present as significant contaminants or impurities. Radiation doses from x­
procedures that are part of the research protocol must be included. Finally, the numer­
defini tions of dose must be based on an absorbed-fraction method of radiation

orbed dosecalculation. The RDRC is required to use either the Medical Internal Radi­
n Dose (MIRD) or the International Commission on Radiologica l Pro tection (ICRP)

tern for these calcula tions.
Investigators who decide to conduct studies under RDRC approval must realize there
valid reasons for ensuring that such studies are well designed, controlled, and man­
,since the data could become critically important at some later date. According to 21

R361.1 (e), the results of any research conducted under an RDRC approval become
t ofany clinical evaluation of the radioactive drug product p ursuant to 21 CFR 312,
ich specifies the requirements for su bmitting INOs. Therefore, if at any po int the inten t
nRDRC-approved study is alte red in any way to beg in use of the radioactive d rug in

linical trial, the RDRC must immediately call for the termination of the study and
uire the investigator to obtain an IND before additional human subjects are studied.
ummary of all study results must be reported to the RDRC, and this report must be
de part of the IND subm itted to FDA.
According to 21 CFR 361.1(1), radioactive drugs prepared, packaged, d istrib uted, and

rimarHy intended for use in RDRC studies are exemp t from misbrandi ng (FDCA
2(0(1)) and requirements for adequate directions for use (21 CFR 201.5, 201.100) if the
ckaging, label,and labeling are in compliance with federa l, state, and local law regarding
dioactive materials and if the label of the immediate container and shie lded container,
any, either separate from or as part of any label and labeling required for radioactive
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potentstudy drug, the actual mass of active ingredient in the adminis tered hu ma n dose
could vary dramatically with time after synthesis, resulting in the potential administ ra­
tionofa pharmacologic dose. In this case, it is critically important to requ ire that the
totalamount of the active ingredient in any batch of the radioactive drug be su bstantia lly
less than the established subp ha rmacologic threshold . Finally, when the same active
ingredient without the radionucl ide co mponent is administered simultaneously under
an INDor in accordance with the approved labeling for a therapeu tic d ru g, the total
amount of active ingredients inclu ding the rad ionuclide mu st be known not to exceed
Ihedose limitations applicable to the separa te administra tion of the act ive ingredients
excluding the radionuclide.

Theregulations governing RDRC stud ies also im pose important limits on acceptable
radiation dose. These limits are significantly more restrictiv e than those allowed under
[NO-approved studies, perhaps beca use normal volunteer populations are most frequently
selected and enrolled in RDRC studies. The key here is that the amount of rad ioactive
material to be administered must be such that hu man research subjects receive the mini­
mum practical radiation dose necessary to perform the study without jeopardizing the
benefits to be gained from each study. If the single-study or cumu lative multiple-study
radiation dose to an adult research su bject in a given yea r is below the levels sp ecified in
these regulations, the study can be recogn ized as sa fe and thus approved by the RDRC.
Accordingly, the whole body, act ive blood-forming orga ns, lens of the eye, and gonads
may not receive more than 3 rem from a single dosage or an ann ual and tota l dose
commitmentof 5 rem. Other organs may not receive more than 5 rem from a sing le dosage
oranannual and total dose commitme nt of 15 rem. Occasionally, investigators may w ish
loconduct studies in research subjects less tha n 18 years of age . This is possible; howeve r,
the rad iation dose cannot exceed 10lXl of the speci fications for adult subjects. All sources
of radiation exposure associated with each study must be included in the dete rmination
of total radiation doses and do se commitments. Therefore, exposures from all rad ioactive
components in the dru g product must be included in this determ ination, whether they
are essential or present as s ign ificant con tam inants or impurities . Radiation doses from x­
ravprocedures that arc part of the research protocol mus t be included . Finally, the nume r­
ical definitions of dose must be based on an absorbed-fraction method of radiation
borbed dose calculation. The RDRC is required to use either the Medica l Internal Rad i­

ation Dose (MIRD) or the International Commission on Radiologica l Protection (ICRP)
"stem for these calculations.

Inrestigators who decide to conduct studies under RDRC ap proval must realize there
aevalid reasons for ensur ing that such stud ies are well designed, controlled, and ma n­
agro, since the data could become critically impor tan t at some late r date. Accord ing to 21
eFR361.1 (e), the results of any research condu cted under an RDRC app roval become
partof any clinical evaluation of the radioactive drug product pursuant to 21 CFR 312,
which specifies the requiremen ts for submitting INDs. Therefore, if at any point the inten t
of an RDRC-approved stu dy is altered in any way to begin use of the radioactive drug in
aclin ical trial, the RDRC must immediately call for the termina tion of the study and
. quire the investigator to obtain an IND before additional human subjects are stud ied .
Asummary of all study results must be repor ted to the RDRC, and this report mus t be
madepart of the IND submitted to FDA.

According to 21 CFR 361.1(f), rad ioactive d rugs p repa red, packaged , di stribu ted , and
primarily intended for use in RDRC studies are exempt from misbra nd ing (FDCA
'1))(0(1))and requirements for adequa te directions for use (21 CFR 201.5, 201.100) if the
packaging, label, and labeling are in compliance with federal, state, an d local law regarding
adioactive materials and if the label of the immediate conta iner and shielded con tainer,
nany,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 importan t legal state ments are required in the labeling: "Caution: Federal
law prohibits dispensing wi thout prescription" and "To be administered in compliance
with the requiremen ts of Federal reg ulations regarding radioactive drugs for research use
(21 CFR 361.1)." There are numerous other requirements that may seem impractical but
nevertheless mu st be sati sfied to ens ure full compliance. The published regulations pro­
vide details and list all labelin g requirements for rad ioactive drugs used under RDRe
approval.

THE INVESTIGATIONAL NEW DRUG APPLICATION

The IND is an application that a drug sponsor mu st submit to FDA before beginning a
clinical trial with a new drug in hum ans. It is not an application for marketing approval.
Technically, it is a request for exemption from the fede ral sta tute that p rohibits an unap­
proved drug product from being shi pped in interstate comme rce. Fede ral law requires
that a drug be the subject of an approved mar keting appl ication 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
obtain ed to sa tisfy this legal requirement. The IND is the means through which a sponsor
obtain s an exemption from FDA.

The main purpose of the IND is to provide detailed pla ns for well-controlled clinical
d rug studies in hu man subjects. It gives an overview of all that is currently known about
the investigational drug product, inclu ding its struc tural form ula, animal test results,
human data, if any, and manufacturing information. Thus, an IND is typ ically 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
proposa ls to initiate clinical investigations in human subjects.

There are several types of INDs. Pha rma ceu tical companies submit commerciallNDs
with the ultim ate goal of obtai ning marketing ap proval for a new drug product. Most
IN Ds, however, are noncom mercial; they are filed in support of conducting clinical
research, with no intent to ,;btain marketing approval. Three typ es of noncommercial INDs
may be submitted to FDA for acceptance prior to conducting clinical investigations: the
invest igator 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 INDis
sometimes referred to as a phy sician-sponsored IND. Unde r this type of IND the physician
also accepts immediate responsibility for di recting the p reparation, dispensing, and
administration of the investigati onal drug product. A ph ysician might also wish to submit
an investigator IND to cond uct studies of an unapproved d rug, or an approved product
for a new indication or in a new patient population.

A physician may obtain an emergency use IND w hen urgent medical conditions occur
and patients may benefit from the use of an investigational drug product. With this type 01
IND, FDA authorizes use of an inves tigational drug in an emergen cy situation when time is
insu fficient for submission and review of an IND in accordance with 21CFR 312.23or 312.24.
The emergency use lND may also be useful for patients who do not meet the inclusioncriteria
of an existing clinical stud y protocol, or when there is no approved study protocol.

A treatmen t IND may be su bmitted for investigational drugs showing promise in
clinical testing for serious or immediately life-threatening conditions during the period
when the final clinical wo rk is being conducted and FDA review takes p lace. The treatment
IND is thus a mechanism that allows promising investigational dru gs 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
immediately life-threatening or otherwise serious diseases for which there is no rea l
alternative. These expanded-access protocols require researchers to forma lly investigate
hedrugs in we ll-contro lled studies and to supply some evidence that the drugs are likely
tobe helpful. Of course, the drugs cannot expose patients to unreasonable risk . There are
only a few therapeuti c radi opharmaceuti cals in development, and treatment INDs for
these important orpha n therapy agents have been accep ted by FDA.

THE INO PROCESS

Thecurrent general regul ato ry dicta for all IND submissions are found in CFR 21, Subparts
312.1 through 312.70. FDA's Cen ter for Drug Evaluation and Research (CDER) has several
on-line resources that summarize INO content, format, and class ification and the IN O
review process."

Given the nat ure 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. Nov ices may wonder wh ere and how to initiate the intricate
process of preparing and submitt ing an IND; two key FDA regulatory forms no t on ly
guide the process we ll but serve as both the star ting and ending points. The process of
securing an INO approval shou ld in all cases revolve around the creation and assembly
of the required documentation identified in Form FDA-IS71, Investigational New Drug
Application (IND) (2] CFR 312.23(a)(l)), and Form FDA-1S72, Statement of Investigator
(21 eFR 312.53(c)(l)). Both of these forms, with supporting documentation, must be pa rt
of the IND submission, and both are available from the FDA Web site." Form FDA-1S71
serves as the cover sheet for the entire IND submission document. Table 7-1 lists the
information requested by the Janua ry 2003 version of th is form. Form FOA-IS72 serves
asa means for the IND sponsor to doc ument that investigators are appropriately qualified
and sufficiently informed to begin participation in the clinical investigations. Table 7-2
lists the inform ation 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 esti mated "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 comp leting and
reviewing the collected information. However, the time required can easily surpass this
estimate, and the novice sponsor or investigator shou ld plan accordingly and consider
seeking assistance from someone exper ienced in INO applications.

After the completed IN D is submitted to CDER, the sponsor must wait 30 calendar
days before initiating any clinical trial s. During this period, CDER m ust review the [ND
for safety to ensure that research subjects will not be su bjected to unreasonable risk. If
CDERconcludes that the clinical trials presen t u nreasonable 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 con tact the sponsor within the 3D-day period. Customarily,
drug review divisions do not contact the sponsor if no concerns arise about drug safety
and the proposed clinica l trials. Therefore, if the sponsor hears nothing from CDER by
day 3] after sub mission of the [ND, the study may p roceed. Figure 7-1 presents an
overview of this review process; a detailed, interactive vers ion of this chart, including an
explanation of how COER determines if a drug product is suitable for use in clinical tr ials,
is available onl ine.!"



TABLE7-1 Information Requested by Form FDA-1571, Investigational New Drug Application

1. Name of sponso r
2. Date of submission
3. Add ress (numbe r, street, city, sta te, and ZIP code)
4. Telephone number
5. Name(s) of d rug, includ ing all avai lab le nam es such as trade, gene ric, chem ical, and code
6. IND numb er if previous ly assig ned
7. Ind ication(s) covered by the submission
8. Phasefs) of clin ical inves tiga tion to be cond ucted
9. List of numb ers of all lN Ds (21 CFR Part 312), new d ru g or antibiotic applications (21 CFR Part 314), drug

master files (21 CFR 314.420), an d prod uct license applicat ions (21 CFR 601) referenced in the app lication
10. Consecutive or se rial number assigned. to the submission
11. Chec klist ind icating purpose of subm ission. If the submission includes a request for a treatment IND (21

CFR 312.35(b», treatme nt protocol (21 CFR 312.35(a», or cha rge req ues t/notification (21 CPR 312.7(d)), a
justification must be attached sa tisfying the elemen ts specified in the cited CFR section

12. Checklist iden tifyin g 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 seve ra l othe r critical documenta tion sections are necessary to facilitate
both the clinical review and the nonclinical review of the IN D submiss ion. The introductory statement (21
CFR 312.23(a)(3», the ge ner al inves tigational pla n (21 CFR 312.23(a)(3», the inves tigator' s brochu re (21 CFR
312.23(a)(5», and the protocol(s) (21 CFR 312.23(a)(6» arc the main subject of the clinica l review. The key
protocols for clinical reoiao include study protocol(s) (21 CFR 312.2.1(a)(6»), investigator data (21 CFR
312.23(a)(6)(iii)(b)) or completed Form FDA-1572, facilities data (21 CFR 312.2.1(a)(6)(iii)(b)) o r completed
Form FDA-1572, and IRB data (21 CFR 312.23(a)(6)(iii)(b» or completed Form FDA-1572. The IlOlIdillical

reoieu: focuses pri marily on the chemistry, manufact uring, and cont rol (CMC) data (21 CFR 312.23(a)(7)), the
pharmaco logy and toxicology d ata (21 CPR 312.23(a)(8)), p rev io us hum an experience dat a (21 CFR
312.2.1(a)(9), and any addi tiona l in form ation (21 CFR 312.23(a)(1O)).

13. Statemen t iden tifying cont ract research organization (CRO) involvemen t or transfe r of sponsor obligations
to CRa. The attached s tatemen t should contain the name and add ress of the CRO, identification of the
clinica l s tudy, and a list of the obliga tions transferred . If all ob ligations gov ern ing the conduct of the stud)'
ha ve been transferred , a general sta tem ent of th is transfer-in lieu of a list of the specific obligations
transfe rred-may be submitted.

14. Na me and title of person respons ible for mo nitoring the cond uct and progress of the clin ical investig ations
15. Name(s) and titlefs) of person(s) res ponsible for review and evaluation of information relevant to the safety

of the d rug . The form lists the following sponsor commitmen ts: ag reeme nt not to beg in clinical investigations
unti l 30 days after FDA's receipt of the IND unless otherwise no tified by FDA tha t s tud ies may begirt not
to begin or continu e clinical investigations covered by the IND if thos e stud ies are p laced on clinical hold;
that an insti tutional review board (IRB) that complies with the requi rement s set forth in 21 CFR Part 56will
be responsible for the initi al and cont inuing review and approval of eac h of the studi es in the proposed
clinica l investigation; and to conduc t the inves tigation in accord ance with all other applicable regulatory

requ irements
16. Name of sponso r or sp onso r's au thorized rep resen tat ive
17. Signature of sponsor or sponsor's a uthorized rep resentative
18. Ad dress (number, st reet, city, s tate and ZIP code). If the ~rson signing the applicati on docs not reside or

have a place of bu siness wi thin the United States, the IND is requ ired to contain the name and address of,
an d be countersigned by, an attorney, agent, or othe r author ized officia l who resides or ma inta ins a placeof
business within the Un ited Sta tes .

19. Teleph on e number
20. Date of signature
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CLINICAL RADIOPHARMACEUTICAL STUDIES

-

Clinical research in h uman subjects must be conducted under an FDA-accepted !NO
generally consisting of three temporal phases. These develop mental phases may be com­
bined for a number of practical reasons and therefore may not be distinct. Phase 1 studies,
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TABLE 7-2 Information Requested by Form FDA-1 572, Statement of Investigator
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1. Name and add ress of invest igator
2. Education, training, and experience that qual ifies the investigator as an expert in the clinical investigation

of the drug for the use under investigati on. A curriculu m vitae or other s tatement of qualificatio ns must be
provided as an attachment.

3. Nameand address of an y med ical schoo l, hosp ital, or other research facility where the clinical investigat ionfs)
willbe cond ucted

t Nameand address of any clinical labo ratory facilit ies to be used in the study
3. Name and add ress of the IRB respons ible for review and approva l of the studyfies)
6. Namesof subinvestfgators (e.g., research fellows, residents, associa tes) who w ill be ass isting the investi gator

7. Name and code number, if any, of the pro toco l(s) in the IND identifying the study(ies) to be conducted by
the investiga tor

8.Asattachments, the clinical p rotocol(s) for eac h planned phase of s tudy. For Ph ase 1 investigations, a general
outline of the p lanned investigat ion, includ ing the estimated.d ur ation of the study and the maxi mu m number
of subjects that will be invo lved. For Phase 2 or 3 invest igations, an outline o f the study protoco l, includ ing
an approximation of the number of subjects to be trea ted with the d rug and the number to be employed as
controls, if any; the clin ical uses to be invest iga ted ; cha ract erist ics of subjects by age, sex, and condition; the
kindof clinical observations and laboratory tes ts to be conducted; the estima ted duration of the study; and
copies or a descrip tion of case repo rt forms to be used .

9.Acommitmen t by the invest igator agre eing to do the following: cond uct the st udy fies) in accordance with
the relevant, curren t protoco lfs) and make cha nges in a protocol only after notifying the sponsor, except
when necessary to protect the sa fety, rights, or welfare of su bjects; persona lly conduct or supervise the
described Inves tigati on ts): infonn any patien ts, or any persons used as controls, that the d ru gs are being
used for investiga tional purp oses and ens ure that the requ iremen ts relat ing to obta ining informed conse nt
in 21 CFR Part 50 and IRB review an d approval in 21 CFR Part 56 are me t; repo rt to the sponsor ad verse
experiences that occur in the course of the investigation(s) in accordance with 21 CFR 312.64; read and
understand the inform ation in the investiga tor's brochure, includ ing the poten tia l risks and side effects of
the drug; ensure tha t all associates, colleagues, and em ployees ass isting in the cond uct of the study(ies) are
informed about their obliga tions in meeting the above commitments; ma in tain adequate records in
accordance with 21 CFR 312.62 and make those record s ava ilable for inspect ion in accordance with 21 CFR
312.68; ensu re that an lRB that com plies w ith the requirements in 21 CFR Part 56 will be res ponsible for the
initial and continu ing review an d approval of the clin ical inves tigation and that the investigator will p rom ptly
report to the IRB all changes in the research activity and all una nticipated problems involving risks to hum an
subjects or others, and will not make any changes in the research wit ho ut IRB approval, except whe re
necessary to eliminate apparent immediate hazards to the human subjects: and com ply with all requi remen ts
regarding the obligations of clinical investigators and all other pertinent requi rements in 21 CFR Part 312.

10. Signature of investigator
11.Date of signature

known as clinical ph armacology 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 stud ies . For diagnostic radiop harmaceu ticals, normal volunteers
may be idea l; however, it may also be desir able and ap propriate to enroll diseased subjec ts
in the study. When therapeutic radiopharmaceuticals are being evalua ted, only diseased
patients should be enrolled . The goal of these initial human stud ies is to determine
absorption, normal biodistribution patte rns, organs receiving maximal concen tra tions,
extent of metabolism , route of excretion and half-life, po tential toxicity, preferred rou te of
administratio n, op timum imaging and sampling times, and optimal and safe d osage range.
Avariety of clinical laboratory tests may be requ ired for the asse ssment of sa fety. Radia tion
absorbed dose should be kep t as low as pract ical for these studies; however, an ade qua te
number of usable particles or photons should be ava ilable to ens ure that stat istically
significant images or counting results are obtained with the inst rumen tation used . When

_ _ ____'-1
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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 busine ss, 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. Indi viduals and professional societies, such as the Institute of Clinical PET,
proposed alternative regulatory mechanisms to the FDA directly, methods not
requ iring hospital pharma cies to register as manufacturing facilities. A commercial
radi opharmacy company filed a citizen's petition requ esting that the FDA evaluate
equipmen t ap provals rather than manufacturing site approvals. This same com­
pany filed a lawsuit against the FDA for alleged rule-making violations and for
not resp onding to the community 's stated concerns. The initial ruling on this
lawsuit was in favor of FDA, stating tha t 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 we re forth coming 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 FOG became acceptable clinical practice in the minds of experienced
physician s, FOG was still not broadly available.

Relief came through attempts to influence regulatory polic y through legislative
initiatives. Effor ts focus ed on both circumventing one of the levers that the FDA
was using to force compliance (Health Care Financing Adminis tration approval
for reimbursement of Medicare patients) and legislating changes in the mandate
to the FDA wi th respect to PET. Reform of the process for the approval and
oversight of the manufacturing of radiopharmaceuticals was accomplished legis­
lative ly th rough the recently passed FDA Modernization Act of 1997 ("FDA
reform" act).26 The legislation contains specific language requiring the FDA to
ad opt "approp riate" procedures for approval of PET new drug applications and
abbrev iated new drug applications and "appropriate" current good manufacturing
practices. These procedures and practices are to be determined jointl y 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 develope d and for 2 years thereafter, neither new drug applications nor abbre­
viated new drug ap plications are required as the medical community brings itself
into compliance with the new regulations."

The legislation rescind ed all of the recent rules published by the FDA on PET,
includ ing the notices en titled "Regulation of Pos itron Emission Tomogra phy
Radiopha rmaceutica l Drug Products: Guidance," published in the Federal Register
on February 27, 1995; "Draft Guide lines on the Manufacture of Positron Emission
Tomography Rad iopharmaceutical Drug Products: Availab ility," published Febru­
ary 27, 1995; and a final rule entitled "Current Good Manufacturing Pract ice for
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FIG URE 7-1 Process for reviewing investigation al new drug applications (INDs) (h ttp: / /www.fda.
gov/ cder/ handbook/ind.htm).

imaging is performed, ima ging times must be reason able to p revent poten tial image
degradation due to patient motion .

Phase 2 studies, known as clinical inv estigation s, are designed to extend the safety
evaluation of the radioactive drug prod uct in a larger but controlled number of subjects
for a specific disease sta te an d 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 tria ls, require the study of su fficient numbers of
pa tien ts by two or more investigators to expand the evidence of the d rug's safety and
effectiveness and desirable dosage and to establish directions for use in the d iagnosis or
treatment of a specific disease. A risk-versus-benefit assessment is also made during this
phase. Phase 3 studies typically req u ire sign ificantly less laboratory testing than is required
in Phase 1 and 2 testi ng . The Phase 3 clinical tr ial protocol, w ith minor to mode rate
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modification, often becomes the recommended clinical protocol once the radioactive d rug
product is approved by FDA for gen eral mar keting.

Upon completion of all req uired stud ies for each phase of development, the sponsor
of the new drug (the pharmaceutical company) submits supporting data to FDA in the
form ofa new drug application (NDA), which must be approved before the d rug may be
sold for routine clinical use. Phase 4 stud ies, also known as therapeutic use or postmar­
keting studies, may be required by FDA as a condition of approval, or they may be
conducted on a voluntary basis by the drug sp onsor wishing to get to market efficiently
with a single ap proved indication and then seek approval for ad ditiona l ind ications after
marketing. Thus, Phase 4 studies relate to the original ap proved indication but go beyond
the prior demon stration of the d rug's safety, effectiveness, an d dose range definition . FDA
seldom requires Phase 4 studies of new diagnostic radiopharmaceuticals, and sponsors
rarely conduct them on a voluntary bas is because eco nomic incentives are insufficient .
However, it is reasonable and highly likely that Phase 4 studies with new therapeutic
radiopharmaceuticals, such as the newly approved radioimmunotherapy drugs for non­
Hodgkin's lympho ma, will be undertaken either as a cond ition for approval or in an effort
to optimize the drug's use and maximize the marke t po tential of the original indication.

PHYSICIAN-SPONSORED INO APPLICATIONS

As stated previous ly, an lND 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 [NO is a necessary pathway for the investigator who wishes to
conduct human stu dies wi th a d rug product that otherwise has no true spo nsor. Such so­
called "orphan drugs" have medical ap pli cations but hav e potent ial utility in very limited
numbers of patients with rela tively rare conditions or diseases, making the dru gs unap­
pealing cand ida tes for the cos tly and tim e consuming IND-NDA approval p rocess.
Radiopharmaceuticals can eas ily 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 ma rke tplace."
Ifa "blockbuster" rad ioactive d rug product could be brou gh t to market rapidly for only
10%of this estimated cost, it would still be a challenge to attract a com pany to sponsor
the drug's commercial dev elopm ent. For orphan d rugs, an abb reviated form of [NO
submission is accep tab le, and the sponsoring physician can deal direct ly with FDA. This
enables both the investigator and FDA to accumulate data on safety and efficacy tha t can
be shared with other physicians. If these studies can demonst rate potential utility in
additional medical conditions or diseases, there is greater likelihood of a pharmaceutical
company sponsor bring ing the d rug product to market. As a further economic incentive,
and as specified in the Orphan Drug Act (Public Law 97414), which amended the Food,
Drug, and Cosmetic Act as of Jan uary 4,1983, companies that sponsor or phan dru gs and
bring them to market may qua lify for certain tax breaks and a gu arantee of market
exclusivity for up to 7 years after drug ap proval" FDA ap proval of diagnostic iobenguane
sulfate [ 131 (13l 1-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 age nt for an unap p roved use or by a different route of administration occasi on­
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, com position
of the radiopharmaceutical, and type of radioactive materials license, an IND ma y or may
not be required. Such ques tions are d ifficult to resolve because of the numerous regulations
and regulatory bodies (Figure 7-2) tha t govern the use of radiopharmaceuticals and the
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FIGURE 7· 2 Regulatory env ironment for the medical use of rad iop ha rrnaccuti cals, involving the
federal N uclear Regulatory Commission (NRC), Food and Drug Administration (FDA), Environ­
mental Protection Agency (EPA), Occupational Safety and Health Administration (OSHA), and
Departmen t of Transportation (DOT).

ov erlap and inconsistencies amon g regulations.'! Thes e 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 contro l of new drugs by FDA has been based on the new
drug application (NDA) . Thus, for many decades every new drug in the Unite d States
has been subject to NDA approval prior to marketing . The NDA is the vehicle through
whi ch drug sponsors formally propose that FDA approve a new drug for human use and
for sale and marketing in 'U.S. intersta te commerce. The goal of the NDA is to provide
eno ugh 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 ou tweigh the
associated risks, (2) the proposed prod uct labeling (i.e., the package insert) is su itable and
contain s sufficient information to promote safe use, and (3) the methods used in manu­
facturing the drug and the controls use d to mainta in the drug's quali ty arc adeq uate to
preserve the drug's identi ty, streng th, quality, and purity. The documenta tion requi red in Fl.
the NDA must convey the entire developmental history of the drug product. The data n
ga thered in preclinical studies in animals and clinical trials in humans under the IND
become a substantial part of the NOA. In addition, the NDA most identify the drug po
product ingredients, how the drug beh aves in the body, and how it is m an ufactured, in
processed, and packaged . General requirements for an NDA submiss ion are spec ified in ac
21 CFR, Subparts 314.1 through 314.170. To facilitate understanding of this complicated tr '
process, FDA's CDER has on-line resources that summarize NDA content, format, and ill'
class ification and the NDA rev iew p rocess." Figure 7-3 provide an overview of this review pc
process; a detailed, interactiv e version of this chart, including an ex planation of how CDER si
determines the benefit-to-r isk profile of a drug prod uct prior to mar keting ap proval, is d r
ava ilable online."

Pharmacists and nuclear pharmacists are we ll qualified to participate in the complex 18E

bu t necessary U.S. drug approval process. Trad itionally, however, most nuclear pharma sR'
cists practice in settings that neither require nor provide the occasion for their direct a
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FIGURE 7-3 Thenewdrugapplication (NDA)approvalprocess(http:/ /www.fda.gov/ cdcr/ handboo k/
nda.htm).

participation in IND-NDA pre paration, approval, and management. Nevertheless, gro w­
ing numbers of experienced nuclea r pharmacists working for com mercial companies,
academic medical centers, and the fede ral gove rnment are playing key roles in a vital
translational regulatory process that is bein g applied to PET drug products, a unique and
important class of radiopharmaceuticals that is key to develop ing and expanding the
potential of molecular imaging technologies. Therefore, nuclear pharmacists should con ­
sider participating in the preparation of FDA IND-NDA applicat ions for a variety of PET
drugs, especially those with current USP monographs (Table 7-3).

Since the Peoria , lllino is, 18F-FDG NDA already exists, the poten tial next step for other
l'F-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 Radiop harmaceut icals with
Monographs in The United States Pharmacopeia

Ammonia N 13 Injection
Carbon Monox ide C it
Fludeoxyglucose F 1M Injection
Flumazenil C 11 Injection

Pluorodope F 18 Injection
Mespiperone C 11 Injec tion
Methionine C 11 Injection

Raclopr ide C 1I Injection

Sod ium Acetate C 11 Injection
Sodium Fluoride F 18 Injection

Water 0 IS Injection

ABBREVIATED NEW DRUG APPLICATIONS FOR PET DRUGS

An ANDA for submission to the COER 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 potent ially
lower-cost alternative. Bydefinition, a generic drug prod uct is comparable to an innovator
drug product in dosage form, streng th, quality, adminis tration rou te, performance char­
acteristics, and intended clin ical use. Generic drug app lications are termed "abbreviated"
because they are generally not requ ired to include precl inica l (anima l) and clinica l (human)
data to establish sa fety and effectiveness. Instead, ANDA applicants mus t scien tifically
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 gene ric drug to reach the bloodstream in healthy volu nteers. These studies
provide data on the rate of absorption, or bioavailability, of the generic drug, which can
the n be com pared with that of the innovator d rug. To be conside red bioeq uivalent, the
generic version must deliver the same amount of active ingred ients into the bloodstream
in the same amount of time as the innovator drug. Since radiopharmaceuticals are different
from other d ru g prod ucts, FDA has provided guidance documents rega rd ing the content
and format of NDAs and ANDAs for PET radiopharmaceutica l d rug p rod ucts.v -"

IND- NDA-ANDA REVI EW PROCESS FOR RADIOPHARMACEUTlCAlS

A team of FDA medical officers at COER initiates the extensive review p rocess 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 de scribed the pathway for FDA
review and approval of new radiopharmaceu ticals." The guidance, concepts, and principal
elements identified by these experts can be of great assistance to individu als charged with
the task of ga ining FDA clearance for production, clinical evaluation, and eventual mar­
ket ing of new or generic radiopharmaceutical products.

Radiopha rmaceuticals, whether intended for diagnostic imaging proced ures or ther­
apeu tic applications, differ significantly from other pharmaceu ticals used for therapeutic
in terventions. 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 pa rticular attention to the unique
aspects of radiopharmaceuticals.
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The IND-NDA review process gen erally has two parts, the nonclinical review and the
medical or clinical revie w. The nonclinical review includes assessment o f pharmacology
and toxicology, chemistry, and safety and efficacy biostatistics, whereas the clinical review
focuses on overall study safety, rights of human subjects, and qu ality 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 attemp t to relate drug effects in animals to po tential 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 abs orption, 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 indi vidual an ima l records or indiv idual study resu lts, usually satisfies this
requirement. Diagnostic radiopharmaceuticals seldom elicit a detectable pharmacologic
response, because only a trace mass of the rad iopharmaceutical is typ ically required . For
essentially the sam e reaso n, the toxicity of diagnos tic agents due to the radionuclide moiety
is seldom a significant concern; however, the po tential toxicity of a chemical moiety or
other chemical components must still be adequately addressed. Therefore, the customary
biodistribution and excretion stud ies 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 estima ting dosime try is to determ ine the
concentrati on of the rad iop harmaceutical in all major orga ns, tissues, and blood at selected
times subsequent to administrat ion of the radioactive d rug product to selected test animal
species. From the cumulativ e animal d ata, the organs receiving the highest rad iation
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 eva l­
uation process for therapeutic radiopharrna ceuticals is similar to that for conven tional
therapeutic d rugs designed to yield pharmaco logic effects . In addition to evaluation of
the pharmacokinetics and ph armacod ynami cs of the therapeutic radiopharmaceutical,
changes in vital signs, serum biochemi stry, hematogram, and renal functi on after therapy
must be documented . (A hematogram includes measurement of hemoglobin, hematocrit,
mean corpuscu lar volume, and mean corpuscu lar hemoglobin.) All adverse reactions,
regardless of degree of severity, must be evaluated, recorded, and repor ted. In the end, a
complete, integrated sum mary of the ph arm acologic and toxicologic effects of the d rug
must be provided for review.

Chemistry Review

Each FDA review d ivision emp loys a team of chemists responsible for reviewing the
chemistry, manufacturing, and control (CMC) sections of submitted INDs, NDAs, and
ANDAs. The chemistry reviewers conside r issues related to drug iden tity, manufacturing
controls, and analysis. The reviewing chemist evaluates the manufacturing and processing
procedures associated with each drug product to ma ke certain the dru g formulation is
adequately reprod ucible and stable. If the drug were either unstable or not rep roducible,
thevalidity of any clinical trial would be significantly undermined because the investigators

-
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wo uld not know precisely what chemical en tities were actually ad ministered to the hu man
subjects; mo re important, the study could pose significant risks to the subjects.

At the beginning of the CMC section, the drug spo nsor should state whether it believes
the chemistry of either the drug su bstance or the drug prod uct, or the manufa ctu ring of
either the d rug substance or the d rug prod uct, presents any indicators of po tential human
risk.'? If so, these ind icators should be completely d iscussed, with steps proposed to
monitor for the associated risks. In addition, sponsors should describe any chemistry and
manufacturi ng di fferences between the drug product proposed for clin ical use and the
drug product used in the animal toxicology trials that formed the bas is for the sponsor's
conclusion that it was safe to continue with the proposed clin ical study." Likewise, the
sponsor should describe how the known differences migh t affect the overall safety profile
of the drug product as formulated for clin ical trials. If there are no differences in the
products, th is 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
d ocumentation tha t sa tisfies this regulatory requirement is commonly referred to as the
CMC section of the lND application and is often a primary responsibility of a nuclear
p harmacist. The CMC section should include all relevant informa tion to show that the
drug product can be prep ared with sufficient purity and quali ty to be safe for admi nis­
tration to human subjects. The essential parts of a suitable CMC sect ion 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
subs tance, d rug prod uct, quality controls, and container and closure system for the final
drug product. The NDA will generally have the same documentation format as the INO
CMC section; however, there are differences regarding the level of detail required . For
example, the NDA requi res ad ditional emphasis on structure proofs and esta blishmen t of
purity profiles and quality controls for raw materials, starting materials, intermediates,
drug substance excip ien ts, and the finish ed drug product. More extensive sta bility data
m ust be provided, and the data must clearly support the assignment of a valid expira tion
date or time .

Biostatistics Review

Biostatisticians evaluate the potential statistical signi ficance of da ta to be collected under
an IND and compute the statistical relevance of da ta subm itted in an NDA. Thus, the
biostatistics reviewer takes full responsibili ty for the main tasks of evaluating the methods
used to conduct clinical studies and to analyze the acquired data . The overall purpose of
these statistica l evaluations is to provide the medical officers with enhanced information
about the power of the findings as they are ext rapolated to the larger patient populat ions.

21 CFR 314.126(a) indicates that the purpose of conducting clinical investigations ofa
drug is to distinguish the effect of a drug from other influences, such as sp ontane ous
change in the course of disease, placebo effect, or biased obse rva tion. Data submitted to
substantiate the safety and efficacy of a new radiopharmaceutical must und ergo valid
statistical analysis to help authenticate claims made and to confirm the degree to which
a hypothesis has been proved or disproved.P The elements of the required statistical
analysis are identified in 21 CFR 314.50(d)(5, 6). The requisite elements of a we ll-designed
protocol have also been identified and exp lained in a gu ida nce 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 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 certa in types of dru g data. Clinical review ers are held
responsible for fully eva luating the clinical sections of submissions, such as the overall
safetyof the clin ical protocols descr ibed in an IND and the clinical test results as submitted
in an NDA. In most d ivisions, clinical reviewers take the lead role in IND or NDA review
and are thus responsible for synthes izing the results of the animal toxicology, human
pharmacology, and clin ical reviews to formulate the overa ll basis for a recommended
agency action on the application:'"

Throughout the IND clin ical rev iew process, the rev iewer evaluates each clinical tria l
protocol to determine (1) if the research subjects will be protected from unwarranted risks
and (2) if the study design will provide data pe rtinent to the overall sa fety and effectiv eness
ofthe investigational drug product. Under federal regu lations, proposed Phase 1 studies
are evaluated almost exclusively for ove rall sa fety. 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 undu e risks." In eval uating
Phase 2 and Phase 3 investigations, however, clinical reviewers must also provid e assur­
ance that proposed studies are of sufficient scientific quality to be capable of yielding
significa nt data that can support final marketin g approval.

21 CFR 312.11 describes the customary fram ework ap plied to the clinical review of
each IND. FDA's pri ma ry 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 scien tific evaluation of drugs is adequate to permit an evaluation
of the drug's effectiveness and safety. In describ ing the design of the clinical trial inves­
tigational plan, the proposed indicat ion for use of the new radiop harmaceu tical should
be clearly stated, along with the methods to be used for ga thering the necessary data to
support the proposed clin ical use."

Phase 1

This opening phase of study includes the first introduction of the investigationa l new
drug into human subjects.?' The purpose of this ph ase is to validate sa fety of the new
drug or radiopharmaceutical product. Thes e early studies must de termine several key
radiopharmaceutical cha racterist ics, includ ing blood clearance ha lf-life, normal biologic
distribution , critical organ(s) (i.e., thos e receiv ing ma ximum radiopharmaceutical concen­
tration), routes of excretion, and op timal times for sampling and imaging. Add itiona l
requisites include de scrip tive information abou t the p lanned 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 d iagnostic rad iop harmaceuticals
areminima l in comparison wit h the d ifferences between these study phases for therapeutic
radiopharmaceut icals or drugs. Diagnostic rad iop harmaceutical safety evaluations require
less detailed pharmacologic toxicity assessm ents and hav e a primary focus of estab lishing
valid radiation absorbed dose es timates. Diagnostic efficacy can be established if use of
the radiopharmaceut ical con tributes to making effective dec isions about the presence,
absence, or extent of disease. Although the exact nature of the disease or abnormality ma y
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not be specified, the clinical utility of the diagnostic radiopharmaceu tical 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 rad iopharmaceutical bio­
distribution is altered by d isease, as defined by imaging studi es, in vi vo uptake studies,
and in vitro tests helps to valid ate efficacy of the agent. Each phase of the study may
require fewer res earch subjects to satisfy the statistical de terminant s set for each study.
Depending on the clarity of res ponse, as few as 20 to 60 subjects may suffice for Phase 2
protocols an d 200 to 300 for Phase 3 studies, in contrast to the m uch larger numbers of
subjects often needed for therapeutic d rug evaluations . In diagnostic radiop harmaceutical
clinical trials the time require d 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 critical
requirements for Phase 3 evaluations is the performance of studies under a common
protocol by at least two separate and independen t institu tional sites and investigators."
The separate studies valid ate the ability to replicate the safe ty and efficacy determinants
of the new agent with the particular dosage form and for the proposed in dication." 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 .w"

NDA SUBMISSIONS

Although nuclear pharmacists and other nuclear med icine professionals rarely become
involved in the process of gaining FDA marketing approval for d iagnostic and the rapeutic
radiopharmaceu ticals, it is still useful for these individ ua ls to know the NDA submission
process as defined by drug law. 21 CFR 314.50 outlines the eleme nts need ed to meet the
legal requirements for NDA approval to market a new radiopharmaceutical. As indicated
previously, the submitted applica tion collates and summarizes all of the nonclinical and
clinical data der ived to va lidate the safety an d efficacy of the ne w 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
pharmacokinetics and bioavailability, and clini cal data, including the results of statistical
analysis of the clin ica l tri al s, plus a concluding discussion that p resen ts the benefit and
risk considerations related to use of the drug. The fina l d istillat ion of information that
must accompany the NDA during the review and approval process is the label or package
insert. The package insert, as sp ecifi ed in 21 CFR 201.50, 201.56, an d 201.57, p rovidesa
summary of the essential scientific information needed for the sa fe an d effectiv e use of
the drug product. This labeling information must be both accurate and informative and
cannot be promotional, misleading, or false. Information included in the package insert
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 uses,
(2) dosage an d administration, and (3) warn ings and adverse reac tions documented during
the clinic al tria ls. There are additional consid erat ions regard ing th e evaluation, summa­
rization, and presentatio n of completed studies in the NDA, along with several modifica­
tions that are appropriate for therapeu tic radi opharrnaceu ticals."

Every IND, N DA, or ANDA submission is a d istinct ive document because of the
unique physica l and chemical properties associated wi th each diagnostic or therapeutic
radiopharmaceutical product and th e variation in th e facilitie s used and personnel
employed for their production . This chapter and its referenced sources will be useful to
individuals who take respons ib ility for preparing and maintaining the various regulatory
applications. To optimize the challenging process of gain ing radiopharmaceutical drug
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product approvals, FDA, the nuclear med icine 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 de velopment process, it is often best to
contact FDA to obtain answers or iden tify a mea os of resolving problems in the marketin g
approval process. Recent experience has shown that improved com municatio n can help
decrease the time required to review and bring new radiopharmaceutica ls 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, Pro fessional, and
Consumer Affairs Branch (HFN-365), 5600 Fisher's Lane, Rockvill e, MD 20857. Multipl e
resources and the required forms are also available online. 35- 37,,19,.lO,.l6

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 ade quate 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-eommercial reactors for generating electric
powerand nonpower reactors used for research, testing, and training, (2) materials-uses
of nuclear materials in medical, industrial, and academ ic settings and facilities that pro­
duce nuclear fuel, and (3) was te-transportation, storage, and disposal of nuclea r materials
and was te, and decomm issioning of nuclear facilities from service . N RC 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 radiopharmaceuti cals and the related implications for nuclear pharmacy and nuclear
medicine practice.

All NRC regu lations are pu blished in the Federal Register (FR) and codified in 10 CFR
Chapter 1. The spec ific NRC regulations per taining to the med ical use of byproduct
materials are also identi fied in NRC Regulatory Guide 10.813 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 d irectly affect nuclear pharmacy and nuclear
medicine practice are found in 10 CFR 35 (Medical Use of Byproduct Ma ter ial), 10 CFR
20 (Standards for Pro tection Aga inst Radia tion), 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 par t; however, those regu lations are primarily
administrative and do no t directly affect rou tine practice activities. Important issues

TABLE 7-4 Nuclear Regulatory Commission Rules Pertaining to Medical Use of Byproduct Materials

10CPR Part 19
10 CFR Part 20
10CFR Part 21
10CFR Part 30

10CFR Part 35
10eFR Part 71
10 CFR Par t 170

10 CFR Part 171

Notice, Instructions, and Reports to Workers; Inspection s and Investigations
Stand ards for Pro tection Ag ainst Rad iation
Reporting of Defects and Noncomp liance
Rules of General Appli cability to Domest ic Licens ing of Byprod uct Material
Medical Use of Byproduct Material
Packaging and Transportation of Radioactive Material
Pees for Facili ties, Materials, Impo rt and Export Licenses, and Other Regu latory Ser vices
Und er the Ato mic Energy Act of 1954, as Amen ded
Annual Fees for Reactor Lice nses and Fuel Cycle Licenses and Mate rials Licenses, Includ ing
Holde rs of Certificates of Compliance, Regis trations, and Quality Ass urance Program
Approvals and Gove rnment Agencies Licensed by the N RC
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related to 10 CFR 20 and 10 CFR 71 are addressed in Chapters 4 an d 5 of this book, so
the following discussion will focus on sections of 10 CFR 35 in an effort to cha racte rize
the regulatory relationsh ip between NRC and the p ractice of nuclear pharmacy and
nucl ear med icine.

MEDICAL USE OF BYPRODUCT MATERIAL

Historically, the regu lations contained in 10 CFR 35 have set forth requirements and
provisions for the medical usc of byproduct material, the issuance of spe cific licenses
authorizing the medical use of this material, and the radiat ion safety of workers, the
general public, patients, and human research subjects. The requirements and provisions
of Part 35 are in addition to, and no t a substitution for, others in 10 CFR. Unless specifically
exempted, Par ts 19,20,21,30,71 ,170, and 171 of 10 CFR apply to app licants 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 ph armacy operates and wi th federal, state, and institutional rules regu lating
radiation and radiopharmaceuticals.

A rev ision of 10 CFR 35 was published in the Federal Register (67 FR 20249) on April
24, 2002, and became effective on October 24, 2002.53 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 regu latory requirements pertinent to most
nuclear ph arma cy practice settings . (In the following discussion of those requirements,
" this chapter" means 10 CFR Chapter 1.) For some practice settings, the regu latory require­
ments may not be adequately addressed here . The complete Par t 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 mater ial and for issuance of specific licenses
authorizing medical use of this material. These requirements and prov isions provide for
the radiat ion 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 nucl ear pharmacy and nucl ear medicine follow.

An authorized medical physicist (AMP) is an ind ividua l wh o (1) meets the requirements
in §§35.51(a) and 35.59; or (2) is identified as an AMP or teleth erapy physic ist 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 permi t issued by an N RC or agreement state broad
scop e medical use licensee, or a permit issued by an NRC master materia l license broad
scope medical use per mittee .

An authorized Il l/clear pharmacist (ANI') is a pharmacist who (1) meets the requirements
in §§35.55(a) and 35.59; or (2) is identified as an ANI' on a specific license issued by NRC
or an agreem ent state that autho rizes medical use or the practice of nuclea r pharmacy, a
permit issued by an NRC master material licensee tha t au thorizes medical use or the
practice of nuclear pharmacy, a permit issued by an NRC or agreemen t sta te broad scope
medical use licensee that author izes medical use or the practice of nu clear pharmacy, or
a permit issued by an NRC master material license broad scope medica l use perm ittee
that au thor izes medical use or the practice of nuclear pharmacy; or (3) is identified as an
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ANP by a commercial nuclear pharmacy tha t has been authorized to identify AN I's; or
(4) is designated as an ANI' in accordance with §32.72(b)(4).

An authorized lIser (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 sta te license that
authorizes the medical use of byproduct mater ial, 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 pe rmit the med ical use of byp roduct ma terial, or a permit issu ed by an NRC
master material license broad scope permittee that is authorized to permit the medical
useof byprod uct materi al.

A dedicated check SOllrce is a rad ioact ive source tha t is used to ensure the cons tant
operation of a radiation de tection or measurement device over severa l months or years.

A medical eucnt is an event that meets the criteria in §35.3045(a), which states that a
licensee must report any event, except for an eve nt that results from patient intervention,
in which the administration of byprodu ct ma terial or radiation from byprod uct 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) effect ive dose equivalent, 0.5 Sv
(50 rem) to an organ or tissue, or 0.5 Sv (50 rem) shall ow dose equ ivalent to the skin, and
the total dos e 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 orga n or tissue, or 0.5 Sv (50 rem) sha llow dose equ ivalent
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 adm inistration, adm inistration of a dose or dosage to the
wrong ind ividual or human research subject, administration of a dose or dosage de livered
by the wrong mode of treatment, or a leaking sealed source; (3) a d ose 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 administra tion defined in the
written directive (exclud ing, for perma nent implan ts, seeds that were implanted in the
correct site bu t migrated outside the treatment site).

Medical lise is the intentional inte rnal or external ad minis tration of byproduct ma terial
or the radiation from byproduct material to patients or human research subjects under
the supervisi on of an au thorized user.

A pharmacist is an ind ividual licensed by a state or territory of the United States, the
District of Columbia, or the Commonwealth of Puerto Rico to practice pharmacy.

A physiciall is a medical doctor or doc tor of osteopathy licensed by a state or territory
of the United States, the District of Columbia, or the Comm onwealth 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 wri tten directive or (2) in accordance with the directions
of the authorized user for proced ures performed pursuant to §§35.100 (use of unsealed
byproduct material for uptake, dilution, and excretion stud ies for which a written directive
is not required) and 35.200 (use of unsealed byproduct mater ial for imaging and localiza ­
tion studies for whi ch a written directive is not required ). According to this defini tion , the
term prescribed dosage is reserved for ind icating the amount of radioactivity (e.g., IlCi or
mCi) to be ad ministered. Thu s, the term prescribed dosage is d istinct from the term
"prescribed dose," which refers to the radiation absorbed dose to be administered .
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A prescribed dose is (J) for gamma stereotactic rad iosurgery, 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 di rective; (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 th is def inition, the term prescribed dose
is reserved for indicating the rad iation absorbed dose to be administe red. Thus, the term
prescribed dose is distinct from the term "prescribed dosage," which refers to the activity
amount of radiopharmaceutical to be ad ministered.

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 pe rmit issued by an NRC master
material licensee.

A scaled sOllrce 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 ma terial (e.g., a radi opharma­
ceut ical) that is intended to de liver a radia tion dose to a pat ient or human research subject
for palliative or curative treatment.

A therapeutic dose is a radiation dose delivered from a so urce conta ining byp roduct
material to a patient or human research subject for palliative or curative treatment.

A 1mit 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 ini tially prepared.

A written directive is an authorized user's written order for the admi nistration of
byp rod uct material or radiation from byproduct material to a specific pa tient or human
resea rch subject, as specified in §35.40.

Part 35.5 specifies requirements for maintaining applicable records. The records required
by this par t must be kept in a readily retrievable, legible form throughout the reten tion
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 info rmation 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 protectionofhuman research subjects an d therefore
is an imm ensely important set of regulations for licensees invo lved, directly or indirectly,
in human research involving radioactive drug products. Consequently, even the nuclear
pha rmacy licensee that participates only indirectly in such studies by providing radio­
pharmaceutical service must be aware of the regulatory requ irements for protecting
human subjects. A licensee may conduct research involving human subjec ts 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 regu lated
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 condu cted, funded, supported, or regulated by another federal agency tha t 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 cond ucting research, (1)
obtain review and approval of the research from an IRB, as defined an d described in the
Federal Policy; and (2) obtain informed consent, as defined and described in the Federal
Policy, from the human research subject. Not hing in this section relieves licensees from
complying with the other requirements in this par t.

Part 35.11 specifies that a person shall 1101 manujacture, produce, acquire, receive, passess,
lise01' Imllsfer byproduct material for medical use except in accordance with a sp ecific
license issued by NRC or an agreement state tha t authorizes such activi ties . This licensure
requirement is clearl y reflected in the procurement practice guidelines that obligate nuclear
pharmacists to act with proper au thority (i.e., und er a valid radioactive mater ials license)
to purchase radi oactive material. A sp ecific license is not needed for an ind ivid ual who
(1) receives, possesses, uses, or transfers byproduct material in accordance wi th the reg­
ulations in this chapter under the supervision of an AU as provided in §35.27, unless
prohibited by license cond ition; or (2) prepares unsealed byproduct material for medical
use in accordance with the regu lations in this chapter un der the supervision of an ANP
or AU as provid ed in §35.27, unless prohibited by licens e condition .

The requirements for license application, amendment, or renetoal relative to nuclear med ­
icineare specified in §35.12.The applicant or licensee's management must sign each license
application. An application for a license for medical use of byprod uct material as described
in §35.l00 (use of unse aled byp roduct mater ial for uptake, dilution, and excretion studies
for which a written directive is not required) , §35.200 (use of unsealed byproduct ma ter ial
for imaging and localization stud ies for which a wri tten di rective is not requ ired), or
§35.300 (use of unsealed byproduct material for which a written directive is required)
mustbe made by filing an origina l and one copy of NRC Form 313,Ap plica tion for Material
License, that includes the facility diagram, equipment, and training and expe rience qual­
ifications of the RSO, AU(s), ANP(s), and AMP(s) if any. Requests for a license amendment
or renewal mu st 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 inform ation 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 ap ply for a Type A specific license of
broad scope.

License amendments are addressed further in §3S.13: A licensee must apply for and
receive an approved license amendment (a) before it receives, prepares, or uses byproduct
material for a typ e of use that is permitted un der this pa rt, but that is not authorized on
the licensee' s current license issued under this pa rt; 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 wh o meet the training require­
ments specified in §§35.190(a) for uptake, dil ution, and excretion studies, 35.290(a) for
imaging and localization studies, 3S.390(a) for use of unsealed byproduct material for
which a written directive is required, 3S.392(a) for the oral ad ministration of nIl-sod ium
iodide requiring a written directive in quanti ties not exceeding 1.22 GBq (33 mCi), and
35.394(a) for the oral ad ministra tion of 13' I-sod ium iod ide requiring a written d irective 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 mu st adequately
address all of the NRC training requ irements, and the board certification must be recog­
nized by NRC or an agree ment state. An exception may also be made for ANPs who meet
the training requirements specified in §35.5S(a) or 3S.980(a) and 3S.59. Likew ise, exceptions
may be made for AMPs who meet the training requirements specified in §§3S.51(a) or
35.961(a) or (b) and 3S.59. Fina lly, excep tions 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 autho rizes the use of byproduct
ma terial in medical use or in the practice of nuclear pharmacy; on a permit issued by NRC
or an agreem ent state specific license of broad scope that is authorized to permit the use
of byproduct materi al in medical use or in the practice of nuclear pharmacy; on a permit
issued by an NRC master mater ial licensee that is author ized to perm it 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 au thorized to identify ANI's.

According to §35.13(c), the licensee mu st apply for and receive a license amendment
before it changes RSOs, excep t 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
fun ctions under the prescribed conditions for up to 60 da ys each year, provided the NRC
is properly notified in acco rdance with §35.14(b).ln accordance with 35.13(d), the licensee
must apply for and receive a license amendment before it receives byp roduct material in
excess of the amount or in a different form, or receives a di fferent radionuclide, than is
au thorized on the license. Further, in accordance with §35.13(e), a licensee mu st app ly 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 wh ere byproduct material is
used onl y in accordance with eith er §§35.100 (uptake, dilution, and excretion studies) or
35.200 (imaging and localization stud ies). Finally, §35.13(f) requires licensees to apply for
and receive a license am endmen t prior to changing the ad dressees) of use iden tified in
the application or on the radioacti ve materials license.

Licensees are obligated under §35.14 to provide several types of timely notification to
NR C. Part 35.14(a) requ ires the licensee to provide a copy of the board certification, the
NRC or agreement state license, the permit issued by an NRC master mater ial 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, ANI', or AMP under §35.13 (b)(1) through (b)(4). Additiona lly, in accordance with
§35.14(b), the licensee must notify NRC by letter no later than 30 da ys after (1) an AU,
ANI', RSO, or AMP permanently discontinues pe rformance of duties under the license or
has a name change; (2) the licensee's ma iling ad dress changes; (3) the licensee's name
cha nges bu t the name change does no t constitute a transfer of contro l of the license as
de scribed 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 materi al is used in accordance with
either §§35.100 (uptake, dil ution, and excretion studies) or 35.200 (imaging and localization
stud ies).

General Administrative Require ments

The general administrative requ irements associated with properly managing a radioactive
materials license in comp liance with app licable 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 mu st mainta in.
These radiat ion protection program requirem ents are in add ition 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 individ ual to work as an AU, ANP, or AMP; and (3) radiation
protection program changes that do not require a licens e amend ment and are permitted
under §35.26 (radiation pro tection program changes).
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Pursuant to §35.24(b), a licensee's management must appoint an RSO who agrees in
writingto be responsible for implementin g the rad iation protection p rogram . The licensee,
through the RSO, must ensure that radiation safety activities are being performed in
accordance with licensee -app rove d proced ures and regulatory requirements. As men­
tioned earlier, §35.24(c) allows the licensee to permit a qualified ind ividual to serve as a
temporary RSO and to perform the associated funct ions under the p rescribed conditions
forup to 60 days each year, provided the NRC is properly notified . This arrangement can
be extended under §35.24(d) to the simultaneous appointment of more tha n one temporary
RSO if needed to ensure that the licensee satisfies the requirements for each of the differen t
types of uses of byproduct material permitted by the license. The licensee must establish
the authority, dut ies, and resp onsibilities of the RSO in writing as req uired by §35.24(e).

In accordance with §35.24(f), licensees authorized for two or more different types of
uses of byproduct material und er Subpart E (Unsealed Byprod uct Material- Written
Directive Required ) mus t establish a radiation safety committee (RSC) to ove rsee all uses of
byproduct mate rial permitted by the license . The RSC must include an AU for each type
of use permitted , the RSO, a representative of the nu rsing service, and a representative of
management who is neither an AU nor an RSO. The RSC may include other members the
licensee considers ap propriate, such as an ANI'. The RSO, according to §35.24(g), must be
provided sufficien t au thority, orga nizational freedo m, time, resources, and management
prerogative to (1) identify rad iation safety problems; (2) initi ate, recommend, or provide
corrective actions; (3) sto p unsafe operations; and (4) verify implementation of correct ive
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 supennsiott of individuals involved
inthe medical use of licensed mate rials. As stipulated in §35.27(a), a licensee that pe rmits
the receipt, possession, use , or transfer of byproduct material by an ind ividua l under the
supervision of an AU, as allowed by §35.11(b)(l), must (1) in addition to the requirements
in§19.12, instruct the supervised individua l in the licensee's written radiation protection
procedu res, written d irective procedures, regulations of this chapter, and license condi­
tions with respect to the use of byprod uct material; and (2) require the supervised indi­
vidual to follow the instructions of the supervising AU, written radiation protection
procedures estab lishe d by the licensee, written directive procedures, regulations of this
chapter, and license conditions with respect to the medical use of byproduct material.
Likewise, accord ing to §35.27(b), a licensee that permits the p reparation of byproduct
material for med ical usc by an indi vidual under the supervision of an ANP or physician
who is an AU, as allowed by §35.11(b)(2), must (1) in ad dition to the requirements in
§19.12, instruct the supervised individual in the prepa ration of byproduct mate rial for
medical use, as appropriate to that individual's invo lvement with byproduct material;
and (2) require the su pervised individua l to follow the instructions of the supervising AU
orANI' regarding the preparation of byproduct material for medi cal use, written radiation
protection procedures established by the licensee, the regulations of this chapter, and
license cond itions. §35.27(c) stipulates that the licensee that permits su pervised activities
under (a) and (b) is responsible for the acts and omissions of the supervised individual.

AUs mus t write orde rs for the administration of byp roduct material or radiation from
byproduct ma terial to a specific patient or human research subject in the form of a written
directive. In many ways these directives are analogou s to the written prescription required
in the customa ry practice of medicine and pharmacy. Accord ing to §35.40(a), a written
directive mu st be dated and signed by an AU prior to the administra tion of 13I1-sodium
iodide in amoun ts grea ter than 1.11 MBq (30 llCi), any therapeuti c dosage of unsealed
byprod uct mater ial, or any the rapeutic dose of radiation from byproduct mate rial. If,
because of the emergent nature of the pa tient's condition, a de lay for the purpose of
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providi ng a written directive would jeopardize the patient's health, an oral directive is
acceptable. The info rmation con tained in the oral directive must be documented as soon
as possible in writing in the patient's record. A written directive m ust be prepared within
48 hours of the oral directive . Additionally, according to §35.40(b), the written directive
for a radioph armaceutical must contain the patient or human research subject's name and
the following information: (1) for any administration of quantities greater than 1.11 MBq
(30 ~Ci) of l3l1-sodium iodide, the dosage; and (2) for administration of a therapeutic
dosage of unsealed byproduct material other tha n 131f-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 wri tten 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 m ust be documented as soon as possible in the patient's record . The AU
must sign a rev ised written directive within 48 hours of the oral revision. As is customary
w ith written prescriptions, the licensee must retain a copy of the written direct ive in
accordance with §35 .2040.

§35.41(a ) requires tha t 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 patien t's or human research subject's
identity is verified before each administration; and (2) each administration is in accordance
with the wr itten directive. At a min imum, these required procedures must add ress the
following items that a re applicable to the licensee's use of byproduct material: (1) verifying
the iden ti ty of the patient or human research subject; (2) verifying that the administration
is in accordance with the treatment plan, if applicable, and the written d irective; and (3)
checking both manual and computer-generated dose calculations. Finally, as is customary
in medical and pharmacy practice, the licensee must retain a copy of the procedures
required under paragraph (a), in accordance with §35.2041.

RS O training requirements, as delineated in §35.50, are importan t to consider, since
nuclear pharmacists and nuclear medicine physicians may bear responsibility for these
associa ted duties. Excep t as provided in §35.57, the licensee must require an ind ividual
fu lfilling the responsibilities of the RSO as provided in §35.24 to be an ind ivid ual who (a)
is cert ified by a specialty board whose certification process incl udes all of the requi rements
in (b ) and whose certif ication has been recogn ized by NRC or an agreement state; or (b)(l)
has completed a structured educational program consisting of both 200 hours of di dactic
training in the following areas: radiation physics and instrumentation, radiation protec­
tion, mathematics pertaining to the use and measurement of radioact ivity, radiation biol­
ogy, and radiation dosimetry; and 1 year of full -time radiation safety experience under
the supervision of the individual identified as the RSO on an NRC or agreement state
license or permit issued by an NRC master material licensee th at au thorizes similar types
of u ses of byproduct material involving the following: shipping, rece iving, and performing
related radiation surveys; using and performing checks for proper operation of instru­
ments used to determine the activity of dosages, survey meters, and instruments used to
measure radionuclides; securing and controlling byproduct material; using administrative
controls to avoid mistakes in the administration of byproduct mate rial; using procedures
to prevent or minimize radioactive contamination and using proper decontamination
procedures; using emergency procedures to control byproduct material; and dispo sing of
byproduct material; and (2) has obtained written certificati on, sig ned by a preceptor RSO,
th at the individual has satisfactorily completed the requirements in (b)( l) and has achieved
a level of radiation sa fety knowledge sufficient to function independen tly as RSO for a
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medical use licen see; or (c) is an AU, ANI', or AMP identified on the licensee's license and
has experience w ith the radia tion safety aspects of types of use of byproduct material for
which the ind ividual has RSO responsibilities.

The AMP troining' reouireincnts, as delineated in §35.51, may be important to consider.
Except as provided in §35.57, the licensee must require the AMP to be an individ ua l who
(a) is certified by a specialty board whose cer tification process includes all of the tra in ing
and experience requirements in (b) and whose certification has been recognized by NRC
or an agreeme nt state; or (b)(1) holds a master's or doctor 's degree in physics, biophysics,
radiologic physics, med ical physics, or heal th physics and has completed 1 year of full­
time training in therapeutic rad iolog ic phys ics and an additional ye ar of full-time w ork
experience under the supervision of an AMP at a medical institution that includes the
tasks listed in §§35.67, 35.433, 35.632, 35.633, 35.635, 35.642, 35.643, 35.645, an d 35.652, as
applicable; and (2) has ob tain ed written certification that the individual has satisfac tori ly
completed the requirements in (b)(1) and has achieved a level of compe tency sufficient to
function independently as an AMP for each type of therapeu tic medical un it for which the
individual is requesting AMP status. A preceptor AMP who meets the requirements in §35.51
or equivalent agreement state requirements must sign the written certification for an AMP
foreach type of therapeutic medical unit for which the individual is requesting AMP status.

The ANI' training' requirements, as delineated in §35.55, are .of obvious importance to
nuclear pharmacists and nuclear pharmacy operations in any practice setting. Except as
provided in §35.57, the licensee must require the ANI' to be a pharmacist who (a) is
certified as a nuclear pharmacist by a specialty board w hose certification process incl udes
all of the requiremen ts in (b) and whose cer tification has been recognized by NRC or an
agreement sta te; o r (b)(l) has completed 700 hours in a structu red educational program
consisting of both didactic training in the following areas: radiation physics and instru­
mentation, radiation protection , mathematics pertaining to the use and measurement of
radioactivity, chemistry of byproduct ma terial for med ical use, and rad iation biology; and
supervised practical experience in a nuclear pharmacy involving shipping, receiving, and
performing related ra di ation surveys; using rind performing checks for proper ope ration
of instruments used to determine the activity of dosages, survey me ters, and, if appropri­
ate, instruments used to measure alpha- or beta-emitt ing radionuclides; calc ulat ing, assay­
ing, and safely preparing dosages for patients or human research subjects; using admin ­
istrative controls to avoid medical events in the administration of byproduct materia l; and
using procedures to prevent or minimize radioactive contamination and using proper
decontamina tion procedures; and (2) has obtained written certification, signed by a pre­
ceptor AN I', that the individual has satisfactorily completed the requirements in (b)(1) and
has achieved a level of competency sufficient to function independently as an ANI'.

§35.57 addresses exceptions 10 the traillil/g requirements for experienced RSOs, medical
physicists, AUs, and nu clear pha rmacists. According to §35.57(a), an individ ual identified
as an RSO, medical physic ist, or nuclear pharmacist on an NRC or agreement state license
ora permit issued by an N RC or agreement state broad scope licensee or master ma terial
license permit or by a mas ter material licen se permittee of broad scope before October 24,
2002, need not comply with the training requirem ents of §§35.50, 35.51, or 35.55, respec­
tively. Additionally, acco rd ing to §35.57(b), physicians, dentists, or podiatrists identi fied
as AUs for the med ical use of byproduct material on a license issued by NRC or an
agreement sta te, a permit issued by an NRC master material licensee, a permit issued by
an NRC or agreement sta te broad scope licensee, or a permit issued by an NRC master
material license broad scope permittee before October 24, 2002, who perform only those
medical uses for which they were authorized on that date need not comply with the
training requirements of Subparts 0 through H of th is part.
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The issue of the recenmess of professional trail1 illg often surfaces in regard to the medica
use of byprod uct materials. §35.59 states that the trai ning and experience specified it
Subparts B, D, E, F,G, H, and J mu st have been obtained within the 7 years preceding tlu
da te of application or the individual must have had related continuing ed ucation aru

experience since the required training and experience was completed.

General Technical Requirements

Because of the importance of safety in the medical use of radioactive materials, numerou
technical requirements must be sa tisfied to remain in regulatory compliance. Part 35.61
addresses the possession, lise, mid calibration of instruments used to measure the activity 0

unsealed byproduct material. For direct measurements performed in accordance witt
§35.63, a licensee mus t pos sess and use ins trumenta tion to measure the activity of unsealec
byproduct material before it is ad ministered to each patien t or human research subject
Additionally, the licensee must calibrate the required instrumentation in accordance witr
nationally recognized standards or the manufacturer's instructions. Fina lly, the license,
must retain a record of each required instrument calibration in accordance wi th §35.2060

Rudiation Slmley instruments are used for a number of purposes in comply ing witt
regulations for the use of radioactive materials. Part 35.61 deals with the calibration 01

such survey instruments. The licensee must calibrate the survey instruments used to show
compliance wit h this part and 10CFR Part 20 (Standards for Protection Against Radia tion]
before first use, annually, and after a repair that affects the calibration. The licensee musl
(1) calibrate all scales with readings up to 10 mSv (1000 mrem) per hour with a radia tion
source; (2) calibrate two separate readings on each scale or decade that will be used tc
show compliance; and (3) conspicuous ly note on the instrument the date of calibration
A licensee may not use survey instruments if the di fference between the indicated exposure
rate and the calculated exposure rate is more than 20%. The licensee must retain a record
of each survey instrument calibration in accordance with §35.2061.

According to §35.63, licensees must make an accurate determination of the dosages oJ
unsealed byprodl/ct ntateriai for medical use. Thus, the licensee must determine and record
the activity of each dosage before release for medical use. For a unit dosage, this deter­
mination mus t be ma de by (1) direct meas urement of rad ioactivity; or (2) a deca y correc­
tion, based on the activity or activity concentration de termined by a manufacturer or
preparer (e.g., nuclear pharmacy) licensed under §32.72 or equivalent agreement state
requirements, or by an NRC or agreement state licensee for use in research in accordance
with a radioactive drug research commi ttee (RDRC) approved protocol or an inves tiga­
tional new drug (IND) protocol accep ted by FDA. For other than unit dosages, this
determ ina tion must be ma de by (1) direct measureme nt of radi oactivity; (2) combination
of measurement of radioactivity and mathematical calcula tions; or (3) combination of
volumetric measurements and mathematical calculations, based on the measurement
made by a manufacturer or preparer licensed under §32.72 of this chapter or equivalent
agreement state requirements. It is important to note that unless otherwise d irected by
the AU, the licensee may no t use a do sage if the dosage does not fall with in the prescribed
dosage range or if the dosage differ s from the prescribed dosage by more than 20%. Once
aga in, the licensee must retai n a record of the dosage determination required by this section
in accordance with §35.2063.

Part 35.65 provides authorization for certain calibration, trcnsmissiou, and reference
SOl/rccs needed to ensure the safe medical use of byproduct materials. Any person autho­
rized by §35.11 for medical use of byproduct material may receive, possess, and use any
of the following byproduct materials for check, calibration, transmission, and reference use:
(a) sealed sources, not exceeding 1.11 GBq (30 mCi) each, manufactured and distributed by
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aperson licensed under §32.74 of this cha pter or equivalent agreement sta te regulations;
(b) sealed sources, not exceed ing 1.11 GBq (30 mCi) each, red istributed by a licensee
authorized to red istribute the sealed sources manufactured and distributed by a pe rson
licensed under §32.74 of this chapter, provided the redistrib uted sealed sources are in the
original packagin g and shielding and are accompanied by the manufactu rer 's ap proved
instructions; (c) any byproduct material with a half-life not longer than 120 days in
individual amo unts not to exceed 0.56 GBq (15 mCi); (d) any byproduct mater ial with a
half-life longer than 120 days in ind ividual amoun ts no t to exceed the sma ller of 7.4 MBq
(200 ~Ci) or 1000 times the quantities in Appendix B of 10 CFR Part 30 (Rules of General
Applicability to Domestic Licensi ng of Byproduct Material); or (e) 'l'JmTc in amounts as
needed.

Sealed sources are rou tinely used in nuclear pharmacy and nuclear medicine practice,
and brachytherapy sources mayan rare occasions be in the possession of a nuclear
pharmacy licensee . According to §35.67, certain requirements concerning the possession
ofsealed sources and brachytherapy sources must be satisfied. A licensee in possession
ofany sealed source or brachytherapy source mu st follow the radiat ion safety an d han­
dlinginstructions sup plied by the manu facturer.A licensee in posses sion of a sealed source
must (1) test the source for leakage before its first use unless the licensee has a certificate
from the supp lier indicating that the source was tested wi th in 6 months before transfer
to the licensee; an d (2) test the source for leakage at interv als not to exceed 6 months or
atother interva ls ap proved by NRC or an agreement state in the Scaled Source and Device
Registry. Tosatisfy the leak test requirements, the licensee mu st measure leak test samples
ina manner tha t will allow for de tecting the presence of 185 Bq (0.005 IlCi) of radioactive
material in the sample. The licensee mus t reta in leak test records in accordance with
§35.2067(a) for a period of 3 years . Additional requirements come into play if the leak test
reveals the presence of 185 Bq (0.005 ~Ci) or more of removable con tam ination . If this
occurs, the licensee mu st (1) immediately wi thd raw the sea led source from use and store,
dispose, or cause it to be repaired in accorda nce with the requirements in 10 CFR Parts
20 and 30; and (2) file a report within 5 days of the leak test in accord ance with §35.3067.
The licensee does not need to perform a leak test on (1) sources con taining only byp rod uct
material with a ha lf-life of less than 30 days; (2) sources con taining only byprod uct ma terial
as a gas; (3) sources containing 3.7 MBq (100 ~Ci) or less of beta- or gamma-emitting
material or 0.37 MBq (10 ~Ci ) or less of alpha-emitting ma terial; (4) seeds of 1921r encased
in nylon ribbon; and (5) sources stored and not being used. However, the licensee must
test each such source for leakage before any use or transfer unless it has been leak tested
within6 months before the da te of use or transfer. Licensees in possession of sealed sources
orbrachytherapy sources, except for gamma stereotactic radiosurgery sources, must con­
duct a semiannual physical inventory of all such sources in their possession. Finally,
licensees must retain each inventory record in accordance wi th §35.2067(b) for a period
of3 years.

The proper labelilIg of radioactive mutcrials is key to their safe handling and appropriate
use. According to §35.69, each syringe an d via l that contains unsealed byprod uct material
must be labeled appropriately to adequately identify the radi oactive dru g. Each syringe
shield and vial shield must also be labe led un less the label on the syringe or vial is visible
when shielded. This issue is also dealt with in §32.72(a)(4)(ii); accordingly, the licensee
must affix a label to each syringe, vial, or other container used to hold a radioactive d rug
that is to be transferred for commercial d istr ibution . The label must include the radiation
symbol and the words "Caution, Radioactive Material" or "Danger, Radioactive Material"
and an identifier that ensures that the syringe, vial, or other container can be correla ted with
the information on the transport radiation shield label. Beyond this, nuclear pharmacy ser­
vices label radioactive drugs with the standard elements of required prescription labeling.
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Surveys of ambient radialia" exposure rates are required according to §35.70, and this
requirement is in addi tion to the surveys required by 10 CFR Part 20. The licensee must
survey with a radiation detectio n survey instrument at the end of each day of use all areas
where unsealed byprod uct material requiring a w ritten direct ive were prepared for use
or administered. However, the licensee does not need to perform such surveys in areas
where patients or human research subjects are con fined when they canno t be released
under §35.75. The licensee mu st retain a record of each survey in accordance with §35.2070
for a period of 3 years.

A revised §35.75 was publishe d in the Federa! Register (62 FR 4120) on January 29, 1997,
and became effective on May 29, 1997. This revision delineates the criteria for release of
individuals conta ining unsealed byproduct materi al or implants containing byproduct
material. The licens ee may authorize the release of any individual from its control who
has been administered unsealed byproduct material or impl ants containing byproduct
material if the total effect ive dose equivalent (TEDE) to any other individu al from exposure
to the released individual is no t likely to exceed 5 mSv (0.5 rem). The required methods
for calculating such doses to other individuals and tables of activities not likely to cause
doses exceeding this imposed limit can be found in NUREG-1556, Vol. 9 (draft). If the
requ irements for release are satis fied, the licensee mu st provide the released individual,
or the individual's paren t or guardian, with instructions, includ ing written instructions,
on actions recommended to maintain radia tion doses to other individuals as low as
reasonably achievab le if the TEDE to any other individual is likely to exceed 1 mSv (0.1
rem). If the TEDE to a nursing infant or child could exceed 1 mSv (0.1 rem) assuming
there were no interruption of breast-feeding, the instructions must also include (I) guid­
ance on the interruption or discontinuation of breas t-feeding and (2) information on the
potential consequences, if an y, of failure to follow the guidance. To be fully compliant, the
licensee must maintain a record of the basis for au thorizin g the release of an individual
in accordance with §35.2075(a) and the instructi ons provided to a breast-feedin g female
in accordance with §35.2075(b). These records must be maintained for a period of 3 years
after the date of release of each individual.

In some practice settings licensees may be involved in the provision of regiona/mobile
medical services. A licensee involved in providing such services must satisfy the conditions
set forth in §35.80. The licensee must (1) obtain a letter signed by the management of each
client for which services are rendered that permits the use of byproduct material at the
client's address and clearly delineates the authority and responsibility of the licensee and
the client; (2) check inst ruments used to measu re the activity of unsealed byproduct
material for proper function before med ical use at each client's address or on each day of
use, whichever is more frequent; at a minimum, the check for proper function must include
a constancy check; (3) check su rvey instruments for proper operation with a dedicated
check source before use at each client's address; and (4) before leaving a client's add ress,
survey all areas of use to ensu re compliance with the requirements in 10 CFR Part 20.
Mobile med ical services may not have byproduct ma terial de livered from a manufacturer
or a dis tributor (e.g., a nuclear pharmacy) to the client unless the client has a license
allowing possess ion of the byprodu ct mate rial. Byproduct material de livered to the client
must be received and handled in conformance with the client's license. In addi tion, the
licensee providing such services must retain each signed management letter that permits
the provi sion of service and must record the results of the required radiation area surveys
in accordance with §35.2080(a) and (b), respectively.

Holding short-lived rad ioactive materials for decay-ill-storage is a very attractive and
cost-effectiv e management practice for both nuclear pharmacies and nuclear medicine
clinics. Part 35.92(a) iden tifies the requ irements associated wi th this practice. A licensee
may hold byprodu ct materi al with a physical half-life of less than 120 days for decay-in-
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storage before disposal without regard to its rad ioactivity if the licensee (I) monitors
byproduct material at the surface before disposal and determin es that any residual rad io­
activity cannot be distinguished from the background radiation level as determined wi th
an appropriate radiation detection surve y meter set on its most sensitive sca le and w ith
no interposed shield ing; and (2) rem ov-es or obliterates all radi ation labels, except for
radiation labels on materials that are within containers and that will be managed as
biomedical was te after their release by the licensee. Thus, according to (a)(2), radiat ion
labelson biomedical waste (e.g., sha rps containers or ind ividual need les and syringes) do
nothave to be removed or obliterated where there is a biohazard associated with retrieving
such material from the ir outer container. In many cases, biomed ical w aste co ntaine rs are
packaged in barrels and incinerated, but this may not be done in all cases. Licensees must
ensure that released biomedical was te either is incinerated or contains no legible rad io­
active labels that cou ld otherwise cause a potential incident upon discovery by the gene ral
public. Regardless of this new flexibility to support occupa tional safety, good practice still
necessitates the obliteration of all radioactive labels poss ible, by using safe measures that
donot constitute a biohazard to personnel. To be fully comp lian t, the licensee m ust retain
a record of each disposal permi tted in accordance with §35.2092 for a period of 3 yea rs.

Unsealed Byproduct Material- Written Directive Not Required

According to §35.IOO, unsealed byp roduct material may be used for uptake, dilution, and
excretion studies w ithout a written directive und er certain circumstances. Except for
quantities that requ ire a wri tten directive under §35.40(b), a licensee may use any unsealed
byproduct material prepared for medical use for uptake, dilution, or excre tion studies that
is (a) obtained from a manufactu rer or prepa rer licensed under §32.72 or equi valent
agreement state requirements; or (b) prepared by an ANP, a phys ician who is an AU and
who meets the requ irements specified in §§35.290 or 35.390, or an indi vidual un der the
supervision of either as specified in §35.27; or (c) obtained from and prepared by an NRC
or agreement state licensee for us e in research in accordance w ith an RDRC-ap proved
protocol or an lND protocol accep ted by FDA; or (d) prepared by the licensee for use in
research in accordance with an RDRC-ap proved application or an IND protocol accep ted
byFDA.

As specified in §35.190, appropriate training is required for uptake, d ilut ion, and
excretion stud ies. Except as provided in §35.57, the licensee must require an AU of
unsealed byproduct materia l for the uses authorized under §35.100 to be a physician who
(a) is certified by a medical specialty board whose certification process includ es all of the
requirements in (c) and whose certificat ion has been recognized by NRC or an ag reement
state; or (b) is an AU under §§35.290 or 35.390 or equivalen t agreemeni sta te requ irements;
or (cj(l) has completed 60 hours of training and experience in basic radionuclide handling
techniques applicable to the medical use of unsealed byproduct material for up take,
dilution, and excretion stud ies. The training and experience must include classroom and
laboratory training in the following areas:radiation phy sics and instrumenta tion, rad iation
protection, mathematics pertaining to the use and measurement of rad ioactivi ty, chemistry
of byproduct material for medical use , and radiation biology; and w ork ex perience, un der
the supervision of an AU who meets the requirements in §35.190, §35.290, or §35.390 or
equivalent agreement state requirements, involving ordering, receivi ng, and unpacking
radioactive materials safely and performing the related radiation surve ys; calibrating
instruments used to determ ine the activity of dosages and pe rforming checks for proper
operation of survey mete rs; calculating, measuring , and safely p reparing patient or human
research subject dosages; us ing administrative controls to prevent a medical event involving
the use of un sealed byprod uct material; using procedures to contain spilled byproduct
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mat erial safely and using prop er decontamina tion procedure s; and ad ministering dosages
of radioactive drugs to pa tients or human research subjects; and (2) has obtained written
cer tification, signed by a preceptor AU who meets the requ irements in §§35.190, 35.290,
or 35.390 or equivalent agreement state requirements, that the ind ividual has satisfactorily
comp leted the requirements in (c)(1) and has ach ieved a level of competency sufficient to
function independently as an AU for the med ical uses authorized unde r §35.100.

In accordance with §35.200, unsealed byproduct material may be used for imaging
and localization stud ies w ithout a w ritten d irective un der certain conditions . Except for
quantities tha t require a written directive unde r §35.40(b), a licensee may use any unsealed
byproduct material prepared for medical use for imaging and localiza tion stud ies that is
(a) ob tained from a manufacturer or preparer licensed un der §32.72 or equivalent agree­
ment state requi rements: or (b) prepared by an AN P, a physician who is an AU and who
meets the requirements specified in §§35.290 or 35.390, or an individual under the super·
vision of either as specified in §35.27; or (c) obtained from and prepared by an NRC or
agreement state licensee for use in research in accordance with an RDRC-approved pro­
tocol or an lND protocol accepted by FDA; or (d) prepared by the licensee for use in
research in accordance with an RDRC-approved application or an [ND protocol accepted
by FDA.

"Mo is a potential, and the most probable, rad ionuclidic impur ity found in 99Mo_99mTc
generator eluates. If the generators are functioning properly, their eluates should contain
99mTc as the sole radioactive component. However, if "'Mo "breakthrough" were to occur,
excessive amounts of the radi onuclid e in the administered dosage would contribute
unnecessary radiation dose to pa tients. §35.204 identifi es the permissible 99Mo concentra­
tion for "'Mo-99rnTc generator eluates. According to this imposed limit, a licensee may not
ad minister to humans a radiopharmaceutical that contains more than 0.15 kEq of "'Mo
per megabecquerel of "9rnTc (0.15 ~Ci of 99Mo per millicur ie of 9""'Tc). In addition, a licensee
that uses 99Mo-99rnTc generators for preparing a "'rnTc radiopharmaceutical must measure
the ""Mo concentration of the first eluate afte r receipt of a generator to demonstrate
compliance with paragraph (a) of this section . Previously, licen sees were required to check
for 99Mo breakthrough afte r each elution of the 99Mo-99rnTc generator; this is another
example of increased regulatory flexibility. Finally, if a licensee is required to measure the
99Mo concentration, the lice nsee must retain a reco rd of each mea surement in accordance
with §35.2204 for a period of 3 years. The record mu st include, for each measured elution
of - Tc, the ratio of the measures expressed as kiIobecquerels of 99Mo per megabecquere1
of 99mTc (or microcuries of ""Mo per millicurie of 99mTc), the time and date of the measure­
ment, and the name of the individual w ho mad e the measurement.

As spelled out in §35.290, AUs must be properly tra ined to take responsibility for
imaging and localization studies. Except as provided in §35.57, the licensee must require
an AU of unsealed byproduct material for the uses authorized under §35.200 to be a
physician who (a) is certified by a medical specialty board whose certi fication process
includes all of the requirements in (c) and whose certification has been recognized by NRC
or an agreement state; or (b) is an AU under §35.390 or equivalent agreement state
requiremen ts; or (c)(I) has completed 700 hours of trai ning and experience in basic radio­
nuclide handling techniques applicable to the medical use of unsealed byproduct material
for imaging and localization studies; the training and expe rience mu st include, at a min­
imum, classroom and laboratory trai ning in the following areas: radiation physics and
instrumentation, radiation protection, mathematics per taining to the use and measurement
of radioactivity, chemistry of byprod uct material for med ical use, and radi ation biology;
and work expe rience, un der the supervision of an AU who meets the requirements in
§§35.290or 35.390or equ ivalent agreement state requ irements, involving ordering, receiving
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and unpacking radi oactive materials safely and performing the related radiation surveys;
calibrating instruments used to determine the activity of dosages and performing checks
for proper operation of survey meters; calculating, measuring, and safely preparing patient
orhuman research subject dosages; using administrative con trols to prevent a medica l
event involving the use of unsealed byproduct material; using procedures to safely con tain
spilled radioactive material and using proper decontamination procedures; administering
dosagesof radioactive drugs to pa tien ts or human research subjects; and eluting generator
systems appropriate for preparation of radioactive drugs for imaging and localization
studies, measuring and testing the elua te for radionuclidic purity, and processing the
eluate with reagent kits to prepare labeled radioactive d rugs; and (2) has obtained written
certification, signed by a precep tor AU who meets the requirements in §§35.290 or 35.390
or equivalent agreement state requirements, tha t the ind ividual has satisfactorily com­
pleted the requirements in (c)(I) and has achieved a level of competency sufficient to
function independently as an AU for the medical uses authorized under §§35.IOO and
35.200.

Unsealed Byproduct Material-Written Directive Required

According to §35.300, a licensee may use any unsealed byproduct ma terial prepared for
medical use and for which a wri tten directive is required that is (a) obtained from a
manufacturer or preparer licensed un der §32.72 or equivalent agreement state require­
ments; or (b) prepared by an ANP, a physician who is an AU and who meets the require­
ments specified in §§35.290 or 35.390, or an individual under the supervision of either as
specified in §35.27; or (c) obtained from and prepared by an NRC or agreement state
licensee for use in research in accordance with an IND protocol accepted by FDA; or (d)
prepared by the licensee for use in research in accordance with an IND protocol accepted
by FDA.

Theprovision of safety instructions is a key component of any required radiation safety
program. As required in §35.31O, the licensee must provide radiation safety instruction,
initially and at least ann ually,for all pe rsonnel caring for the patient or the hum an resea rch
subject receiving radi opharmaceutical the rapy and hospitalized for com pliance with
§35.75 of this cha pter. To satisfy this requirement, the instruction mus t desc ribe the lic­
ensee's procedures for (1) pa tient or human research subject control; (2) visitor con trol;
(3) contamination control; (4) waste control; and (5) notification of the RSO, or his or her
designee, and the AU if the patien t or the human research subject has a medical emergency
or dies. The licensee must retain a record of individuals receiving instruction in accordance
with §35.2310 for a pe riod of 3 years. .

Proper safety precautions, as requ ired under §35.3I5, must be used wi th each patient
or human research subject who canno t be released under §35.75. Accordingly, the licensee
must (1 ) quarter these ind ividuals either in a private room with a private sanitary facility,
or in a room with a pr iva te sanitary facility with ano ther individual who also ha s received
therapy with unsealed byproduct material and who also cannot be released under §35.75;
(2)visibly post the therapy room with a "Radioactive Mate rials" sign; (3) note on the door
or in the individ ual's chart where and how long visitors may stay in the therapy room;
and (4) either monitor material and items removed from the therapy room to de termine
that their radioactivity cannot be distinguished from the natural background rad iation
level with a radiation detection survey instrument se t on its most sensitive scale and with
no interposed shielding, or ha ndle the ma teria l and items as radioactive waste. The
licensee must notify the RSO, or his or her designee, and the AU as soon as possible if a
patient or human research subject has a medic al emergency or dies.
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Appropriate training, as stipulated in §35.390, is necessary for use of unsealed byprod­
uct material for which a written directive is required. Excep t as p rovi ded in §35.57, the
licensee must require an AU of unsealed byproduct material for the uses authorized under
§35.300 to be a physician who (a) is certi fied by a med ical spec ialty board whose certifi­
ca tion process includes all of the requi remen ts in (b) and whose certificat ion has been
recognized by NRC or an agreement sta te; or (b)(I ) has completed 700 hours of training
and expe rience in basic radionuclide handling techniques applicable to the medi cal use
of unsealed byproduct material requiring a wr itten d irective; the training and experience
must include (i) classroom and laboratory train ing in the following areas: radiat ion physics
an d instrumentation, radiation protection, mathematics pertainin g to the us c and mea­
surement of radioact ivity, chemistry of byproduct ma terial for med ical use, and radiation
biology; and (ii) work experience, under the supervision of an AU who meets the require­
ments in §35.390(a), §35.390(b), or eq uivalent agreement state requirements [A su pervising
AU who meets the req uirements in §35.390(b) must have experience in administering
dosages in the same dosage ca tegory or categories [i.e., §35.390(b)(I)(ii)(G)(I), (2), (3), or
(4» as the individual requesting AU status. The work experience must involve (A) order­
ing , receiving, and unpacking rad ioactive materials safely and performing the related
rad iat ion surveys; (B) calibrating instruments used to determine the act ivity of dosa ges,
and performing checks for proper operation of survey meters; (C) ca lculating, measuring,
and safely preparing patient or human research subject d osages; (0) us ing adminis trative
controls to prevent a medical event involving the use of unsealed byproduct material; (E)
us ing procedures to con tain spilled byproduct material safely and using proper decon­
ta mina tion procedures; (F) eluting generator systems, measuring and testing the eluate
for radionuclidi c purity, and processing the eluate w ith reagent kits to prepare labeled
radioactive drugs; and (G) administering dosages of radioactive drugs to patients or
human research subjects involving a minimum of three cases in each of the following
ca tegories for which the individual is requesting AU status: (1) oral administration of no
more tha n 1.22 GBq (33 mCi) of 13II-sodium iodide; (2) oral admin istration of more than
1.22 GBq (33 mCi) of IJII-sodium iodi de (experience with at least three cases in category
(G)(2) also sa tisfies the req uirement in category (G)(I )); (3) paren teral administration of
any beta emitter or a photon-emitting radionuclide w ith a photon energy less than ISO
keY; and (4) parenteral ad ministration of any o ther rad ionuclide]; and (b)(2) has obtained
written cer tifica tion that the individual ha s sati sfactoril y completed the requirements in
(b)(1) and has achieved a level of competency sufficien t to function indep endently as an
AU for the medical uses authorized under §35.300. A preceptor AU who meets the requ ire­
ments in §35.390(a), §35.390(b), or eq uivalen t agreement state requirements mus t sign the
w ritten certification . The preceptor AU, who meets the requirements in §35.390(b), must
have experience in administering dosages in the same dosage category or categories (i.e.,
§35.390(b)(I)(ii)(G)(I), (2), (3), or (4)) as the individual requesting AU status.

Specific tra ining is required, as delineated in §35.392, for the oral adminis tratio n of
13II-sodium iodide requiring a written d irective in quantities no t exceeding 1.22 GBq (33
mCi). The requirements are essentially equivalent to those specific to §35.394 for the oral
administration of 131 l-sodiurn iod ide requiring a written directive in quantities grea ter than
33 mCi except for specified dosage limi ts. The purpose of these new secti ons is to identify
requirements for physicians (e.g., endocrinologists) who seek only lim ited authorization
for ora l administration of Bll-sod ium iod ide in dosages no t exceedi ng or dosages greater
than 33 mCi and do not seek authorization to prepare radioactive d ru gs using generators
and reagent kits. In lim ited-authorization se ttings, excep t as provided in §35.57, the lic­
ensee must require an AU to be a physician w ho (a) is certified by a me dical spec ialty
board whose certification process includes all of the requirements in (c) and whose certi­
fication has been recognized by NRC or an agreement state; or (b) is an AU under
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Training and Experience Requirements

An individual must satisfy certain training and experience requirements, as specified
under §35.900, in orde r to be given the responsibilit ies and duties of RSO. Except as
provided in §35.57, the licensee must require an individual fulfilling the responsibilities
ofRSO as pro vided in §35.24 to (a) be certified by the American Board of Health Physics
in comprehensive health physics, Amer ican Board of Radiology, American Board of
Nuclear Medicine, American Board of Science in nu clear med icine, Board of Pharmaceu­
tical Specialties (BPS) in nuclear pharmacy, American Board of Med ical Physics (ABMP)
in radiation oncology phys ics, Royal College of Physicians and Surgeons of Canada
(RCI'SC) in nuclear medi cine, American Os teopathic Board of Radiology (AOBR), or
American Osteopath ic Board of Nuclear Medi cine (AOBNM); or (b) have had classroom
and laboratory training and expe rience as follows : (1) 200 hours of classroom and labo­
ratory training that include s radiation physics and instrumentation, radiation protection,
mathematics per tainin g to the use and measu rement of rad ioact ivi ty, radiation biology,
and radio pharmaceutical chemistry; and (2) 1 yea r of full-t ime expe rience as a radiation
safety technologist at a medical institution un der the supervision of the individual ide n­
tified as the RSO on an NRC or agreement state license that authorizes the med ical use
of byproduct mater ial; or (c) be an AU identified on the licensee's license.

A physician must satisfy certain training and experience requirements, as specified
under §35.91O, in ord er to be given the responsibilities and d uties of an AU for uptake,
dillliitm, and excretion studies. Except as pro vided in §35.57, the licensee must require the
AU of a radiopharmaceut ical in §35.100(a) to be a physician who (a) is certified in (1)
~""'aO T mprlicine by the American Board of Nuclear Medicine (ABNM), (2) d iagnostic

35.390(a), §35.390(b) for uses listed in §35.390(b)(I) (ii)(G)(2), or equivalent agreement
tate requirements; or (c)(1) has successfully completed 80 hours of classroom and labo­
atory training applicable to the medical use of n 'I-sodium iod ide for procedures requiring
written directive; the train ing must include radi atio n physics and instrumentation,

radiation protection, mathematics pertaining to the use and measurement of radioactivity;
chemistry of byproduct ma terial for med ical use, and radiation biology; and (c)(2) has
work experience, under the supe rvision of an AU who meets the requirements in
§35.390(a), §35.390(b), §35.392, §35.394, or equivalent agreement state requiremen ts [A
supervising AU who meets the requirements in §35.390(b) must ha ve expe rience in admin­
istering dosages as specified in §35.390(b)(I)( ii)(G)(I ) or (2) or (2) alone. The work expe­
rience must involve orde ring, receiving, and un packing radioactive ma terials safely and
performing the related rad iation surveys; calibrating instru ments used to determine the
activity of dosages and perfonning checks for proper operation for survey meters; calcu ­
lating, measuring, and safe ly pre par ing patient or human research subject dosages; using
administrative cont rols to prevent a medical event involving the use of byproduct material;
using procedures to con tain spilled byproduct material safely an d using proper decon­
tamination procedures; and admini stering do sages to patients or human research subjec ts,
including at least three cases involv ing the oral administration of no more than, or greater
than, 33 millicuries of nil-sodium iodide]; and (c)(3) has obtained written cert ification that
the individual has sa tisfactorily completed the requirements in (c)(1) and (c)(2) and has
achieved a level of competency sufficient to function independently as an AU for medical
usesauthorized und er §35.300. A preceptor AU who meets the requirements in §35.390(a),
§35.390(b), §35.392, §35.394, or equivalen t agreement state requirements must sign the
written certification. Finally, a preceptor AU who meets the requirement in §35.390(b)
must have experience in ad ministering dosages as speci fied in §35.390(b)(I) (ii)(G)(I) or
(2) or (2) alone.
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radiology by the American Board of Radiology (ABR), (3) diagnostic radiology or radiol­
ogy by AOBR, (4) nuclear medicine by RCPSC, or (5) nuclear medicine by AOBNM; or
(b) has had classroom and laboratory tra ining in basic radioisotope handling techniques
applicable to the use of prepared radiopharmaceutica ls and supervised clinical experience
as follows: (1) 40 hours of classroom and laboratory training tha t includes radiation physics
and instrumentation; radiation protection; mathematics pertaining to the use and mea­
surement of radioactivity, rad iation biology, and rad iopharmaceutical che mistry; and (2)
20 ho urs of supervised clinica l experience under the supervision of an AU that includes
examining patients Of human research subjects and reviewing their case histories to
determin e their suitability for radioisotope diagnosis, limitations, or contraindications;
se lecting the suitable rad iopharmaceuticals and calculating and measuring the dosages;
administering dosages' to patients or human research subjects and using syringe radiation
shields; collaborating w ith the AU in the interpretation of radioisotope test results; and
pa tient or human research subject follow-up; or (c) has successfully completed a 6 month
tra in ing program in nuclear medicine as part of a training program that has been approved
by the Accreditation Council for Graduate Medical Education (ACGME) and that included
classroom and laboratory training, work experience, and supervised clinical experience
in all the topics identified in (b).

A physician must satisfy certain training and experience requirements, as specified
under §35.920, in order to be given the responsibilities and duties of an AU for imagillg
and localization studies. Except as provided in §35.57, the licensee must require the AU of
a ra d iopharmaceutical, generator, or reagen t kit in §35.200(a) to be a physician who (a) is
certified in (1) nuclear medicine by ABNM, (2) di agnostic radiology by ABR, (3) d iagnost ic
radiolog y or radiology by AO BR, (4) nuclear medicine by RCPSC, or (5) nuclear medicine
by AOBNM; or (b) has had classroom and laboratory train ing in basic radi oisotope han­
d ling techniques applicable to the use of prepared ra diopharma ccuticals, gene rators, and
reagent kits, supervised work experience, and supervised clinical experience as follows:
(1) 200 hours of classroom and laboratory trai ning that includes rad iation physics and
instrumentation, radiation protection, mathematics pertaining to the use and measurement
of rad ioactivity, radiopharmaceutical chemistry, and radia tion biology; and (2) 500 hours
of supervised work experience under the supervision of an AU that includes ordering,
receiving, and unpacking radioactive materials safely and performing the related rad iation
surveys; calibrating dose calibrators and diagnostic instruments and performing checks
for proper operation of survey meters; calculating and safely preparing patient or human
research subject dosages; using administrative controls to prevent the medical event of
byp roduct material; using procedures to contain spilled byproduct material safely and
us ing proper decontamination procedures; and elu ting "'mTc from generator systems,
measuring and tes ting the eluate for "'Mo and alumina con tamination, and processing the
eluate with reagent kits to prepare "'mTc-labeled radiopharmaceuticals; and (3) 500 hours
of supervised clinical experience under the sup erv ision of an AU that includes exam ining
patients or human research subjects and reviewing their case histories to determine their
suitability for radio isotope diagnosis, limitations, or contraindications; selecting the suit­
abl e radiopharmaceuticals and calculating and measuring the dosages; ad ministering
dosages to patients or human research subjects and using syringe radiation shields; col­
laborating with the AU in the interpretation of radioisotope test results; an d pa tient or
human research subject follow-up; or (c) has successfully completed a 6 month training
program in nuclear medicine that has been approved by ACGME and that included
classroom and laboratory training, work experience, and supervised clinical experience
in all the topics identified in (b).

A physician must satisfy certain training and experience requirements, as specified
under §35.930, in order to be given the responsibilities and duties of an AU for therapeutic



ie ofunsealed byproduct nuiterial. Excep t as provid ed in §35.57, the licensee must require
te AU of rad iop harmaceuticals in §35.300 to be a physician who (a) is certified by (1)
.BNM, (2) ABR in radiology, therapeutic rad iology, or radi ation oncolo gy, (3) RCPSC in
llclear medic ine, or (4) AOBR after 1984; or (b) has had classroom and laboratory training
, basic radioisotope handling techniques appl icable to the use of the rape utic radiophar­
naceuticals, and sup erv ised clinical experience as follows: (1) 80 hours of class room and
aboratory training that includes radi ation physics and instrumentation, radi atio n p rotec­
fon, mathematics pertaining to the use and measurement of radioactivity, and radiation
iology; and (2) supe rvised clinical experience under the supervision of an AU at a medical

mstitution that includes use of 1311 for diagnosis of th yro id function and the treatment of
yperthyroidism or cardiac dysfunction in 10 ind ivid ua ls and use of "' I for treatment of
yroid carcinoma in 3 individuals.

A physician must satisfy certa in training and experience requirements, as specified
nder §35.932, in ord er to be given the responsibilities and duties of an AU for treatment

ofltyperthyroidisl1l . Except as provided in §35.57, the licensee must require the AU of only
UII for the trea tment of hyperthyroi d ism to be a physician with special experi ence in
thyroid disease who has had class room and laborato ry training in basic radioisot ope
handling techniques applicable to the use of 131I for treating hyp erthyroidism, and super­
vised clinical expe rience as follows: (a) 80 hours of classroom and laboratory training that
includes rad iation physics and ins trumentat ion, radiation protection , mathematics per­
taining to the use and measurement of radioact ivity, and radiation biology; and (b) super­
vised clinical experience under the su per vision of an AU that includes the use of 1311 for
diagnosis of thyroid function and the treatment of hyperthyroidism in 10 individuals.

A physician must sa tisfy certain training and expe rience requireme nts, as specified
under §35.934, in order to be given the responsibi lities and duties of an AU for treatment
ofthyroid carcinollla. Except as provided in §35.57, the licensee must require the AU of only
1311for the treatment of thyroid carcinoma to be a ph ysician with special expe rience in
thyroid disease who has had classroom and laboratory training in basic radioisotope
handling techn iques applicable to the use of 1311 for treating thyroid carcinoma, and
supervised clinical experience as follows: 80 hours of classroom and laboratory training
that includes radiation physics and instrumentation, radiation protection, mathematics
pertaining to the use and measurement of radioactivity, and radia tion biology; and (b)
supervised clinical experience un der the su pervision of an AU that includes the use of 1311
for the treatment of thyroid carcinoma in three individuals.

An individual must satisfy certain training and experience requirements, as specified
under §35.961, in order to be given the responsibiliti es and duties of an AMP. The licensee
must require the AMP to be an individual who (a) is cer tified by ABR in (1) therapeutic
radiological phYSiCS, (2) roen tgen ray and gamma ray physics, (3) x-ray and radium
physics, or (4) radi ological physics; or (b) is certified by ABMP in radi ation oncology
physics; or (c) hold s a master 's or doctor 's degree in physics, biophysics, radiological
physics, or health physics, an d has completed 1 year of full-time training in therapeutic
radiological physics and an ad d itional year of full-time work experience under the super­
vision of a medical physicist at a medical institution that includes the tasks listed in
§§35.67, 35.632, 35.633, 35.635, 35.642, 35.643, 35.644, 35.645, and 35.652, as applicable.

A pharmacist must satisfy certain training and experience requirements, as specified
under §35.980, in order to be given the resp onsibil ities and duties of an ANP. The licensee
must require the ANP to be a pharmacist who (a) has current boa rd certification as a
nuclear pharmacist by BPS or (b)(I) has completed 700 hours in a structured educational
program consisting of both didactic training in the following areas: radiation physics and
instrumentation, radiation protection, mathematics pertaining to the use and measurement
of radioactivity, chem ist ry of byproduct mater ial for medical use, and radiation biology;
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and supervised expe rience in a n uclear pharmacy involv ing the following : shipping,
receiving, and performing related radiation surveys; using and performin g checks for
proper opera tion of dose calibrators, survey meters, and, if appropriate, instruments used
to measure alpha- or beta-emitting radi onuclides; calculating, assaying, and safely pre­
par ing dosages for patients or human research subjects; using administrative controls to
avoid mistakes in the administration of byprod uct material; using procedures to prevent
or minimize contamination and using proper decontamination procedures; and (2) has
obtained written certificati on, signed by a p receptor ANI', that the above training has been
satis factorily completed and that the individual has achieved a level of competency suf­
ficien t to independentl y operate a nuclear pharmacy.

A pha rma cist must satisfy certa in training requirements, as specified under §35.981,
in order to be recognized as an experienced Ill/clear pharmacist. A licensee may apply for
and must receive a license amendment ide ntifying an experienced nucl ear pharmacist as
an ANI' before it allows this ind ividual to work as an ANI'. A pharma cist who has
completed a structured educationa l program as specified in §35.980(b)(1) before December
2, 1994, and who is wo rking in a nu clear pharmacy would qualify as an experienced
nuclear pharmacist. An experienced nuclear pharmacist need not comply with the require­
ments for a precep tor statement (§35.980(b)(2)) and recentness of training (§35.59) to
qualify as an ANI'.

Records

According to §35.2024, records of authority and responsibilities for the radiation pro tection
program mus t be maintained. The licensee must retain a record of actions taken by the
licen see's management in accordance with §35.24(a) for 5 years. The record mu st include
a summary of the actions taken and a signature of licensee managem ent. Add itionally,
the licensee must reta in a copy of au thori ty, duties, and respons ibilities of the RSO as
require d by §35.24(e) and a signed copy of each RSO's agreement to be responsible for
implementing the radiation safety prog ram, as required by §35.24(b), for the duration of
the license. The records must include the signature of the RSO and licensee mana gement.

Records regarding radiation protect ion program cha nges mu st be main tain ed accord­
ing to §35.2026. The licensee must retain a record of each radia tion protection program
change made in accordance with §35.26(a) for 5 yea rs. The record must include a copy of
both the old and new procedures, the effective date of the change, and the signature of
the licensee managem ent that reviewed and approved the change.

According to §35.2040, the licensee must reta in a copy of each wri tten d irective as
required under §35.40 for a pe riod of 3 years. Addi tionall y, accord ing to §35.2041, the
licensee must retain a copy of the procedures for administrations requ iring a w ritten
directive, as required by §35.41(a), for the d ura tion of the license.

Records regarding calibrat ions of instruments used to measure the activity of unsealed
byp roduct material must be kept as required by §35.2060. The license e must maintain a
record of instrument calibra tions, as requ ired by §35.60, for 3 years. In addi tion, the records
must include the model and serial number of the instru ment, the da te of the calibration,
the results of the calibra tion, and the name of the individual wh o performed the calibration.

Records of rad iation survey instru ment calibra tions are required under §35.2061. The
licensee must mainta in a record of the radiation survey instrument calibra tions, required
by §35.61, for 3 years. In ad dition, the record must include the model an d serial number
of the instrument, the date of the calibra tion, the results of the calibration, and the name
of the individ ual who performed the calibration .
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Recordsofdosages of unsealed byproduct material for medical use must be ma intained
cording to §35.2063. The licensee must maintain a record of dosage determinations
uired by §35.63 for 3 years . The record must contain (1) the rad iopharmaceutical, (2)
patient's or human research subject's name, or identification number if one has been

~;igned, (3) the prescribed dosage, the determined dosage, or a notation that the total
.iiri~' is less than 1.1 MBq (30 ~Ci), (4) the date and time of the dosage determination,
and(5) the name of the individual who determined the dosage.

According to §35.2067, records associated with leaks tes ts and the inventory of sealed
"UICeS and brachytherapy sources must be main tained. The licensee must retain records
oileak tests required by §35.67(b) for 3 years . The records m ust include the model number,
md serial number if one has been assigned, of each source tested; the identity of each
source by radionuclide and its estima ted activity; the results of the tes t; the date of the
lest; and thename of the ind ivid ua l who performed the test. In addition, the licensee must
. lainrecords of the semiannual physical inventory of sea led sources and brachytherapy
"UICeS required by §35.67(g) for 3 yea rs. The inventory records mus t contain the model
numberof each source, and ser ial number if one has been assigned; the ident ity of each
sourceby radionuclide and its nominal activity; the location of each source; and the name
01 the individual who performed the inventory.

The records of amb ient radi ation exposure rate surveys, as requi red under §35.2070,
mustbe maintained. The licensee must retain a record of each survey required by §35.70
lor3years. The record mu st include the date of the survey, the results of the survey, the
instrument used to make the survey, and the name of the individual who performed the
survey.

Records of the release of individuals con taining unsea led byproduct ma ter ial or
implants containing byproduct mater ial mu st be maintained according to §35.2075. The
licensee must retain a record of the basis for authorizing the release of an ind ividual, in
accordance with §35.75, if TEDE is calcu lated by (1) using the reta ined activity rather than
the activity administered, (2) using an occupa ncy factor less than 0.25 at 1 m, (3) using
the biologic or effective half-life, or (4) consid ering the shielding by tissue. In addi tion,
the licensee must retain a record that the instructions required by §35.75(b) were provided
10 abreast-feeding female if the radiation d ose to the infant or child from continued breast­
feeding could result in a TEDE exceeding 5 mSv (0.5 rem). These records must be retained
lor 3years after the da te of release of the individual.

Mobile medical services must keep record s accord ing to §35.2080. The licens ee must
retain acopy of each letter tha t permi ts the use of byprod uct material at a client's address,
as required by §35.80(a)(1). Each letter mu st clearly delineate the authority and responsi­
hilityof the licensee and the client and must be retained for 3 years afte r the last service
is provided. A licensee must retain the record of each survey requi red by §35.80(a)(4) for
3years. The record must include the da te of the survey, the results of the survey, the
instrument used to make the survey, and the name of the ind ividua l who performed the
survey.

Decay-in-storage records are also required according to §35.2092. The licensee must
maintain records of the disposa l of licensed materials, as requi red by §35.92, for 3 years.
The record must include the da te of the disposal, the survey ins trument used, the back­
groundradiation level, the radiation level measured at the surface of each waste containe r,
and the name of the individual who performed the survey.

According to §35.2204, records of dete rmined 9'!Mo concentrations must be maintained.
Inthis regard, the licensee must maintain a record of the 9'!Mo concentration tests required
by§35.204(b) for 3 years. The record must include, for each measured elution of 9'!mTc, the
ratio of the measures expressed as kilobecqu erels of 9'!Mo per megabecquerel of 9'!mTc (or
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microcuries of 'J9Mo per mi llicurie of 99mTc), the time and date of the measurement, and
the name of the individual who made the mea surement.

Safety instruction records must be maintained according to §35.2310. The licensee must
main tain a record of sa fety instructions required by §§35.31O, 35.410, and 35.610 for 3
years. The record must includ e a list of topics covered, the date of instruction, the names
of the at tendees, and the names of the individ uals who p rovided the instruction.

Reports

Medical Events

Medical even ts must be managed properly, as stipulated in §35.3045, to ens ure regu latory
compliance. The licensee must report any event, except for an event that resul ts from
pa tient intervention, in which the administrat ion of byproduct material or radiation from
byproduct material results in (1) a dose that differs from the prescribed dose or dose that
wo uld have resulted from the prescribed dosage by more than 0.05 Sv (5 rem) effective
dose equ ivalent, 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 diffe rs from the prescribed dos age by 20% or
more or falls outsid e the prescribed dosage ran ge, or the fractionated dose delivered differs
from the pre scribed 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 d ose equ ivalent to the skin from any of the following: administration of
a wrong radioactive drug containing byproduct ma ter ial, administration of a radioactive
drug containing byproduct material by the wrong route of administration, administration
of a do se or dosage to the wrong individual or human research subject, administration of
a dose or dosage delivered by the wrong mode of treatmen t, or a leaking sea led source;
(3) a do se to the skin or an organ or tissue other than the treatment site tha t 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 d irective (exclud ing, for permanent implants, seeds
that were implanted in the correct site but migrated outside the treatment site).

A licensee mus t report any event resulting from interven tion of a patient or human
research subject in which the administration of byproduct material or radiation from
byproduct material results or will result in unintended permanent functional damage to
an organ or a physiologic system , as determined by a physician. The licensee must notify
by telephone the NRC operations center no later than the next calendar day after discovery
of the medi cal event. The licensee mu st submit a written report to the appropriate NRC
regional office (listed in §30.6 of this chapter ) wi thin 15 da ys after discovery of the medical
event. The written report must inclu de the licensee's name, the nam e of the prescribing
physic ian, a brief descrip tion of the event, why the event occurred, (v) the effect, if any,
on the indi vidual(s) who received the administration, wh at actions if any have been taken
or are planned to prevent recurrence, and certification that the licensee notified the ind io
vidual (or the indiv id ual's responsible relative or gua rdian), and if no t, why not. The
report may not contain the individual's name or any other information tha t could lead to
identification of the individual.

The licensee must prov ide notification of the event to the referr ing physician and also
notify the indi vid ual who is the subject of the medical event no later than 24 hours after
its d iscovery, unless the referring physician personally informs the licensee either that he
or she will inform the individual or that, in his or her medical judgment, telling the
individual would be harmful. The licensee is not required to no tify the individual without
first cons ulting the referring physician. If the referring physician or the affected individual



Leaking Source

Occasionally, licensees di scover leaking sealed sources in the course of conducting
required leak tests. According to §35.3067, a licensee must file a report wi thin 5 days if a
leak test required by §35.67 reveals the presence of 185 Bq (0.005 ~Ci) or mo re of removable
contamination. The report must be filed with the ap propr iate NRC regional office (listed
in§30.6 of this chap ter), with a cop y to the Director, Office of Nuclear Material Safety and
Safeguards, u.s. Nuclear Regulatory Comm ission, Washington, DC 20555-0001. The wri t­
ten report must include the model number and serial number if assigned, of the leaking
source; the radionuclide and its estima ted activity; the results of the test; the date of the
test; and the action taken .

nnot be reached wi thin 24 hours, the licensee must notify the individu al as soon as
possible thereafter. The licensee ma y not delay any ap propriate medical care for the
individual, including any necessary remedial care as a result of the me dical event, because
ninnydelay in notific ation . To meet the se requiremen ts, notification of the ind ividual who
is the subject of the medical event may be made instead to that individual's responsible
relative or guardian. If oral notification is used, the licensee must inform the ind ividual,
or appropriate responsible relative or guardian, tha t a written descrip tion of the event can
be obtained from the licensee upon request. The licensee must provide such a written
description if reques ted.

Aside from the notification requirement, nothing in this section affects any rights or
duties of licensees and physicians in relation to each other, to indiv iduals affected by the
medical event, or to the individ ual' s responsible relati ves or gu ard ians. A licensee must
(1) annotate a copy of the report provide d to NRC wi th the name of the individual who
is the subject of the event and the Social Security number or other identifi cation number,
iione has been assigned , of the individual who is the subject of the event; and (2) provide
acopy of the anno tated report to the referring physician, if other than the licensee, no
later than 15 days after discovery of the event.

NRC Requ irements and Nuclear Pharmacy Practice Standards

10 CFR 35.24 spec ifies that each licensee must develop and implement a written rad iation
protection program that includes provisions for keeping rad iation expos ures of employees,
patients, visitors, and the public as low as reasonably achievable (ALARA). The ALARA
concept is embraced th roughout the practice standards; nuclear pharmacis ts are obligated
towork jointly with the RSO, health physicist, and nuclear medicine physician in devel­
oping radiation protect ion procedures that comply with this legal standard . Numerous
radiation protection procedures, such as the use of time, distance, and shiel din g tech­
niques, are prescribed in the practice standards, and many of these proc edures are sp e­
cifically requ ired by regulation. For example, 10 CFR 35.60 specifies that the licensee mu st
require each individual who prepares (i.e., compounds) a radiopharmaceutical kit to use
a syringe radiation shield and must also require indi vidu als to use a syringe radiation
shield when administering a radiopharmaceutical by injection unl ess the use of the shield
is contraindicated for the given patient. This regulation also requires each syringe or
syringe radiation shield that contains a syringe with a radiopharmaceutical to be conspic­
uously labeled so that the contents can be readily identified; however, this requirement is
limited to providing the rad iopharmaceut ical name or its abbreviation, the clinical procedure
tobe performed, or the patient's name. In this regard, it is interesting to note that nuclear
phannacists are obligated, under both federal and state laws and pharmacy practice stan­
"--'- 'n nrnvide for each radiopharm aceutical dosage an appropriate prescription label
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containing all legally req uired information." In addition to this required information,
radiopharmaceutical prescription labels must include the amoun t of radioactivity, the
calibration and expiration time, and a cautionary statement and symbol ind icating that
the dosage is radioactive in order to further ensure that the dosage is used in a safe and
efficacious manner.

In some instances confl ict may exist between NRC regu lations and the sta nda nds of
nuclear pharmacy practice. For example, 10 CFR 35.200 specifies that a licensee may use
any byproduct material in a diagnostic radiopharmaceutical or any generator or any
reagen t kit for the preparation and diagnostic use of a radiopharmaceutical containing
byproduct material that has an FDA-accepted IND or FDA-approved N DA. The regulation
also specifies that a licensee must elute generators and prepare kits in accordance with
the manufacturer's instructions. This latter requirement is se ldom a problem, because
nuclea r pharmacists usually adhere to the manufacturer's instructions. However, as pro­
fess ional practitioners, nuclea r pharmacists must reserve the right to exercise professional
judgment as appropriate to the provision of quality nuclear pharmacy services and the
overall safety of nuclear medicine procedures. Thus, accord ing to a physician's prescrip­
tion, patient needs, and individual experience with the p rescribed rad iopharmaceutical,
nuclear pharmacists may modify the manufacturer's instructions or in so me cases develop
acceptable compounding procedures that are not otherwise described by the manu facturer.
As a class ic example, nuclear pharmacists may establish specialized procedures for pre­
pa ring pedia tric dosages of Y'I"'Tc-albumin aggregated for pulmonary perfus ion studies,
becau se the instructions for preparing the radiopharmaceutical for pedi atric patients in a
reas onable volume of administrat ion or desired particle number are not provided in the
product labeling. Obviously, nuclear pharmacists must consider the lega l ramifications
associa ted with this course of action or any other practice activities that may deviate from
app licable NRC regulations.

REGULATORY OUTLOOK

NRC' s recently amended regu lations, discussed above, are on e component of the agency's
overall program for adjus ting its regulatory sche me for the med ical use of rad ioactive
byproduct ma terials. NRC's goals are to focus regulations on those medical procedures
that pose the highest risk to workers, patients, and the public and to structure the regu­
lations to be risk-informed and performance-based, cons istent w ith the agency's strategic
plan." In the future, all regula ted stakeholders will be exp ected to focus their compliance
improvement efforts on high-risk procedures and to con tinue to adjust their practices to
this new risk-informed, performance-based approach to regulation.

FDA is implementing FDAMA, which was passed by Congress after 3 yea rs of FDA
scrutiny." In this act, which is very broad and covers all of the agency's activities and
programs, Congress recognized that protecting the public health is a responsibility shared
by the entire health care community. The law directs the agency to carry out its mission
in consultation and cooperation with all FDA stakeho lders, including consumer and
patien t groups, the reg ulated ind ustry, health care professionals, and FDA's regulatory
counterparts abroad. FDA is currently working to cooperate with its sta keholders in the
United States and abroad to continue protecting consumers and the public health in a
new era of unprecedented technologic and scientific advances.

Progress in clarifying the FDA regulatory framework for PET, the lead imaging tech­
nology in nuclear medicine practice, has been much slower tha n ma ndated by FDAMA,
but a va riety of cha llenging new FDA regulations are sure to be applied to the production
of PET drugs in the near future. All facilities engaged in the production of PET drugs,
whether for commercial sale or on-site use, will be required to comply. PET industry
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stakeholders are moving toward compliance even though FDA has no t yet delineated the
specific requirements. Implementation of these anticipated regulations will cont inue to be
amajor area of concern for PET stakeholders we ll into the future.

Nuclear ph armacists and other health care professionals must contin uously strive to
increase their working knowledge of the numerous regulations on the possession and use
ofradioactive ma teria ls and rad iopharmaceuticals intended for medical use. Fede ra l reg­
ulations promul gated by NRC and FDA are most important; however, other federal, state,
and local regulations must also be conside red . Nuclear pharmacists, by virtue of their
professional licensu re and un ique practice setting, bear a major responsibility for ensur ing
that regulatory requi rements are satisfied in the course of providing the services necessary
for the safe and efficacious use of all radiopharmaceu ticals and drugs in nuclear me dicine
practice. To fulfill this professiona l obligation, nuclear pharmacists must constantly mon­
itorregulatory changes and mod ify the practice environment to maintain a comprehensive
compliance program.
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8 Radionuclide Production

All radionuclides used in nuclear medicine are produced by artificial means. The produc­
tionmethods involve bombarding target nuclei with high-energy part icles, thereby trans­
iormingstable nuclides into radioactive ones. This process of nuclear transmutation occurs
in twostages. In the first stage, the bombarding part icle penetrates and is captured by the
target nucleus, adding its kinetic ene rgy and binding energy to the nucleus. The extra
~lotment of energy in the newly formed "intermediate nucleus" is transferred among its
nucleons, In the second stage, one or more nucleons may overcome the nuclear binding
energy, by chance, and escape. The escaping par ticle(s) may carry off all the av ailable
energy or only enough to escape. Any energy no t carr ied off by escaping particles is
~Ieased as gamma rad iation from the new nu cleus. Note that this process is not radioactivity
but is simply the second stage of the nuclear reaction. Escaping par ticles may vary but
hpically include protons ('H'), deuterons (lH+), neutrons (n), and alpha particles ('He'+).

In193-1, Frederick [eliot and Irene Curie [oliot performed a nuclear reaction by bom­
barding a piece of aluminum foil with alpha particles emitted from a polonium source.
Whenthepolonium source wa s removed, radi ation st ill emanated from the target material.
They recognized that the aluminum target underwent a transformation into some new
elemental form that was radioactive. This experiment produced one of the first artificially
made radionuclides, 3OP, according to the following reaction:

27 AI ' H 1 30p13 +2 e~On+ 1 5

The shorthand notation for th is react ion is 27AI(a,n)31IP.
Radionuclides in nuclear medicine are produced in ei ther a nuclear reactor or a particle

accelerator.

NUClEAR REACTORS

l nudear reactor contains fuel rods of enriched fissionable L15U positioned in the reactor
ore. The fuel rods are surrounded by a moderator such as heavy wa ter (D,O). Each

fissioning uranium atom releases fast neutrons that are slowed to thermal energy by the ir
m~ractions with D20. A thermal neutron is one that has the same average kinetic energy
" the~~f the surrounding med ium. This energy, which is ' only a frac tion of an
electronvoltat ordinary temperatures, is referred to as the thermal energy since it depends
onthe tem erature. The rmal neu trons are easily captured by other uranium atoms. When
ihe uraniumatoms fission, they release more neutrons that sustain the chai n reaction. The
oteoi thermal neutron capture by the uranium nuclei determines the fission ra te in the
~actor. This rate is controlled by the use of boron or cadmium control rods, which serve
asinect absorbers of neutrons. For a fas t reaction, the rods are pulled away from the reactor
core.To shut the reaction down, the rods are pushed complete ly in to the core. The fission
plOCesS generates heat that is carried off by water or other coolan ts through heat exchangers.
~udear reactors are designed for differen t purposes. Power reactors conver t the heat

enerated from the fission process into electricity. Isotope production reactors have special-
uedporls where target material may be introd uced in to the ne utron flux, causing neutron
activation of stable nucl ides in to radioactive nucl ides.
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lYPES OF NUCLEAR REACTIONS

The (n,y) Reaction

This is the most common type of reaction with neutrons. It has the follow ing charac ter­
istics: (1) the reaction requires low-energy thermal neu trons (approxima tely 0.025 eV), the
energy equ ivalent of an air mo lecule in equilibrium with its surroundings, and (2) the
product nuclide is an isotope of the target nuclide, and chemical separation of target and
product nuclidesis not possible-This results in a low specific activity product, Example
reactions include 98Mo(n,y)99Mo and SOCr(n,y)"Cr. .

The A(n,y)A*--->B Reaction

In some ins tances radionuclide product separation from stable target material may be
possible with (n,y) reactions if the primary product nuclide (A*) has a short half-life and
decays to a longer-lived radionuclide (E) that can be isolated. Some examples are as
follows:

t3°Te(n ,y) B1Te ~' . 25 min , t311(8 days)

The A(n,p)B Reaction

If fast neutrons are captured by the target, an (n.p) reaction is possible. This nuclear
reaction imparts an extra allotment of energy to the intermediate nucleus, enabling a
proton to escape. Escape of a proton changes the atomic number of the target nuclide;
therefore, the radionucl ide produced is n~t an isotope of the target.but an isobar. A benefit
of this reaction is thatchemicalseparation of target and product nuclides is possible, and
high sp ecific activities can be achieved . The following reaction is an example:

32 S(n p) 32p
" 'J 1 ::

The 235U(n,f)Byproducts Reaction

When 235U captures a thermal neutron, the intermediate nucleus is very unstable and
fissions into radioactive fragment nuclides as follows :

235 U + In --> L"' U

J.
131S n + IOJMo + 2 'n

J. J.
B1Sb I03Te

J. J.
BITe 1Q1Ru

J. J.
131I UJ3Rh

J.
131Xe

u
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FIG URE 8-1 Schematic diagram of a cyclotron (A) and a linear accelerator (B).

llhe initial fission fragments and the nuclides to which they decay are not isotopes and
can be separated chemically to achieve high specific activ ities. Many radionuclides are
made by this process. Some examples are "'Mo (used in the production of the 99mTc
generator), 133Xe, and 1311.

CYClOTRONS AND LINEAR ACCELERATORS

Acyclotron consists of two hollow, semicircular chambers called Dees placed in a magnetic
field. The Dees are coupled to a high-frequency electrical sys tem that alternates the elec­
trical potential on each Dee during cyclotron operation, changing sign about 10' times per
second. The Dees are heavily shielded and configured so that they can be evacuated to
low pressure (Figure 8-1). An arrangement is made at the cen ter of the space between the
Dees for releasing protons or deuterons. When a proton is generated, it is attracted into
the negatively charged Dee and repelled by the positive Dee. This causes the proton to
accelerate into the negative Dee. The magnetic field causes the proton pa th to bend as it
moves throu gh the Dee. When the proton again reaches the gap, the charge on each Dee
is reversed. This causes the proton to be accelerated across the gap into the opposite Dee,
where the rad ius of its circular path will increase. Because the proton is moving faster, it
will again arrive at the gap precisely when the Dee polarity is reversed, causing fur ther
acceleration of the p roton. This process is repeated until the proton gains great energy. At
this point the proton exits from the Dee and is deflec ted onto a target where the desired
nuclear reaction takes place.

Two types of cyclotrons are used : posit ive-ion machines, which accelerate protons, and
negative-ion machines, which acce lerate a proton associated with two electrons, called a
positronium. When the positronium ion exits the cyclotron it passes through a carbon foil,
which strips away the electrons, allowing a free proton to bombard the target. New­
generation cyclotrons are negative-ion mach ines and have the advantage of less activation
ofcyclotron components. Chapter 10 covers cyclotron applications in more detail.
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When a proton alia ins speeds ap proaching the speed of light, its mass becomes rela­
tivistic, increasing with energy. As a result the proton slows some what and begins to arrive
at the gap late, after the Dee polarity has changed. This limits the energy a proton can
achieve in a cyclotron . Because of this problem, alternative meth ods of producing very
high energy particles were conceived . One of these me thods is the linear accelerator, or
linac (Figure 8-1). The linac is a series of cylindrical drift tubes throu gh which electromag­
netic waves pass, along with the ir associated oscillating electr ic and magnetic fields. A
charged par ticle such as a proton injected into the d rift tube will be carried forward by
the traveling wave. The lengths of the dri ft tubes are designed to accommodate relativistic
changes in the accelerated particle. In this way the particle arrives at the gap between
d rift tubes always in phase, and very high energy pa rticles can be achieved, upwards of
200 MeV.

Accelerator Methods of Radionuclide Production

Cyclotrons and linear accelerators are both used in prod uction, but most prQ!on.:crich
nuclides are generated in a cyclotron. The machine used depends upon the nuclea r reaction
and the yield desired. Generally: cyclotrons can accelerate charged ions up to about 30
MeV before rela tivistic problems become a concern. Higher-energy particles require the
use of linear accelerators. Linear accelerators can produce pa rticles in the 100 to 200 MeV
range. A posi tively charged bombarding particle requires high energy to ove rcome the
repulsive coulomb ba rrie r of the target nucleus.

Nuclides produced by charged-particle nuclear reactions are not isotopes of the target
nuclide. Consequently, chemical separation of product and target nuclides is possible and
a high specific activity product can be achieved. Some typ ical accelerator-produced rad io­
nuclides used in nuclear medicine are as follows:

58Ni(p,pn) "Ni EC, 37"') "Co

I.UCs (p, 2p5n ) 127Xe(linear accelerator)

Many radionuclides produced in nuclear reactors and particle accelerators have half-lives
long enough to allow time for processing and shipment by a manufactu rer to nuclear
medicine facilities across the country. However, some radionudides wi th very short half­
lives, such as "C, I3N, and \50, requ ire fab rication into radiopharmaceuticals at the site of
use. This necessitates an in-house cyclotron. For positron emission tomography (PET),
which uses radiopharmaceuticals labeled with longer-lived nuclides such as '8F-fludeoxy·
glucose ('8F-FOG), regional cyclotron facilities located near the site of use are workable.
Several PET nuclear pharmacies are being established across the coun try at strategic sites
to supply PET agents to nearby hospitals and clinics. A more comprehensive d iscussion
of PET radiopharmaceuticals appears in Chapter 10.

Some radionuclides can be produced from generator systems that make the production
of short -lived radionudides possible in the hospital. Because the majority of radio-
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TABLE 8-1 Radionudide Generator Systems
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Parent (half -li fe)

'l'fMo (66 hours)
llJSn (115 days)

"'Ge (270 da ys)
8l Rb (4.5 hours)
"Sr (25 day s)
fi:'!Zn (9.3 hours)

Decay Mode

Beta minu s
Electron capture
Electron capture
Electron capture
Electron capture
Electron capture

Daughter (half-life)

'NrnTc (6 hours)
lI3mIn (1.7 hours)
6SGa (68 minutes)
8lmKr (13 seconds)
82Rb (75 seconds)
fi~CU (9.7 minutes)

pharmaceuticals used in nuclear medic ine are labeled wi th generator-produced 99mTc,
generators will be d iscussed in some de tail.

RADIONUCLIDE GENERATORS

Radionuclide generators were introduced into nuclear medicine practice because of the
need to administer large amounts of rad ioactivity for be tte r-quality images. Large dos ages
of activity necessitate the use of short-lived nuclides to keep rad iation burden low. A
practical way to obta in and use short-lived radionuclides is by means of a generator. A
generator consists of a long-lived parent tha t decays to a short-lived daughter. Because
the parent and daugh ter nuclides are not isotopes, it is possible to chemically isolate the
daughter nuclide. After separation, new daughters are generated from the decay of the
parent atoms remaining in the gene rator. A generator provides a fresh su pply of short­
lived daughter nuclides as needed un til the pa ren t activity is depleted. The useful life of
a generator depends on the parent half-life. Table 8-1 lists several parent-daughter gen­
erator systems.

The generator most prominent in nuclear medicine is the 99mTc generator. This gener­
ator was developed in 1957 at the Brookhaven National Laboratory and first used clinically
in 1961 at the University of Chicago.P The 99Mo parent has a 2.75 day half-life and provides
a useful generator life of about 2 weeks. Typically, a new generator is received weekly to
meet the activity needs of a hospital or nuclea r pharma cy.

Production of the "mTc Generator

Figure 8-2 ou tlines the production of a 99mTc gene rator. The 99Mo in contempo rary gener­
ators is obtained as a uranium fission byproduct. Radiochemical techniques sep arate 99Mo
from the other radionuclides in the reactor product. The purified 99Mo is used to prepa re
the generato r. In one method, 99Mo is adj usted to an acid ic pH, forming various anionic
species such as molybdate (MoO}-) and paramolybdate (Mo"O,,<>-).' The anionic molyb­
date solution is then loaded on to a generator column contain ing alumina (AI,O,) . The
alumina, which is previously was hed in pH 5 sa line, acquires a po sitive charge and is
able to firml y adsorb the molybdate ions . The load ing capacity of molybdenum on alumina
at pH 5 to 6 is approximately 2 mg of molybdenum per gram of alumina .' After assembly,
generato rs are autoclaved to render them sterile. They are assembled under asep tic con­
ditions into their final form in a lead-shielded con tainer. Each generator is eluted with
normal saline (0.9% sodium chloride solution), and the elu ate is subjected to several tests
before release of the generator.

Generators typically are tested by the manufacture r for elution efficiency, eluate volume,
radionuclidic purity to de tect the presence of "'Mo and other radionuclide contaminants,



218 Radiopharmaceutica ls in Nuclear Pharmacy and N uclear M edicine

235U(n,f)99Mo + Other Radionuclides

1
Radiochemistry

pH 4.5
•MoOl'

0.9% NaCI

+-_ _ ---.. M070 2. 6­

pH6.0 /

/ 99Mo at pH 5 Loaded on

•

+ Charged Alumina Column

Alp,

99Mo : : :- (: ~::;f:: \
..•... • 99Tc

.....:::~ .
Na99mTCO, (Sodium Pertechnetate)

fiGU RE 8-2 Schematic diagram of the steps involved in the production of a 'I" InTc generator. Fission­
produced " Mo is radiochemically isolated and purified to the anionic molybdate and paramolybdate
species, which are loaded on the pos itively charged alumina (AI20J) generator column previously
washed in pH 5 saline.

ra diochemical purity to ensure the proper chemical form of 99mTc as pertechne tate, alumi­
num ion concentration in the eluate, pH of the eluate, and, finally, pyrogenicity and
sterility. Figure 8-3 illustra tes a commercial generator system.

Generator Operation

Figure 8-2 illustrates the simplifi ed dec ay scheme for '''Mo to 99mTc and 99Tc in the generator.
Figure 8-4 shows the relati ve amo unts of 99Mo and 99mTc act ivity in the gene rator over
time and illustrates the gradual decay of 99Mo with subsequent buildup of 99mTc. Maximum
buildup of 'J<imTc activity is achieved in about 23 hours. About 50% of the maximum value
is reached in 4.5 hours and 75% by 8.5 hours after generator elut ion' Accumulated activity
is eluted by washing normal saline so lution th rou gh the column. The 99Mo activity remains
firmly bound to the alumina, but the 99mTc activity, as the pertechnetate ion (TeO,), is
easily displaced by the chloride ion (Cl) in the saline so lut ion . Typically 70% to 90% of
the available 99mTc activity is rem ov ed in one 5 mL elution. The 99Mo activ ity-remaining
on the column continues to decay, genera ting more 99mTc activity, whose amount will be
less on each subsequent day. The gene ra tor in use is replaced w hen insufficien t - Te
activi ty is obtaine d . Weekly replacements are the norm. 99mTc activity builds up rap idly
after generator elution, and the generator may be eluted seve ral times during the same
day to obtain more activity. This is more likely to occur at week's end .
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FIGURE 8-3 A commercial <NmTc generato r.
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FIGURE 8~4 Decay of 'I'IMo and grow th o f <NmTc acti vity over tim e in a " v'Tc generator.
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99mTc Generator Systems

There are two basic typ es of generator systems: the wet system and the dry system (Figure
8-5). In the wet sys tem, a large reservoir of saline is connected to the generator, which
remains continuously bathed in saline. Technetium activity is eluted after attachment of
an evacuated sterile vial to the elution port. The vacuum draws the saline-pertechnetate
solution into the vial. At the end of elution , the generator column remains bathed in saline.
In the dry system, a 5 to 20 mL saline charge is attached to the sys tem before elu tion. A
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Dose Calibrator Radioassay of Generator Eluate
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m
1

Whole Vial
Assay Method

•

Aliquot Method

500 mCi

Total Activity 50 mCi/mL x 10 mL = 500 mCi

1mL Syringe

-Needle Residual

1mL Eluate

53 mCi

-3 mCi

50mCi
FIGURE 8-6 Generator eluate radioactivity mea­
sured in a dose calibrator by (1) the whole-vial
method or (2) the aliquot method of assay.

Dry system generators we re developed to alleviate the poor elution problem of wet
systems by removing saline from the column after elu tion. This significantly reduced the
formation of rad iolysis p roducts, because the dry systems introduced air into the column
to maintain an oxid ized pertechnetate species. Today the problem of incomplete elution
rarely occurs with dry generator systems. However, elution p roblems may still occur if
residual eluant rema ins on the generator column. This might happen if the evacuated vial
is removed early before all the eluant ha s been drawn through the column or if the
evacuated viafhas a vacuum stre ng th that is insufficient to complete the elution.Therefore,
it is important toensure that the entire eluant volume is drawn through the column and
that a sufficient amount of air is int roduced after elution.

Quality Control of the Generator Eluate

Three tests should be pe rformed on each generator eluate. The first test is a radioactivity
calibration (Figure 8-6). This is done w ith a dose calibrator to determine the activity eluted
and the radioactive concen tration. This can be accomplished in two ways: (1) assaying
the whole elu tion vial to obtain the total activity and determining the concen tration {rom
the total volume eluted or (2) drawing a 1 mL aliquot into a syringe and assaying its
contents. In the second method , returning the 1 mL volume to the eluate vial and reas­
saying the syringe will give the needle activity; the difference between these two mea­
surement s provides the activity per milliliter. The total activi ty in the vial is obtained by
multiplying the activity per milliliter by the tota l volume in the vial. The aliquo t method
has the advantages of red uced operator exposure and an accurate assessment of the
radioactive concentration .

The second test of a generator eluate is a chemical purity test for the concentra tion of
aluminum ion present. A colorimetric spot test is typically used . A small drop of generator
eluate is placed on a strip of filter paper impregna ted wi th the aluminum-specific indicator
aluminon (the ammonium salt of aurintricarboxylic acid) (Figure 8-7). A spot of a standard
aluminum ion solution of known concentration (10 !1g AI3+I m L) is placed next to the
eluate spot. The aluminum ion present reacts with the indicator to produce a pin k color
whose intensity is proportional to the amount of AI'+ present. If the color of the elua te
spot is less intense than the alum inum standard spot, the elua te passes the test. The
Nuclear Regulatory Com mission (NRC) and the United States Pharmacopeia (USP) place
the aluminum concentra tion limit at not more than 10 !1g AI'+per mill iliter of eluate.
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FIGURE 8-7 Co lorimetric spot test of generator elu­
ate for aluminum ion. One drop of generator eluate
is compared with one drop of aluminum standard
solution (10 ug Al·3/ mL) applied to a test paper.
Aluminon indicator in the test paper reacts wi th alu­
minum ion to form a pink-colored lake, with color
intensity proportional to AJ3+ ion concentration.

NHp OC OH

NH.O OC PHo-b-h
~

NHpOC 0
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FIGURE 8-8 Generator eluate test for molyb­
denum breakthrough by the lead shield
me thod in a dose calibrator.

Lead Shield Dose Cal ibrator Method for 99Mo
Breakthrough Test

740 + 780 keY
-50%

Y. inch Lead

The th ird test of a generator eluate is the radionuclidic purity test for the presence of
"Mo con tamination (Figure 8-8). This so-called moly-99 break through test is accomplished
with a specialized lead shield and a dose calibratorf' In this technique, the whole vial of
generator elu ate is placed into a tightly sealed lead shield, which is then pla ced into the
dose calibrator adjusted to read " Mo activity. The shield is designed so that all of the 140
keY 99mTc photons are absorbed by the lead but approxima tely 50% of the more energetic
"Mo photons (740 and 780 keY) pene trate the shield . The photons tha t penetrate the shield
are measured in the dose calibrator. The mi crocuries of 99Mo are read directly from the
readout or after application of a correction factor. The only deficiency in this method is
that any radionuclide contaminant p resent tha t has gamm a energies capable of penetrating
the lead shield will be counted along with "'Mo, because the d ose calibra tor has no energy­
d iscriminating capability. This produces an erroneous reading, One report ha s shown this
to be a problem with generators contaminated with 132Te because it decays to 132] , which
ha s gamma energies similar to those of "MoY 132] has gamma energies ranging from 668
keY to 1398 keY. Fortunately, 132] has a short half-life and the contamination quickly
diminishes with time. A meth od for identifying 132] or other h igh-energy contaminants by
the lead-shield technique or with a scintillation counte r has been sugges ted ."

The limits for " Mo con tamination in 99mTc eluates have been set by NRC and USP to
be no t more than 0.15 IlCi (5.55 kBq) " Mo per 1 mCi (37 MBq) "'mTc in the administered
dose. Accordingly, a 20 mCi (740 MBq) dose of "mTcmay contain no more than 3 IlCi (111
kBq) of " Mo . A conven ient method for determining the expiration time for "'mTc eluates
has been devised on the basis of these limi ts.'" Table 8-2 lists the expiration time in hours
for 99mTc based on the initial ratio of the microcuries of "'Mo to the millicuries of 99mTc at
genera tor elution time. For example, if the initial ratio of "'Mo microcuries to 99mTc milli­
curies is 0.058, the 99mTc eluate cannot be used more than 9 hours after the tim e of elution.
The default expiration time for any "" mTc generator eluate is 12 hours, accord ing to the
manu factu rer 's pac kage insert .
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TABLE 8-2 Expiration Times for 99mTc-Sodium Pertechnetate
afte r Generator Elution

Initial Ratio
(microcuries of

" Mo/milltcuries
of -Tc)

Expiration
TIme (hr)

Initial Ratio
(microcurles of

"Mo/millicuries
of - Tel

Exp iration
TI me (hr)

0.135

0.122

0.109

0.tJ98

0.089

0.080

1
2

3
4

5
6

0.072

0.065

0.058
0.052

0.047

0.04 2

7
8
9

10

11

12

Source : Reference 10.
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FIGURE 8-9 Relative number of atoms over time of 9'lM o, lNmTc, and "Tc in a WroTe generator.

Results of the moly-99 breakthrough test are typically negative, indicating no signifi­
cant"'Mo contamination . However, a pos itive test with sign ificant levels (7 mCi [259 MBq]
of"'Mo) in the generator eluate has been reported ." In this ins tance the moly-99 brea k­
through was caused by an imp roperly assembled generator.

Technetium Content in Generator Eluates

The half-lives of the nuclides in the 99mTc generator are 65.95 hours for 99Mo, 6.01 hours
for 99mTc, and 2.13 x 10' years for "'Tc." Because of its long half-life, "'Tc will bu ild up over
time in the generator. In a practical sense this means that eluates from all 99mTc generators
contain both 99mTc and 9'Yfc atoms. The relative amounts of 99Mo, 99mTc, and 99Tc in a
generator are shown in Figure 8-9. The mole fraction of the 99mTc isomer in the eluate is
given by the followi ng relationship, where N represents the number of atoms:"

N 'I'llnTc = N 9'llnTc

N (tr.,t.J I) N ""In Tc + N 99Tc
(8-1)

The mole fractions, listed in Table 8-3, can be determined at various times from the
following equa tion:"
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TABLE 8-3 Mole Fractions of 9'JmTC in Generator Eluates

Days since Hours since Prior Elution

Prior Elution 0 3 6 9 12 15 18 21

0 0.727 0.619 0.532 0.460 0.401 0.352 0.311

1 0.277 0.248 0.223 0.202 0.184 0.168 0.154 0.142

2 0.131 0.122 0.113 0.105 0.098 0.092 0.087 0.081

3 0.077 0.072 0.068 0.065 0.061 0.058 0.055 0.052

4 0.050 0.047 0.D45 0.043 0.041 0.039 0.038 0.036

Source: Reference 4.
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FIGURE 8-10 Effect of carrier technetium on the labeling efficiency of 'J'lmTc-labeled human serum
albumin. (Reprinted wi th permission from reference 14.)

(8-2)

In this equation, AI and Ie, are the decay constants for "'Mo and - Tc, respectively. With
increasing time of decay, the mole fraction of 99mTc decreases because of the buildup of
"'Tc atoms. For example, after 1 day of decay the mole fraction of 99mTc in the genera tor
is 0.2769, or about 28% of the tota l number of technetium atoms in the generator eluate;
the remaining atoms (approximately 72%) are "'Tc. The amount of 99mTc in generator eluates
is therefore not"carrier-free," and its specific activity continuously decreases as the period
of time between generator elutions increases. This has the potential of decreasing labeling
efficiency in 99mTc radiopharmaceutical kits that contain small amounts of reducing agent
(Sn2' ion) . This becomes most cr itical when, for example, a generator manufactured on a
Friday is not eluted until the following Monday. The effect of carrier technetium on the
preparation of -Tc-Iabeled human serum albumin is a noteworthy example (Figure 8-10)."

Because the labeling yield of some "'mTc radiopharmaceuticals depends on the total
number of atoms present in the reaction mixture, it may be desirable to determine the
tota l number of technetium atoms present in the generator eluate. This determination can
be made from the -Tc activity and its mole fraction by using the following equation:"

( )
A"'m, (T'I.)(1.443)

N total , .
99mTc mole fraction

(8-3)
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TABLE B-4 Total Technetium Atoms ("Tc and ""'Tc) x 10"
per Millicur ie of 9'.lmTe Eluted from a 'J9R1Te Generato r

Days since Hours since Pri or Elu tion

Prior Elution 0 3 6 9 12 15 18 21

0 1.59 1.87 2.18 2.52 2.89 3.29 3.72

1 4.18 4.67 5.18 5.73 6.30 6.89 75 1 8.16

2 8.&1 95 2 10.25 10.99 11.76 12.56 13.38 14.23

3 15.11 16.03 16.97 17.91 18.91 19.95 21.00 22.12

4 23.2...1 24.41 25.60 26.85 28.15 29.44 30.86 32.23

Thus, the total number of technetium atoms, N (total), per millicurie of 9'J"'Tc is

( )
(1 mCi)(3.7 X10' dps/mCi)(6.01 hr x 3600 sec/hr)(L443)

N total ; -'-----'-''------;;;;=----'-'-,----------'-'--'-'--'­
99mTc mole fraction

or

( )
(m Ci 9'J"'Tc eluted )(1.16 X10" disintegrations / mCi)

N total ; 99
m Tc mole fraction

(8-4)

Example: A generator is ell/ted 6 hours nfter the previous elution and yields 500 mCi (18,500
MBq!. How mnllY atoms Of "''''Tc and 99Te, total, are contained ill the ell/ate'

( )
(500 mCi)(1.l6 x 1012disintegrations (atoms )! mCi)

N total ; ; 9.37 X1014 atoms
0.619

Note tha t each disintegration per second is equivalent to one atom decaying per second.
Table 8-4 lists the tota l number of technetium atoms per millicurie of 99mTc eluted from

agenerator for various periods of time, calculated from Equation 8-4 and the mo le frac tion
values listed in Table 8-3. Table 8-4 simplifies the determination of ho w much 9'J"'Tc eluate
should be used for kit preparation in situations in which the technetium atoms should be
limited. Note that Table 8-3 indicates that the highest mol e fraction of 99mTc is achieved
when the generator elution interval is short. Thus, in preparing kits requiring small
amounts of technetium, a practical method is to re-elute the generator w ithin a few hour s
of the first elution and use this elua te for kit preparation.

Example: Efficiellt Inbelillg ofn redblood cell kit requires that 110 I/lOre than 1.48x 1012 technetium
atoms be used because of the small amount of stannous ion in the kip5 What is the maximum
tolume of generator eluate that cnll be used to label the kit if the generator was ell/ted 24 hours
afterthepreoious elution and the ell/ate contained 800 mCi (29,600 MBq) 99mTc in n 20 nil. oolume?

From Table 8-4, the total amount of technetium eluted per 800 mCi (29,600 MBq) 99mTc in
24 hours is

4.18 x 1012 atoms/ mCi x 800 mCi; 3.34x 1015 atoms



226 Radiopharmaceuticais in N uclear Pharmacy and N uclear Medicine

The amount of eluate that can be used is

1.48x 10" x 20 mL = 0.9 mL
3.34 x 1015

GENERATOR PHYSICS

In Chapter 2 we considered single-step radioactive decay processes in which the daughter
products were stable nuclides. With generators, we m ust consider the situation in which
dau ghter atoms are radioactive, represented by the follow ing decay seq uence:

N ~N~N1 2 3

N, an d N, are parent and dau ghter radionuclides, respectively, and N, is stab le or very
long-lived. Because we are interested in the daughter radionuclide, its decay ra te (dN,/dt)
is described by the following express ion:

(8-5)

The net rate at which daughter atoms build up is the difference between the rate of their
formation by the parent, A]N" and the rate of their own decay, :l.,N,. For the "'mTc generator,
N, is the number of "'Mo atoms and A, is its decay constant; N, is the nu mber of - Tc
atoms and A, is its decay constant. Even though the third produ ct, "'Tc (N3) , is radioactive,
its half-life is so long (2.13 x lOS years) that it is essentially stable and does not need to be
cons idered in the decay calculations.

After appropriate rearrangement of Equation 8-5, solution of the first-orde r d ifferential
equa tion yields the follow ing relationship:"

(8-6)

The expressions in bracket Adescribe the rate of prod uction and decay of da ughter -Te
atoms, and the expression in bracket B desc ribes the contribution to N, from any da ughter
99mTc atoms present ini tially or rema ining after generator elution. The last term is signif­
icant only if generator elu tion efficiency is low or if the generator is re-eluted within a
few hours after the previous elution . Recalling the expression N = A/A, one can subs titute
the appropriate activity expression into Equation 8-6 and derive the following activity
equation :

(8-7)

Equation 8-7 presumes that 100% of the parent decays to the daughter. For the "'Mo--Te
generator, only 86% of "'Mo de cays to -Tc; therefore, Equation 8-7 is modi fied as follows:
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FIGURE 8~11 Transient equi librium in the "Mo-r'v'Tc generator (see text for de scription).

(8-8)

Equation 8-8 permits calculation of the theoretical !J9mTc activity (A,) present in the gen­
erator at any time (t) after the previous elution if one knows the "'Mo activity A? present
at the time of the previous elution.

Transient Equilibrium Generators

If the half-life of the parent radionuclide is Significantly (say 10 to 100 times) longer than
the daughter half-life, and a sufficient period of time is allowed to elapse before the
generator is eluted, a condition of transient equilibrium is established between the parent
and daughter. This is illustrated in Figure 8-11, in which line A, represents daughter
ingrowth and line AI is parent decay. Immediately after generator elution, the rate of
daughter production is grea ter than its rate of decay, and daughter activity increases
rapidly with time. As daughter atom s accumulate, they begin to decay such that their rate
of decay is equal to the rate of production and a maximum activity is reached, that is,
dN, /dt = 0 and AI = A2 (point X on the graph) . It should be noted that AI = A2 only if
100% of the parent decays to the daughter. The broken line A, represents the situation
that occurs in the !J9mTc generator, where 86% of the "'Mo decays to "'mTc. The time required
to reach the maximum daughter activity in a generator is derived from Equation 8-6 and
is given by the following relationship:



In the ""mTc generator, the time to reach the maximum 'NmTc activ ity is 23 hours.' After this
point in time, the daughter activity exceeds that of the pa rent and eventua lly reaches the
point of transient equiliiniutu, the point at which the ratio of the daughter and pa rent
activities is a constant (poin t Y on the graph). From this point on the daughter appears
to decay with the parent half-life (65.95 hours), but only for a parent-dau ghter mixture
in equilibrium. If the daughter is separated from the parent and its own activity plotted
wi th time, line B is obtained , whose slope gives the true ha lf-life of the da ughter (6.01
ho urs for ""mTc). The time required to achieve transient eq uilibrium in the ""Mo--'l'!mTc
generator is on the order of 48 to 72 hours. At this point, the time of decay since the
previous elution has become so large that the value of the exponential term e-'" in
Equations 8-7 and 8-8 becomes very small compared wi th e-" ', because A:, is much greater
than AI' Equation 8-8 therefore simplifies to the following expression at transient equilib­
rium:
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(8-9)

(8-10)

The ratio A, I (A:, - AI) numerically is 1.1, making the constant term in Equation 8-10 0.946
(0.86 x 1.1). Furthermore, the term A1 e-I." is equal to the act ivity of ""Mo present in the
generator after transient equilibrium is es tablished. The actual 99mTc activity present in the
generator at trans ient equilibrium is therefore given as 0.946 times the ""Mo activity
p rese nt. ""mTc activity can also be determined from b roken line A, in Figure 8-11. It should
be kept in mind that Equation 8-10 is valid for the calcula tion of - Tc act ivity only after
extended decay time (48 to 72 hours) since the previous generator elu tion. For times less
than 48 hours, Equation 8-8 should be used, although 99mTc ac tivities calculated with
Equation 8-10 at 24 hours will be about 90% of those calculated w ith Equation 8-8. Table
8-5 lists various relationships between 99mTc and 99Mo activities in the generator at various
times after elu tion .

Exampie 1: A ""'"Tcgenerator is manufactured 011 a Friday, calibrated for 2.5 Ci (92,500 MBq) of
""Mo at 8:001'111. Calculate the iheoretical r'rTc activity ill tile gellerator 011 thefollowillg MOllday
at 8:00 alii if 110 precious elutions haoe been made. The decay constants areas follows:

A (""Mo) ~ 0.693 Om05 hr -'
I 65.95 hr

A, (""mTc) 0.693 0.1153 hr"
6.01 hr

The time of de cay is 60 hours, so Equation 8-10 can be used to ma ke the calcu lat ion . Thus,
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TABLE 8-5 Relationship between 'J';ImTC and 'J9Mo
in the Generator at Various Times after Elution

Time (hrl Curies "Mo x Ratio 99mTc:99Mo Curies "'""Tea

0 1.000 0

1 0.990 0.1)94 0.093

2 0.979 0.179 0.175

3 0.969 0.255 0.247

4 0.959 0.324 0.311

5 0.949 0.3H6 0.366

6 0.940 0.441 0.414

12 0.883 0.677 0.598

18 0.829 0.803 0.666

24 0.779 0.870 0.678

36 0.688 0.924 0.636

48 0.607 0.940 0.571

60 0.536 0.944 0.506

72 0.473 0.946 0,448

78 00445 0.946 0.421

• Actual WmTcpresent based on 86.05% 'I'IMo decay to """'Tc.

(
99 ) (0.86)0.1153 . -<>.0105 h,-' (60 Iv)

A mTc = 2.5 Cle
0.1153 - 0.0105

A (99mTc) =(0.86)(1.1)(2.5 Ci)(0.533) =1.26 Ci (46,620 MBq)
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Alterna tively, th e data in Table 8-5 can be used to solve this p roblem . 99Mo activi ty af ter
60 hours of decay is

2.5 Ci (0.533) = 1.33 Ci (49,210 MBq)

This value is multip lied by the 99mTc/99Mo ra tio at 60 hours; thus,

1.33 Ci(0.944) = 1.26 Ci(46,620 MBq)

Example2. If theactivity actualb} elutedfrom thegenerator in Example1 is 1.07 Ci (39,590 MBq),
what is the elution efficiency?

P I · ffi . _M.:.;e=a.:.;su:.-r..:.ed-=--.a.:.;cti::..·v_ity"-c-x_1..:.OO.:.;ercent e ution e Clency = -
Theoretical activity

1.07 Ci x 100
---"-c'-:-::c-'-- = 85%

1.26 Ci

Example 3. If tire gmerator above is re-elutedat 1:00 pill, tohat is tire expected 99mTc activity?

Becau se tr ansient equ ilib riu m was not reestablished after the p revious elution, Equa tion
8-8 must be used for th is ca lculation . The res idual 99mTc activity remaining on the column
after the 8:00 am elution is
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(1.26 Ci available)-(1.07 Ci eluted) = 0.19 Ci(7,030 MBq) retained

From Equation 8-8, the 99mTc activi ty present on the column at 1:00 pm is

A( 99mTc)= 0.487 Ci + 0.107 Ci = 0.594 Ci (21,978 MBq)

Alternatively, Table 8-5 can be used to solve the problem . 99mTc activity from 5 hours of
99Mo decay is

(1.33 Ci)(0.949)( 0.386)= 0.487 Ci(18,019 MBq)

99mTc activity from 5 hours of residual 99mTc decay is

(0.19 Ci)(0.562) = 0.107 Ci (3,959 MBq)

Total 99mTc activity present in the generator at 1:00 pm is

(0.487 Ci + 0.107 Ci) = 0.594 Ci (21,978 MBq)

Because the elu tion efficiency is 85%, the expected 99mTc activity in the generator eluate is

(0.594 Ci)(O.SS) = 0.505 Ci (18,685 MBq)

Secular Equilibrium Generators

If the half-life of the pa rent is mu ch longer (say 1000 tim es or more) than the daughter
ha lf-life, the parent does not decay app reciably during several daughter ha lf-lives, and a
condition of secular equilib rium is established . Figure 8-12 illustrates a secular equilibrium
generator in which lines A, and A, are the parent and dau ghter activities, respectively. As
in the case with trans ient equ ilibrium generators, the rate of daughter production initially
is greater than its rate of decay, and daughter activity increases rapidly over time . When
the rate of production equals the rate of decay, secular equilibrium is established (inter­
section of lines A, and A,) . In this condition the daugh ter appears to decay with the parent
half- life. Because of the large d ifference in decay constants (A., » A,), the value of A, is
insign ificant compared with A." an d the constant term A.,/(A., - A,) in Equation 8-7
ap proaches un ity. Add itionally, at secular equilibrium the e-',t terms approach zero; there­
fore, Equation 8-7 is simplified to

(8-11)

Tha t is to say, at secular equilibr ium the daughter activity is equal to the parent activity
presen t in the generator.
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FIGURE8-12 Secu lar equilibrium in the IlIRb_8ImKr generator (see text for description).

Some examples of secular equilibrium generators are as follows:

226 Ra 1600 yl'ilrs ) 222Rn 3.8 dlyS ) 21Rp O

1I3Sn 115days) 113m In 99.4 mmutes) 113I n

81Rb 4.7 ho urs ) 81mKr 13 st'I."l.mds ) H1Kr

Secular equilibrium for the "'Rb-81mKr generator is illustrated in Figure 8-12.

DISPOSAL O F THE 99MTC GENERATOR

Generator manufacturers provide a return program for used 99mTc generators. Usually
when the new generator is received, the old one is placed in the empty shipping carton,
sealed, su rveyed, and shipped back to the manufacturer for credit. A certain amount of
paperwork is involved in the proper shipment of used generators to com ply with Depart­
ment of Transpor tation regulations. Some hospita ls choose to decay the old generators to
background levels of rad ioactivity, dismantle them, and d iscard the generator columns in
regular trash. Because fission-moly generators may contain long-lived radiocontaminants
such as 103Ru (39.5 day half-li fe), it has been determined that old gen erato rs should be
held for 14 weeks before discarding.After that time the generator columns can be removed,

I. .
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surveyed with a Geiger-Muller counter, and disposed of in regular trash if the surface
exposure rate is below background (approximately 0.2 mR/hour) .

OTHER GENERATOR SYSTEMS

While the 99mTc gen erator system has widespread application in routine nuclear medicine,
other genera tor systems have been used for biomedical applications." Several of these
generators ha ve played an important part in the development of imaging agents over the
years, some are no longer available, and some ma y find more application in the future.
The properties of several of these generators are briefly discussed in this section . All of
them arc secular equilibrium generators except for 1K8W _1R8Re, which is a transient equi­
librium generator.

' 13Sn_' 13mln Generator

The I13Sn_lI3mIn generator was used mostly in the 1960s and 1970s for preparing 113mIn_
labeled radiopharmaceuticals for imaging many of the major organ systems, including
the bra in, lung, liver, kidney, and blood pool. I13Sn is produced in a nuclear reactor by
neutron activa tion of stable enriched "'Sn through the nuclear reaction "'Sn(n,y)II3Sn. It
can also be prod uced in a cyclotron . The " 'Sn is adsorbed on a hydrous zirconium oxide
column and the I13mInCl3 is eluted with 0.05 M hydrochloric acid . The trivalent cationic
indium (1I3mIn3+) readily forms chelates. At the time, this was an advantage over 99mTc,
which has to be reduced to a cationic species before chelation. When injected intravenously,
indium quickly binds to plasma transferrin , forming a blood pool imaging agent. 113mln
is also incorporate d into a vari ety of other compounds, including diethylenetriaminepen­
taacetic acid (DTPA), hydroxide and ph osphate colloids , and albumin aggregates.

"'Sn decays with a half-life of 115 days by electron cap ture (EC) to 113mIn. 113mIn decays
by isomeric transition to stable 113In with a half-life of 1.7 hours, emitting a gamma ray of
393 keY. The long half-life of the parent permits a long shelf life of the generator, but the
shor t half -life of the daughter requires radiopharmaceuticals to be prepared more than
once da ily.

·'Sr- 8'Rb Generator

After p roduction by a proton spallation reaction on molybde num, 82Sr is purified and
loaded onto a hyd rous stannic oxide column wi th an activity in the range of 90 to 150
mCi (3330 to 5550 MBq). " Sr decays by EC wi th a half-life of 25 days to " Rb. The rubidium
daughter is eluted as " Rb-rubidiu m chloride from the generator with normal saline ." " Rb
decays by positron emission with a half-life of 75 seconds. Because of this short half-life,
the system regenerates a full charge of " Rb activity within 10 minutes of elution, and
studies can be rep eated frequently. The monovalent cationic "Rb+ is used primarily for
cardiac PET imaging, but it is also used for brain tumor imaging.

G8Ge_GaGa Generator

After its production in a cyclotron by the proton bombardment of stable gallium, ""Ge in
hydrochloric acid solution is neutralized in ethylened iamine tetraacetic acid (EDTA) solu­
tion and load ed onto an alumina column. 6ilGe decays wi th a 275 day half-life by EC to
6ilGa. The accumulated ""Ga activity is eluted as gallium EDTA from the generator by 0.005
M EDTA solution. ""Ga decays by positron emission with a half-life of 68 minutes. ""Ga



Rad ionuclide Production 233

must be separated from EDTA if other radiopharmaceuticals are to be prepared. Alterna­
tive methods have been used to elute !>sGa as the trichloride in hy drochloric acid, where­
upon the ionic form can be readily used to label other ligands. In this form it can be used
to prepare many of the compounds labeled with 1l3mIn because of their similar chemistry.
Acurrent application of this generator is as a transmission source in PET for attenuation
correction of 511 keV photons.

" Rb-81mKr Generator

The parent radionuclide, 81Rb, can be produced by several nuclear reactions in a cyclotron
by the alpha-particle bombardment of a bromine target, as a bromide salt. This secular
equilibrium generator is prepared by adsorbing "Rb on columns of zirconium phosphate,
Bio-Rad Ag50 (Bio-Rad, Richmond, Calif.), or Dowex 50-X8 (Dow Chemical, Midland,
Mich.),from which 81mKr is eluted with approximately 2 mL of distilled water. 81Rb decays
by Ee with a half-life of 4.5 hours, which greatly limits its clinical utility. 61mKr decays by
isomeric transition with a 13-second half-life, emitting a 191 keV gamma ray. 81mKr ha s
been used in pulmonary ventilation imaging and to measure tissue blood flow.

9OSr_90Y Generator

90Sr is produced as a fission byproduct of 235U in a nuclear reactor. A convenient radio­
chemical procedure for separation and purification involves precipitation of strontium as
thenitrate and subsequent purification by anion exchange chromatography." 'lOY-yttrium
chloride is a sterile, aqueous solution of yttrium chloride in 0.05 M hydrochloric acid . It
is produced by solvent extraction of yoY from a 'JOSr generator solution and purified into
the chloride form, 9OYO,. It is available from MDS Nordion (Ontario, Canada) in 5, 10,20,
and 50 mCi amounts per vial with 20 ftCi or less of 90Sr radionuclide impurity per curie
of 9Dy at expiration.

'88W_' 88Re Generato r

The 188W parent is produced in a high-flux nuclear reactor by double neutron cap ture on
186W as the triox ide or metal as follows: ""W(n,y )'S7W(n,y)188WI7.19 168W decays by beta
decay (0.349 MeV Em,,) with a half-life of 69.4 days to 188Re. 188Re decays also by beta
decay (2.12 MeV Em",) and gamma emission (0.155 MeV, 15%) with a half-life of 16.98
hours. This transient equilibrium generator has been prepared by packing zirconyl tung­
state 188W gel into a column similar to tha t used for 99mTc generators. The 188Re is eluted
from the generator as perrhenate with water or normal saline in 3 mL fractions with
approximately 90% eluted in the first fraction." 188Re has been used to label an tibody
fragments with diamide dithiolate technology in yields and purity virtually identical to
those with 94mTc. 20
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9 Radiopharmaceutical
Chemistry

-

Aradiochemical is a chemical substance containing radioactive atoms within its structure.
A radiochemical becomes a radiopharmaceutical when it has been tested in humans for
an intended use, according to Ll.S, Food and Dru g Administration (FDA) requirements,
and found to be safe and effective in the diagnosis and treatment of disease. Radiophar­
maceuticals come in various physicochemical forms ranging from simple elemental sub­
stances to complex radiolabeled mo lecu les, blood cellu lar elements, and particles. They
are ad ministered to patients in oral dosage forms such as capsul es and solutions, by
inhalation as gases and aerosols, and by various routes of injection, most often intravenous.

Radiop harmaceuticals possess a few unique character istics. Because only trace
amounts are administered, radiopharmaceuticals are subpharmacologic and do not pro­
duce physiologic effects in the body, unlike traditional d rugs. This also means that their
chemical toxicity risk is essentially nil. However, radi opharmaceuticals do possess an
inherent radiation risk, and this limits the amounts that can be administered. Radiophar­
maceuticals are used mos t frequently for d iagnostic purposes, although several the rapeutic
applications have been developed.

ACTIVITY-MASS RELATIONSHIP

Although radiop harmaceuticals are typically administered in microcurie or mill icurie
amounts of activity, it is sometimes useful to know the chemical amount of substance
present in a given amount of activity. This can be determined from the activity-mass
relationship, A ~ AN, which relates the activity of a substance to its equivalent number of
atoms, modified by the decay cons tant, A. Since the decay constant var ies inversely wi th
half-life, radion uclides with long half-lives, and therefore sma ll decay constants, require
moreatoms per millicur ie than those with short half- lives. A question that might be asked
in this regard is "How much iodine is presen t in a 10 jlCi (370 kBq) dose of lO'l-sodium
iodide for a thyroid uptake study?" The answer can be de termined by using the activ­
ity-mass relationship to calculate the number of atoms of 13'1 present in 10 jlCi (370 kBq)
and converting this to an equivalent mass from Avogadro's number. The calculation is as
follows:

TV, of '311 ~ (8.02days)(24 hr/day)(3600 sec/hr) ~ 6 .93x 105 sec

N = A JA)(T'h) (A)(T )(1.443)
A 0.693 'h

N = (10 jlCi)(3.7 X 104 dps/ jlCi)(6.93x 105 sec)(1.443)

N =3.70 x 10" disintegra tions or atoms

235
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Recall that, by definition , 1 gram atomic weig ht (CAW) of 13 11 (131 grams) = 6.023 x 10"
atoms of 1311. Therefore,

3.70 X 1011 atoms x 131 grams/CAW

6.023 x lOLJ atoms/CAW
8.05 X 10-11 gram

The total am ount of iodine in the human body is approximately 6.5 mg. Thus, a 10 ~Ci

(370 kBq) dose of n il is on ly about one eighty-millionth of the body 's iodine stores,
demonstrating the extremely sma ll amounts of rad ionuclide required for a d iagnostic
study.

RADIOACTIVE CONCENTRATION AND PURITY EXPRESSIONS

The concentration of radioactivity is expressed in several ways. Radioactioe c01lcentration
is the radioactivity per un it weight or volume of diluent. The d iluent is typ ically a liquid,
such as water or normal saline, but it may be a solid. Rad ioactive con centration is
expressed, for example, as millicuries or microcur ies pe r mill iliter of solution or milligrams
of solid diluent. Specific activity is the radioactivity per unit weight of radionuclide or
labeled compound. It is expressed in units appropriate to the sample in question, for
example, mill icuries per mill igram or micromoles of element or compound.

Theoretically, the highest specific activity of an elemental substance is achieved if every
atom in the sample is that of the radionuclide of interest; for a labeled compound, the
highest sp ecific activity is achieved if every potential labe ling site in the molecule contains
on ly the radionuclide of in terest. The theoretical specific activity can be calculated using
the formula A = AN, which is modified to yield Equ ation 9-1.

Example: Calculate the specific activity of isotopically pure HC ill millicuries per milligram.

A (mCi/mg) = AN
3.7x 107 dps/mCi

A- 0.693 3.85 x 10-12 sec"
- 5715 yr(3.15x107 sec/yr ]

N 6.023 x10
23d

/mole 4.3x 1019d/mg (9-1)
14 grams/ molex 10' mg / gram

(3.85 x 10-12 sec-I
)(4.3 X 1019d/ mg )

A = -'------,--=----,-,~---,----=-----"-
3.7 X 107 dps/mCi

( )
, 14

A = 4.47 mCi 165.4 MBq / mg C

Carbon in nature contains mostly stab le 12C and "C atoms, so its specific activity with
respect to the trace amount of I4C present is extremely low. No te that speci fic activity is
inversely related to half-life . This is illus trated in Table 9-1, which lists the theoretical
maximum specific activities of iodine radioisotopes.
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TABLE 9-1 Specific Activities (SA)
of Radioiodines

Isotope Half8life SA (mCiI"g)

12.l1 13.2 hours 1930.0
nIl 8.02 days 124.0
12~I 59.4 days 17.6
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The labels on the vials of most radiopharmaceuticals provide information on the
radioactive concentration and specific activity. From this information one can determine
the amoun t of labeled compound in a unit volume. Thus,

Radioactive concentration (mCi/mL)
Specific activity (mCiImg]

Drug concentration (mglml.]

In the field of radiochemistry, the small chemical amount of a radioisotope in a sample
can create a problem with its recovery during chemical processing, primarily because of
adsorp tion losses on glassware surfaces. To mitigate this problem, radiochemists add an
amount of stable isotope of the radionuclide being analyzed to the radioactive sample to
"carry" it through the chemical proc ess. The stable isotope added is called a "carrier." The
term "carrier-free" originally indicated radioactive preparations w ith no isotopic carrier
intentionally added and containing no isotopic material detectable by chemical or spec­
trographic mean s.' Over time the term carrier-free became misunders tood and mis used
in relation to its original defini tion. It was applied to rad ionuclide samples that contained
only the radionucl ide of interest, one of absolute theoretical specific activity. It is ques­
tionable whether such samples can actually be achieved, given the lim itations of radio­
chemical methods. Consequently, new terminology was proposed.' Carrier-Jree (CF) now
indicates a radionuclide or stable nuclide that is not contaminated with any other stable
or radioactive nuclide of the same element. No carrier added (NCA) indicates an element
or compou nd to which no carrier of the same element has been intentionally or otherwise
added during preparation. Carrier added(CA) indicates any element or com pound to whi ch
a known amount of carrier has been added. Thus, a preparation that is termed CF is, by
definition, NCA. However, one that is designated NCA may not necessarily be CF,because
it may contain stable or radioactive isotopic contaminants that were not intentionally
added but are present because of limitations of the production and purification processes.
Most radiotrace r nuclide preparat ions are NCA.

IDEAL PROPERTI ES OF DIAGNOSTIC RADIOPHARMACEUTlCAlS

Diagnostic agents can be div ide d into two categories of use: in vivo function age nts and
imaging agents .

An in vivo function agent traces a physiologic process without altering it in any way,
so that a true measure of function can be obtained. Noteworthy examples are measurement
of thyro id gland func tion with l3'l-sodium iodide, assessment of vitamin B12 metabolism
with 57Co-cyanocobalamin, measurement of glomeru lar filtration rate (CFR) with 99mTc_
diethylenetriaminetetraacetic acid (99mTc-DTI'A or 99mTc-pentetate) or 1251-iothalamate, and
determ ina tion of blood volume wi th 51Cr-Iabeled red blood cells and 125j-labeled human
serum albumin. During in vivo functi on studies, the radioactive agent is ad ministered to
the patient and the specific bod ily function is assessed by measuring radiation emi tted
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TABLE 9-2 Ideal Properties of Radionuclides for Diagnostic Imaging

1. Decay mode: Electron cap ture or isomeric tran sition from metastable isome rs; no
par ticu late rad iation; gamma or x-rays only

2. Photon etlcrgy: 1()()...-2QO ke Y is ideal

Below 100 keY = tissue abso rption and scatter (decreases resolution)
Above 200 keY = lower detection efficienc y (decreases sens itivity)

3. Half-life: Effective half-life = 1 to 1.5 times the imagin g time
4. Chemical properties:Can be compounded into differen t che mical forms

TABLE 9-3 Photon Detection Efficiency in Half-Inch Sodium Iodide Crystal

Radionuclide

1311
Positron emitters

Photon Energy (ke V)

81

140
172
247

364

511

Detector Efficiency (%)

92

86

73
45
23

13

Source: Anger He. Radi oisotope cameras. In: Hin e GJ, ed. lnetrumentation ill Nuclear
Medicine. New Yor k: Acad emic Press; 1967: 485.

directly from the organ of interest or by analyzing urine or blood samples. For valid in
vivo' function measurements, the radiotracer must be physiologic; that is, it must partic­
ipa te in the biologic function being assessed without altering the function in any way.

Diagnost ic ima ging agents are designed to localize in specific organs. Gamma-camera
images of rad iot racer distribution within the organ can then be obtained to assess organ
morphology (size, sha pe, position, or presence of space-occupying lesions) and function.
An ideal imaging agent should rapidly and avidly localize in the organ of interest, remain
there for the duration of the study, and be qu ickly excreted from the body thereafter. No
single agent currently meets these stringent requirements, and a judicious selection of
radionuclide and chemical form must be combined to achieve the best compromise. Table
9-2 lists several properties of an ideal radionuclide for diagnostic imaging.

Decay Mode and Energy

Electromagnetic radiations (gamma rays, characteristic x-ray s) are the most suitable forms
for extern al detection. Parti culate radiation, being completely absorbed by tissue, cannot
be de tected externally and on ly increases radiation burden . The most desirable decay
modes for diagnostic imaging are electron capture (EC) and isomeric transition, which
have no p rimary particulate emissions associated with them. Addi tionally, to ensure a
high yield of de tectable pho tons (high photon abundance), the extent of internal conver­
sion should be min ima l. For examp le, the 10% ph oton abundance of the 320 keY gamma
ray from slCr makes it a poor radionuclide for imaging studies, whereas the 89% abun­
dance of the 140 keY gamma ray from 99mTc is quite satisfactory.

The energy of gamma rays should be high enough to readily penetrate and escape
from the body with minimal scatter, yet be low enough for efficient detection by the gamma
camera detector. Table 9-3 lists the de tection efficiencies of various radionuclide photon
energies in a sodium iodide d etector.
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Half-life
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•

The effective rate of loss (Rolf) of radioactivity from an organ or the body is directly
proportional to the rates of physical decay (Rp) of the radionuclide and of biologic excretion
(~) of the radiopharmaceutical, as shown in Equation 9-2:

(9-2)

In accordance with Equation 9-3, the rate of removal by eithe r process is invers ely pro­
portional to the ha lf-life of the process:

R(removal rate ) cc~r;

Combining Equa tions 9-2 and 9-3, we have the follow ing relationships:'

(9-3)

1 1 1
(9-4)- =-+-

To. Tp Tb

or

Te xT.
(9-5)T.=

o T
p

+ Tb

The effective half-life is therefore the time required to remove half of the radioactivity
from an organ by a combination of physical decay and biologic elimination. The Toff is
always less than either the Tp or Tb, but it will be nea rly equal to the small er func tion
when the other is very large. The following example illustrates the effective ha lf-life for
a radioph armaceutical when (1) Tp is 1 hour and T. is 10 hours, (2) Tp and r; are both 10
hours, and (3) Tp is 10 hou rs and T. is 1 hour:

1. To. = l xlO = 10 =0.91 hr
- 1+10 11

2 T = 10xl0 = 100 = 5.0 hr
• off 10+10 20

Froman imaging stan dpoint, the optimum effective half-life should be about 1 to 1.5 times
the period of observation or study time. This time provides enough radioactivity for
acceptable counting statistics and a removal rate that diminishes the radiation dose to the
patient. In practice, howeve r, it is difficult to achieve an optimum balance between imaging
time and T"". Typically, many radiopharmaceuticals have a prolonged biologic retention,
and use of a short-lived rad ionuclide is the best way to limit radia tion dose. Fortunate ly,
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most of the clinical procedures performed in nuclear medicine employ <l'imTc, which has a
short physical ha lf-life of 6 hours.

The type of study sometimes dictates the half- life of the radi onuclide selected for use.
For example, cisternograp hy studies may require 2 to 3 days for completion, in which
case the agent of cho ice would be 11IIn-DTPA, which has a 2.8 day Tp• Six hour <l'imTc agents
are generally unsatisfactory for studies beyond 1 da y, although <l'imTc-DTPA may be a
sa tisfactory choice for cerebrosp inal fluid (CSF) leak stu dies, which require only a few
hours to complete.

Radiopharmaceuticals with a long T"'ihave lingering radioactivity levels in the body that
may interfere with subsequent diagnostic studies. For example, when performing in vivo
function studies that require blood or urine samples, it is a standard of practice to obtain
background blood or urine samples before admin istration of the radiopharmaceutical. This
will allow any residual radioactivity in the body to be accounted for during the analysis.

Radionudide Chemistry

A radionuclide ideally should have chemica l propert ies tha t allow it to be compounded
into a va riety of chemical forms useful as biologic trace rs. Rad ionucl ides su ch as radioio­
di ne have been qu ite useful because iodine's diversified chemistry permits its use as
radioiodide for thyroid studies and its incorporation into other molecules. For example,
1231_ or 1311-labeled meta-iod obenzylguani dine (MlBG, or iobenguan e sulfate) is used for
neu roendocrine studies, while radioiodinated proteins and an tibod ies are used for a
variety of biologic applicat ions. Technetium has been incorporated into a large number
of chemical compounds that are used in most nuclea r medicine stud ies. Indium's chem­
istry has perm itted it to be complexed into several radi opharrn aceuticals, and it is partic­
ularl y su ited for labeling antibod ies that requi re imaging over several days.

RADIOPHARMACEUTICAL DEVELOPMENT

Figure 9-1 illustrates a number of elements having radioisotopes that possess the necessary
physical and chemical prop erti es for incorporation into useful radi oactive drugs . Because
the list of useful radionu clides is somewhat limited, the approach to develop ment of
radiopharmaceuticals has often been empiric. In this approach, a radionuclide with favor­
able nuclear properties is selected and compounded into various chemical and physical
forms. Biodistribution studies are then conducted in animals and human subjects with
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FIGURE 9-1 Elements that have radioisotopes usefu l for diagnostic and therapeutic applicationsin
nuclear medi cine . Positron-emitting nuclides are underlined.
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TABLE 9-4 Propertiesof Isotopic Labels for Biologic Molecules

Nuclide Decay Mode Half-li fe Photon Energy
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' H
"c
,~p

3'5
"C
UN
15()

lSF

1232 yr
5715 yr
14.28 days

87.2 days
20.3 min
9.97 min
2.04 min
109.8 min

No photons
No photons
No photons
No photo ns
511 keV
511 keY

511 keV
511 keV

the purpose of finding a useful tracer. Examples are radioiodinated albumin for plasma
volume measurement, complexation of radiornetals with DTPA for GFR measurement,
and adjustment of the pH of radiometal solutions to form colloidal particles that localize
in the reticuloendothelial system (RES), This approach was moderately successful with
the earlier technetium and indiu m radiopharrnaceuticals . A more specific systematic
approach is to combine knowledge of organ system physiology and biochemistry with
theproperties of specific radiotracer compounds to create a suitable diagnostic agent The
classic example is the use of radioiodide for imaging the thyroid gland,

Isotopic labelillg is the replacement of a stable atom in a compound with its radioisotope,
It results in a rad iotracer molecule with struc tural and biologic properties intact, similar
to the nonradioactive "parent" molecule, Although this approach is ideal, the number of
desirable imaging radionuclides is a limiting factor, Biologic molecules and drugs are
composed mostly of the elements carbon, hydrogen, oxygen, nitrogen, phosphorus, and
sulfur, However, the radioisotope properties of these elements, with a few exceptions, are
unsatisfactory for diagnostic studies, The primary limitations are half-life, decay mode,
photon energy, and availability, One bright spot in recent years has been the development
ofpositron emission tomography (PET), which has made possible the use of IIC, 13N, "0,
'"F, and other positron emitters for isotopic labeling, Although the number of po ten tial
molecules that can be synthesized with these isotopes is virtually unlimited, a principa l
limitation is the availability of rapid synthesis methods for routine production, Table 9-4
lists the physical properties of nuclides available for isotopic labeling,

The limited number of radionuclides available for isotopic labeling necessitates label ­
ing molecu les with radionuclides not native to the compound of interest This process is
called nonisotopic or "foreign" labeling , No nisotopic labeling is not ideal becau se the
presence of a foreign atom in a molecule often changes its biologic properties , However,
laheling methods can sometimes circumvent poten tia l problems in this regard, and many
useful radiopharmaceuticals have been developed with this approach,

Some examples of rad iopharmaceuticals that have been developed for nuclear medi ­
cine studies, using vari ous approaches to design, are as follows,

L Many metallic radionuclides will readily hydrolyze in neutral aqueous solution
to form insoluble hydrated oxides or hydroxides as colloida l dispersions, After
intravenous injection, these radiocolloids localize in organs of the RES to permit
imaging of the liver, sp leen, and bone marrow, Some early examples include indium
hydroxide, indium phosphate colloid, and technetium tin-red uced colloid ,

2, The labeling of red blood cells with "Cr-sod ium chromate has allowed the
measurement of red cell mass by isotope dilution an alysis , Limiting the amount
of chromium by use of high sp ecific activity SlCr minimizes denaturation of the
red cells,
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3. Radioiodinated human serum albumin was one of the first agents for imaging
the blood pool and measuring plasma volume by isotope dilution analysis.

4. The normal process of splenic sequestration of effete red blood cells provides a
mechanism for imaging the spleen after the ad ministration of 99mTc-labeled, hea t­
denatured red blood cells.

5. Heat denaturation of rad iolabeled h uman serum albumin produces agg regate
particles that, upon intravenous injection, temporar ily lodge in the arterial cap­
illaries of the lung, creating a lung-scanning agent useful in the de tection of
pulmonary emboli.

6. Ion-exchange and biochemical transport mechanisms in the body permit evalu­
ation of various organ sys tems. A few of these:
A. Cationic 2lJlTl: ion (a potassium ion analogue) is used to evalua te myocardial

perfusion because it is extracted from blood into heart muscle cells by the
Na-K ATPase pump in the myocyte membrane.

B. 99mTc-phosphonate complexes chemisorb to calcium ions on bone surfaces,
permitting evaluation of d iseases associated with the skeleton.

C. Imaging the thyroid gland is possible with pertechnetate ion, which is actively
trapped in the gland because its molecular size and ionic charge are similar
to those of the iodide ion '

D. Agents for evaluating kidney and liver function were developed on the basis
of the ability of these organs to excrete certain ionic substances. When no
suitable label for para-amino hippurate could be prepared to measure kidney
function, ortho-iodohippurate (OIH) was developed becau se it could be
labeled with radioiodine. After being used for over 30 years, OIH was
replaced by the technetium agent 99mTc-mercaptoacetyltriglycine (9'lmTc_
MAG3 or 99mTc-mertiatide), which has properties similar to those of OlH.
Similarly, the anionic excretory pathway on the liver's hepatocyte membrane
was exp loited. The first agent developed to evaluate hepatobiliary function
was the anionic red dye I3lI-rose bengal. It was eventually rep laced in the
1970s by 99mTc-Iabeled N-substituted iminodiacetic acid (IDA) analogues,
namely, 99mTc-labeled lidofenin (99mTc-HIDA), disofenin (99mTc-DISIDA), and
mebrofenin (9'lmTc-BRIDA).

E. The ability to image the ad renal cortex was made possible wi th 131I-19-iodo­
cholesterol. Its development was based on the natural incorporation of cho­
les terol precursors into s teroid hormones in the adrenal gland . 1311_
iobenguane sulfate (131I-MIBG) was then developed to image the adrenal
gland because it is taken up by the norepinephrine reuptake mechanism in
medullary cells.

E The radiolabeled glucose analogue 18F-fludeoxyglucose (I8F-FDG) has found
widespread use in imaging disease processes associated with increased glu­
cose metabolism, such as epilepsy and tumor growth.

7. Many radiopharmaceuticals are chelates of radionuclide metals. For example,
the 99mTc and 111ln chelates of DTPA were developed for kidney studies because
of the well-known excre tion of metallic chelates by glomerular filtration in the
treatment of heavy-metal poisoning. The biodistribution of these metallic che­
lates is determined by the properties of the chelate molecule and the chelating
agent. Thus, in the case of DTPA, biodistribution is no t necessarily restricted
very much by the type of me tal ion chelated to it because 9'lmTc-DTPA and 111In­
DTPA have similar distributions after intravenous injection. These types of
radiopharmaceutica ls, for which there are several examples, are considered
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"tagged compounds" in that the radioactive atom localizes primarily because of
the biol ogic properties of the chelating agent.

8. An extension of this approach was the developmen t of bifunctional chelates.
Bifunctional chelates contain a chelating moiety tha t binds the radionuclide metal
and a biochemical mo iety that can be modified to alter the molecule's biodistri­
bution properties. The first important group of agents in this class was the 'NmTc_
labeled N-substituted IDA analogues for hepatobiliary imaging. An in teresting
find ing during the development of these agents was that biliary excretion would
not occur unless the technetium atom was present in the complex. Structural
analysis of th ese compo unds demonstrated that a bis complex is formed with a
technetium atom bridging two IDA molecules. Thus, a class of compounds was
developed that became known as techne tium-essential chelates.

As know ledge and experience grew in the area of technetium chemistry, new 9IlmTc
complexes were developed with technetium as a core atom tha t is essential for complex
formation and a molecular partner in the determination of biologic localization. Techne­
tium's ability to exist in various oxida tion states has made possible the development of
numerous 'NmTccomplexes with desirable biologic properties. Some noteworthy examples
are 'NmTc-mertiatide ('NmTc-MAG3) for kidney imaging, 'NmTc-exametazime ('NmTc-hexame­
thylpropyleneamine oxime, or 'NmTc-HMPAO) and 'J'lmTc-bicisate ('NmTc-ethylcysteinate
dimer, or 'J'lmTc-ECD) for brain imaging, and 'J'lmTc-sestamibi and 'NmTc-tetro fosmin for heart
imaging.

RADIOPHARMACEUTICAL ClASSIFICATION

The des ire for site-specific localization of radiotracers placed emp hasis on a receptor­
specific approach to the de velopment of agents. This approach is based on the struc­
ture-activity relat ionship, in whi ch a drug mol ecule reacts with a specific bio logic receptor
because of the ir complementary structures. The development of receptor-binding
radiotracers for the autonomic nervous system and radiolabeled antibodies for turnor­
associated antigens are examples. A useful classification of radiopharrnaceuticals into two
groups on the bas is of the ir mechanism of localization has been suggested: su bstrate
nonspecific and substrate specific' Substrate nonspecific agents do not participate in a
specific chemical react ion . Rad iopharmaceuticals that localize by d iffusion (99mTc_
HMPAO), compartmental confinement (I~;l -human serum albumin ['NmTc-HSA]) , capillary
blockade ('J'lmTc-macroaggretated albumin ['~mTc-MAA]), cell sequestration (heat-dena­
tured 'NmTc-red blood cells ['J'lmTc-RBCs]), and phagocytosis ('NmTc-sulfur colloid) are exam­
ples. Substrate-specific agents must pa rticipate in a definite chemical reaction or take part
in a specific ligand- substrate interaction. Examples are radiotracers that localize by enter­
ing into biochemical or me tabolic processes invo lving enzyme systems, such as w'TI ion
in the Na-K ATPase pump for heart imaging, or involving antigen-antibody reactions,
such as "'Y-ibritumomab tiu xetan (Zevalin, Biogen ldec) antibody for radiation treatment
of non-Hod gkin's lymphom a.

Additiona l approaches to radiopharmaceutical design have been used; a more com­
plete discussion of this topic can be found in other sources.v"

CHEMISTRY REVIEW

This section reviews some fund amental chemistry concepts that m ay be helpful to
nonchemists who work with radiopharmaceuticals. It includes a discussion of electron



configuration in ato mic orbitals because elect rons playa key role in the types of chemical
bondi ng and this knowledge is helpful in understanding the chemistry involved in rad io­
labe ling reactions. Stereochemistry concepts are also review ed, because many second­
generation technetium compo unds possess asymmetry and contain chiral centers that
yield stereoisomers. Finally, a brief discussion of the solution chemistry of meta l ions is
includ ed because most radionuc1ides are metals. This very bas ic overview of these topics
is meant only to acquaint or reacqua int readers with concepts and terminology that now
appear in the literature, primarily in regard to technetium compo unds . Detailed informa­
tion can be found in standard texts on chemistry and stereochemistry.

Bonding Concepts

Electrons reside in atoms in energy levels. The possible energy levels are classif ied into
principa l energy levels an d sublevels. The principal energy levels are numbered consec­
uti vely: 1, 2, 3, and so forth. Within each p rincipal energy level are sublevels designated
by the letters s, p, d. and f. The number of sublevels in a given principa l energy level is
equal to the number of that level, and the total nu mber of atomic orbitals in a principal
energy level is equa l to the square of the number of that level. Thus, the first principal
level has one sublevel (s) and one (i.e., I ') atomic orb ital (s). The second principal level
has tw o subleve ls (s and p) an d four (i.e., 22) atomic orbitals (s, P, p" and pol.The electrons
at each energy leve l are confined to a certa in sp ace termed the aiomic orbital. No more
than two electron s may occupy an orbital. Since an orbital can accommodate two electrons,
the first pri ncipal energy level can have only two electrons, the second principal level can
ha ve eight electrons, and so forth (Table 9-5).

The s ato mic orbital is spherical, and the s electrons can be ran do mly located anywhere
wi thin the spherical space surround ing the nucleus of the atom . The p orb itals are desig­
nated with subscript letters x, y,and z to indicate that they have direction about the nucleus
as well as form . The p-orbital elec trons travel in a figure 8 pattern about the nu cleus in
three p lanes along X-, yo, and z-eoo rdinates that pass d irectly throu gh the nucleus.

The first 10 elemen ts in the periodic table and thei r electronic configura tions are listed
in Table 9-6. As a general rule, an atom seeks to achieve its lowest energy state, and it
does this by filling an incom plete principa l energy level. The table ind icates that of the 10
elements listed, only helium and neon have filled principa l ene rgy levels, making these
elements inert. Inertness is achieved because these elements canno t increase the ir stabilities
further by combining with other elements. The rem aining elements, however, have
unfilled energy levels and must combine with other elements to satisfy the ir electron
deficiencies and achieve a lower energy state. This can be accomplished in two ways: by
do nating or acquiring electrons, or by sharing electrons. These two processes result in
different types of chemical bonds. The two basic types of chemical bonds are electrovalent
(ion ic) bonds and coval ent bonds.

•
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TABLE 9-5 Proper ties of Atomic Energy levels

Principal Energy level, n

Property 1 2 3 4

Number of sub levels l(s) 2 (s.p) 3 (s.p. d) 4 (s.p.d.f}
N umber of orbitals, n2 I 4 9 16

N umber of electrons (two per orbital) 2 8 18 32
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TABLE 9 -6 Electronic Configurations of Selected Elements

Element Atomic Number Electronic Configuration Electronegativity

II 1 l S I 2.1
He 2 15 2

Li 3 Is2,251 1.0
Be 4 1s2, 252 1.5
B 5 1s2, 252, 2p} 2.0

C 6 1s2, 252, 2p~1, 2p~.J 2.5
N 7 h;z, 152, 2p/ , 2py

1, 2p} 3.0
0 8 1s2, 252, 2p,?, 2p/ . 2pzl 3.5

F 9 Is2, 182, 2p/, 2p/, 2p} 4.0

Ne 10 1s2
, 252, 2p/, 2p/, 2p/

f1ectrovalen t Bonds

As the name implies, an electrovalent bond is associated with an electrical charge on
atoms. A neutral atom has a positive valence if it loses one or more of its electrons and a
negative valence if it gains one or more electrons. For example, a 'lithium atom can easily
donate its single 2s electron to a fluorine atom, resulting in a positively charged lithium
ion and a nega tively charged fluoride ion. The lithium atom is left with its on ly remaining
principal energy level filled with electrons, and the fluorine atom has both of its principal
energy levels filled with electrons. Thus, the lithium fluoride molecule forms because it
provides a more stable sta te for lithium and fluorine.

An electro valent bond tends to form between atoms that have large differences in
electronegativity. Electronega tivity is the relative tendency of an atom to attract electro ns.
Theelectrovalent bond is a relatively weak bond, however, and in solution lithium fluoride
readilydissociates to form free lithium and fluoride ions. Examples of electrovalent rad io­
pharmaceu ticals are I3l[-sodium iodide, 99mTc-sodium pertechnetate, 20lTI-thallous ch lo­
ride, and l1lln-indium chloride.

Covalent Bonds

Acovalent bond is characterized by the sharing of a pa ir of electrons bet ween two atoms,
one electron donated from each atom. Covalen t bonds are stronger than ionic bonds and
are favored between atoms with similar electronegativity. The shared electrons go into
molecular orbitals, that is, orbitals encompassing two positive nuclei. Because the electrons
are attracted by two nuclei, the bond is stronger and the molecule more stable (lower
energy state) . In the rep resentation of the chemical structures of organic molecu les, a single
covalentbond is conventionally written as a dash or single line (representing two electrons)
between bonding atoms. An example of a covalently bonded radiopharmaceutical is 1311­
MIBG, in which the radioiodine atom is covalently bound to a carbon atom at the meta
position of the aromatic ring.

Carbon is a basic constituent of all organic molecules and is an interesting case in point
regarding covalent bonding. In the normal state of elemental carbon, only two covalent
bonds may form, since on ly the two p electrons, P, and P, are unpaired. However, whe n
carbon enters into covalen t bonding wi th other at oms, the 2s electron is "promoted" to
the 2p, orbital, making four unshared elect rons available for bonding, that is, one electron
each in the 2s, 2p" 2py, and 2p, orbitals. The formation of single covalent bonds via these
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four sp ' hybridized orbitals is more profitable in terms of energy and results in a molecule
that has greater stability than if carbon bonded only through the use of two p orbitals.

When two carbon atoms bond via a double bond, one of the p electrons does not
become hybridized but remains in a separate orbital. The remaining three electro ns (one
s and two p) become hybrid ized to form three sp' orbitals. These sp' orbitals form cova lent
bonds that are in one plane, as compared with the x, y, and z planes of sp' orbitals. In this
situation, the unhybridized p electron occupies a separate orbital at right ang les to the
plane of the sp?orbitals. When two carbon atoms form an sp' bond, two p-orbital electrons,
one from each carb on atom, orient at right angles to the sp' orbitals. In this situation the
p elec trons ma y enter into a type of molecular orb ital known as the pi-orbital, and these
electrons form what is known as the pi-bond. Thus, the double bond between two carbon
atoms is made up of one sp' bond and one pi-bond . Pi-bonds are important in the
coordina tion of radionuclide metals in organometallic chelates.

Coordinate Covalent Bonds

Coo rdinate covalent bonds are frequen tly present in organ ic molecules and are character­
istically present in organometallic chelates, such as techn etium compounds . The coordi­
nate covalent bond is character ized by the donation of a pair of un shared electrons by
one of the atoms involved in the cova lent bond. Nitrogen is frequently involved in coor­
d ina te covalent bonding. Nitrogen's electron ic configuration shows that it has three p
orb itals , each with a single unshared electron available for covalent bonding. When these
three p-orbital electrons are used in covalen t bonding, the pair of 2s-electrons remain and
are available for coord inate bonding, being donated as a pair of electrons. The coordinate
covalent bond is some times written as an arrow in chem ical structures to distinguish it
from a standard covalen t bond.

Complex Compound

A complex (or coordination) com pound is defined as a species formed by the association
of two or more simpler species, each capable of indep enden t existence. When one of the
species is a metal ion, the resulting entity is known as a metal complex. The metal atom
acts as an electron accep tor and is refer red to as the central atom. Electron-d onor atoms
that bond wi th the metal are called coordinating groups, or ligands. The number of bonds
formed by a metal with a ligand is known as the coordination number. It is typically4,
5, or 6. If the complexing agent coord inating with a metal does so through one donor
atom, donating one electron pair (i.e., is monodentate), a simp le metal- ligand complexis
formed. If the complexing agent contains two or more donor atoms (i.e., is multid entate),
forming a ring structure wi th the metal , the complex is called a metal che late and the
complexing agent is called a chelating agent. The re is often coord ination between a radio­
nuclide metal and an organic ligand, the result being an organometallic complex. Typical
donor atoms in these complexes are nitrogen, oxygen, and sulfur. The reactions shownin
Figure 9-2 illustrate these complexation processes between a metal (M) and a ligand (L).

Metal che lates may involve ion ic and cova len t interactions . A good example is the
hexadentate chelating agent ethy lenediaminetetraacetic acid (EDTA), which possesses two
nitrogen donor atoms and four oxygen donor atoms. Not all the potential donor atoms
are used in some com plexation reactions . Such is the case in Figure 9-2, which shows the
coordination of calcium with Na,EDTA. Many natural substances are chelates: chlorophyll,
hemoglobin, vitamin B", and insulin, for example. Metal che lates, including technetium
chelates, are a mix of electrovalent and cova lent bonds, depending on the properties 01
the metal and coordina ting groups.
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FIGURE 9-2 Generalized complexation reactions between a meta l and a ligand with formation of a
simple metal complex or a metal chelate. Calcium EDTA chelate shown for illustration.

Stereochemistry Concepts

It has long been known tha t the biologic localization of a drug molecu le is determined by
many factor s, including lipid solubility, molecular size, ion ic charge, and struc ture, and
that the stereochemical configuration of the molecule plays an important pa rt in the
structure-activity relationship (SAR). During the design and testing of second-genera tion
technetium radiopharmaceuticals, it became ev ident that the stereoisomeric form of certain
radiopharmace uticals was important for distribution and localization. Since a radiopha r­
maceutical does not elicit a pharmacologic response upon interaction w ith a recep tor, its
interaction wi th the receptor is referred to as a structure-distribution relationship (SDR).
This concept was brought horne during the development of a technetium-labe led radio­
pharmaceutical replacement for " 'I-OIH, for example, when it was shown that the sy"
isomer of "'"'Tc-N,N'-bis(mercap toacetyl)-2,3-diaminopropa noate (99mTc-CO,-DADS) ha d
superior renal localization properties as compared with the anti jsomcr. Several second­
generation technetium compounds are now discussed in the literature in terms of their
stereospecific configurations; therefore, this section will rev iew the terminology and con­
cepts associate d w ith stereochemistry.

Stereoisomers

Compoun ds that have the same mo lecular formula w ith identical n umbers and types of
atoms but distinctly different arrangement of the atoms are called isomers. Isom ers can be
of two typ es : cons titu tional isomers and stereoisomers. Isomers that have differen t bond­
ing connectivities of their atoms are called constitutional isomers. For example, ethanol
(CH,CH,oH) and acetone (CH,COCH,) both have the molecular formula C,H,O, but they
differ in the na ture of the func tion al group. Likewise, 1-propanol (CH,CH,CH,oH) and
2-propanol (CH,CHOHCH,) have the molecular formula C,H,O but differ in the location
of the OH group . Isomers that diffe r only in the relative spatial ori entation of atoms or



248 Radiopharmaceuticals in Nuclear Pharmacy and Nuclear Medicine

groups are called stereoisomers. There are several types of ste reoisomers, but those of
greatest interest in regard to the SDR of radiopharmaceuticals are known as enantiomers.

Ellalltiomers are pa irs of molecular species that are mir ror images of each other. Addition­
ally, they are nonsuperimposable, which means that their three-dimensional configuration
cannot be arranged so that one enantiorner can be overlaid upon the other. Enantiorners are
nonsuperimposable because they have chirality. A chiral molecule is one that lacks sym­
met ry. In organic compounds, a tetrah ed ral carb on atom becomes chiral when the four
groups attached to it are different. The different possible spa tial arrangement of groups
on a chiral carbon atom crea te the ena ntiomers. While ena nt iomers have identical physi­
cochemical properties, their different molecular con figura tions may cause them to have
d ifferent biologic properties. The molecular configuration of an enantiomer is designated
by letter descrip tors, either wi th a small cap ital (0) or (L) or wi th a large, italicized capital
(R) or (5), as described in a later section.

One property of chiral molecules is that they are optically active. When enantiomers
are separated and their solutions exposed to plane-polarized light, each enantiomer will
cause the light to rotate by opposite but equal amounts. The enantiomer that rotates the
plane of light clockwise, to the right, is said to be dextrorotatory and is designated with
a p lus sign (+) before its name. The enantiomer that rotates the plane of light counter­
clockwis e, to the left, is said to be levorotatory and is designated with a minus sign (-)
before its name. An equimolar mixture of enantiorners, designated as (±), is called a racemic
mixture or a racemate. Racernates are devoid of op tical activity. While enantiomers have
identical physicochemical properties, their different optical properties provide a mea ns of
identifying the enantiomer that has a desired bio logic activity.

Each chiral atom in a molecule can give rise to two optical isomers. If II is the nu mber
of asymme tric carbons in a molecule, the number of optical isomers is 2" unless the
molecule as a whole is symmetrical. Figu re 9-3 illustrates the relationship between the
possible isomers of tartaric acid . The figure shows that (o)-(-)-tartaric acid is the mirror
image of (L)-(+)-tartaric acid. Therefore they are enantiomers and optically active . Meso­
tartaric acid, however, is not a mirror-image of the (0) and (L) forms and is the refore a
diastereomer of these forms. Diastereomers are stereoisomers that are not mirror images.
They have completely different properties . Meso-tartaric acid melts at 140'C (0 and L forms
melt at 170'C), is less dense, and is less soluble in water than the (0) and (L) forms. Also,
the meso molecule is symmetrical as a whole; that is, even though it contains two asym­
metric carbon atoms, the top half and bottom half of the molecule are identical. This plane
of sym metry in the mo lecule makes the meso form optically inactive.

Since the only difference in enantiomers is their optical properties, the ir physicochem­
ical prop er ties such as melting po int, boiling po int, and solub ility are identical and cannot

mes o-Tartaric Acid

FIGURE 9-3 Enantiomers of tartaric add; (D) and (I.)
forms and their diastereomer (meso-tartaric acid). See text
for details.
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FIGURE 9-4 Uppe r panel shows the Fischer (u) and (I.) configurations for carbohyd rates and amino
acids . Lower panel shows the structure of (u)-(+)-g lyceraldehyde (1), its Fischer projection formula
(2), and its three-dimensional pyramidal structure (3). See text for de tails .

be used to sep arate them. However, high-per formance liquid chroma tography (HPLC)
using a chiral column packing material has been used to reso lve enantiomers on both an
analytic and a preparative scale.

Configuration

The spatial arrangement of atoms in a chiral molecule that distingu ish es it from its mirror
image is known as the absolu te configuration. Specific conventions are used to assign
configuration . The convention established by Fischer for ass igning the configuration of
amino acids and carbohydrates is that the longest carbon chain is written vertically with
the most oxidized end placed at the top of the chain (e.g., CHO in a carbohydrate). Figure
9-4 illustrates this assignment for carbohydrates and amino acids . If the OH group at the
bottommost (highest numbered) chi ral center is on the right-hand side, the molecule is
given a (0) or dextro configuration, and if it is on the left-hand side, it is given an (L) or
levo configuration. With am ino acid s, the (I.) designa tion is used for amino acid s whose
a-amino group is on the left-hand side of the carbon cha in, and the (0) designation is used
if the a-amino group is on the right-hand side. This conven tion has been applied to other
molecules that are closely rela ted to amino acids and carbohydrates. It must be remem­
bered, however, that the (0) and (I.) configurational descrip tors have nothing to do with
the signs of op tical rotation. For example, naturally occurring glucose has a (D) configu­

'ration and just happens to be dextrorotatory. Therefore, it is written as (D)-(+)-glucose.
However, naturally occurring tartaric acid has an (L) con figuration and happens to also
be dextrorotatory. It is written as (L)-(+)-tartaric acid, as shown in Figure 9-3.

Molecules are three-d imensional, and Fischer developed a two-dimensi onal p rojection
formula to help visualize the three-dimensional structure. This is illustrated in the bottom
panel of Figure 9-4 for (o)-glycera ldehyde. By convention, the projection formula, shown
as structure (2) in Figure 9-4, illustrates that the solid wedged groups bonded to the chiral
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FIGURE 9-5 Stereochemical interaction of a drug
molecule (D-ABC) and its recep tor (ABC) demon­
strating drug-receptor mismatch (2) and match (3). 3

carbon atom project out of the plane of pape r and the dash ed wedge groups p roject behind
the p lan e of paper. The three-dimensional pyramidal structure of (uj-glyceraldehyde is
shown for com parison.

Many biologic interactions rely on p recise stereochemical matchin g between the three­
dimensional structu re of a receptor and its subs trate. Thus, in many instances only one
enantiomeric form of a drug will be biologically active because its configuration exactly
complements the receptor configura tion (Figure 9-5). Naturally occurring amino acids are
of the (L) form, which is the config uration typically recogn ized by enzymes in biochemical
reactions. This fact can have important consequences in the localization of radiopharrna­
ceu ticals in the body. For example, peptide radiopharmaceuticals that contain a naturally
occu rring (L)-form am ino acid in their structu re may exh ibit poor localization properties
because of rapid in vivo metabolism by native enzymes. Consequently, it is sometimes
necess ary to incorporate the (nj-forrn isomer of an amino acid in the pe ptide to retard
me tabolism. The so matos tatin analogue Indiu m In 111 pentetreotide (Oc treoScan,
Mallinckrodt) is a p rime example of this labeling approach. This radiopharmaceutical
contains (oj-pbenylalanine and (oj-trvptopha n in its structure to inhibit me tabolism by
amino- and carboxy-peptidases.

A more universal system of configurational nomenclature is the Cahn-Ingold-Prelog
(CIP) convention, which is based on the th ree-dimensional struc tu res of molecules.
Accord ing to this system, the configuration of a molecule is described as either (R) (from
rectus, Latin for right) or (S) (from sinister, Latin for left). The assignment is made by
consid ering a hierarchy of ass igned values of various ligand grou ps bond ed to a chiral
carbon. Prior ity is given to groups with highest atomic number. The chiral center in a
three-d imensional struc ture is viewed from the side opposite the lowest-ranked ligand.
If, from this view, the arrangement of the three remaining ligands (in order of highest to
lowest ranking) appears in a clockwise direction (right-handed) , the configuration is (R)
and if the arran gement of ligand s is counterclockwise (left-handed), the configuration is
(S). This is kno wn as the sequence rule. The CIP descrip tors for (oj-glucosc are show n in
Figure 9-6. The benefit of this system is tha t it perm it" a compound 's structure to be drawn
correctly by anyone who understands the seq uence rule. As with (D) and (L) descriptors,
(R) and (S) descrip tors have no thing to do with signs of optical rotation. Thus, an (R)-or
(S)-configure d compound may be dextrorotatory or levorotatory.

In some instances, when an organic molecule contains sev eral different functional
groups it is desirable to describe the spatial configura tion of one group relative to another
group. SYIi (synperiplanar) and anti (antipe riplana r) designations denote the relative con­
figuration of any two stereoge nic centers in a chain . A stereogenic center is a focus in a
molecule whereby the interchange of two ligands attached to an atom leads to a stereo­
isomer. A stereogenic center may not be chiral, but all chira l cen ters are stereogenic. If
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FIGURE 9-6 Upper pane l, left , shows the (R) and (5) confi guration for asymmetric carbon atoms in
(oj-glucose. To its right is illustrated the zig-zag projecti on of (nj-glucose ind icating the use of sY"
and anti descriptors for designating the spatial configuration of one group relative to another. Low er
panel illus trates the facial (jac) and me ridional (mer) isomers of an octahedral metal comple x. See
text for complete description.

ligands on the stereogenic centers are on op posite sides of the plane, the relati ve config­
uration is anti. If they are on the same side of the plane, they are Syll . The sy" and anti
configura tions for hydroxyl groups in (D)-glucose are shown in Figure 9-6. The syll/allti
designation is used in technetium radiopharmaceuticals to describe the configuration of
functional groups relative to the technetium oxo core. A good example is the syn an d anti
forms of 99mTc-C0 2-DADS.

Another type of isomerism found in octahedral complexes ha ving three identical
groups coordinated to a metal atom is meridional/ facial isomerism. The mer idional (mer)
isomer has the three identical groups bound to the metal in the same plane, whereas the
facial lfac) isomer has the three groups occupying the same face (Figure 9-6). An example
of this type of isomerism in technetium chemistry is the technetium tricarbonyl com ­
pounds, wh ich have three carbonyl groups coordinated in a facial configuration.

Solution Chemistry of Metal Ions

In general, meta l ions are no t soluble in aqueous solution unless the pH is quite low. For
example, when stannous chloride is d issolved in hydrochlor ic acid, a hexacoordinate
tin-chloro coord ination comp lex is formed, wh ich keeps the tin soluble:

When the pH is raised to between 1.2 and 4.5, the insoluble hydrolysis product tetratin
(II) hexahydroxide dichloride, Sn,(OH),Cl" is form ed . At pH higher than 5.5, an amor­
phous hydrous oxide, Sn50,(OH)" is formed .' Forma tion of these insoluble hydroxide
complexes can be prevented by the addition of a chelat ing agent to sequester the stannous
ion as a metal che late.

RadionucJide metals suffer a similar fate in aqueous solution. In fact, in the early years
of radiopharmaceutical development, the hydrolysis reaction was deliberately used to
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produce particulate diagnostic tracers. Some examples are the hydrolysis of mmln-ehloride
with sodium hydroxide or sodium phosphate to produce insoluble Jl3mln-hydroxide or
ph osphate colloids for liver imaging.7$ Another example is the production of mmln-iron
hyd roxide macroaggregates for lung imaging by raisi ng the pH of mmln-chloride with
sodium hydroxide in the presence of ferr ic chloride,"

Che lation suppresses certa in reactions of a metal ion without removing the metal from
the system . Trace me tal ion contamination of drug products may contribute to oxidative
degradation of the drug molecule. EDTA and sodium citra te are often used in trad itional
nonradioactive pharmaceutica l p roducts to seques ter these metal ions . An example is the
use of EDTA in epinephrine injection to retard metal ion- induced oxida tive catalysis of
epinephrine to ad renochrome. An example in n uclear ph a rmacy is the chelation of alu­
minum ion by EDTA in WmTc-sulfur colloid injection. The chelation effectively retards the
potential reaction of any aluminum ion present in WmTc generator eluates with phosphate
bu ffers in the sulfur colloid kit, which could form insol uble aluminum phosphate that
would cop recip itate the sulfur colloid particles. Another example is the chelation of tin
(stannous and stannic ions) in 9'lmTc radiopharmaceu tical kits to suppress unwanted
hyd rolysis of these metal ions during labeling reactions in neutral or alkaline solutions.
Still another example, shown below, is the use of a transfer ligand (TL) tha t forms a weak
intermediate complex of reduced technetium (Tc) wh ile it is being coordina ted with the
rad iopharmaceutical ligand (Rx) in the kit. This technique is used in the MAG3 kit, with
tartra te func tion ing as the transfer ligand.

TcO;+TL ~," )Tc-TL~Tc-Rx+TL

Many radiopharmaceuticals used in nuclear medicine are complexes of me tals, for
example, gallium, indium, yttrium, and copper radionucIides. Spec ific examples include
"mTc, 111 ln, and ·' Ga coordination compounds of complexing age nts such as citrate, DTPA,
and oxine. Some complexation react ions proceed directly with the simple addition of the
metal to the ligand . If the pH compromises a reactant, some adjustmen t in the formula tion
is made. For example, in the production of 111ln-labeled antibodies, l" ln-ind ium chloride
is often mixed with sodium aceta te buffer before ad d ition to the ant ibody. This keeps
indium soluble (as indium acetate) while it coordinates with the antibody. Ina dequate
labeling and an tibody degradation occur if the acidic indium chloride is added directly
to the antibody. Understanding the chemistry involved is important to radiolabeling
success.

lKHNETIUM CHEMISTRY

Elemen t 43, technetium, was d iscovered in 1937 by Perrier and Segre? in a sample of
molybdenum that had been irradiated by deuterons. The new element's name came from
the Greek word tcchnetos, meaning artificial, because technetium was the first element
previous ly unknown on ear th and made artificially." There are 21 isotopes of techn etium,
rang ing from ""fc to ""Tc. JI"Tc has the shortest half-life (0.86 second) and "Tc the longest
(2.6 x 10" years). All the isotopes are radioactive. In 1939, Seaborg and Segre" obse rved
that "Mo irrad iated with slow neutrons gave rise to ""Tc through decay of the meta stable
isomer, 9QmTc.

The decay scheme for 99mTc is shown in Figure 9-7. The scheme indicates that its
metastable state is 0.1427 MeV above the ground state of ""Tc. This energy is released as
gamma rays, conversion electrons, beta particles, charac teristic x-rays, and Auger elec­
trons. Three gamma photons (YI'Y2' and Y3)' of 0.0022, 0.1405, and 0.1427 MeV, respectively,
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FIGURE 9-7 Decay scheme for "v'Tc. (Reprinted
wi th pe rmission from reference 149.)

are released in the decay to "'Tc, and an 0.0896 MeV gamma ray is emitted in one of the
two ~- pa rticle transitions to 9'IRu. The beta decay directly to 9'IRu is insignificant. The
0.0022 MeV photon is ent irely converted to M- and Nsshe ll electrons, and the 0.1427 MeV
photon is converted to K-, L-, and Msshell electrons. The primary gamma photon of 0.1405
MeV is re leased in 89 .1(Xl of nuclear transit ions of 99mTc.

In the 1950s, purificat ion work on the 132Te-1321 generator at Brookh aven National
Laboratory tu rned up a contaminant tha t proved to be technetium . The technetium con­
taminan t was the result of the decay of ""Mo, w hich was also present because it had
followed tellur ium in the chemical separation process." The d iscovery eventua lly led to
the prod uction of the 9'IMo-99mTc generator in 1957 at Brookhaven. Final improvements
were made by Pow ell Richa rds." The simplified decay scheme for ""mTc production is
shown below. ""Mo is now obtained as a fission byproduct of 235U.

~Mo~ 'i9mTc -------7 99Tc
" 14IX,

t>. "

Technet ium was introduced into clin ical use at the University of Chic ago by Harper
et alB The generato r used yielded tech netium as pe rtechnetate ion, 99mTcO, . In mice, the
activity wa s found to locali ze in the thyroid and saliva ry glands, stomach, and urinary
bladde r, similar to the iodide ion. These early studies identified the following advantages
of 9'!mTc:

I. Short but reasonable half-life of 6 hours.
2. High pho ton yiel d (89%) of 140 keV gamma gives good tissue pene tration but

is easily collimated and stopped by the detector.
3. No beta radiation, resulting in low radiation dose.
4. Availability in a generator for in-hospital use.
5. Che mically react ive, yielding other chemical forms.

Althoug h the 6 hour half-li fe was advantageous from an imaging standpoint, it created
the necessity for daily radiopharmaceutical preparation, purification, and tes ting in the
nuclear medicine laboratory. This led to the employment of radioche mists and radiop ha r­
macists in nuclear medicine, and they subsequently deve loped new techne tium-labeled
radiopharmaceuticals, kits, and labeling me thods.

Technetium Oxidation States

Technetium is positioned in the periodic table nea r manganese and rhenium, bu t its
chemistry is more similar to that of rhenium. The electronic configurat ion of the neutral
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techn etiu m atom in the ground sta te is l s22s22p"3s' 3p"4s24p"4d"5s '. As a transition metal
in group VIIB, technetium has seven electrons beyond kryp ton's noble gas configuration
an d readily loses these electrons to yield the 7+ oxida tion state of pertechne tate, TcO;.
Although this is the most stable state in aqueous solution, oxidation states from 1- to 7+
have been iden tified . For th is reason technetium exh ibits a d iverse chemistry, allowing it
to be incorporated into a variety of chem ical forms to be used as radiopharmaceuticals.

As the pertechnetate anion, technetium does no t bind effectively to other chemical
species. Being an oxidizing agent, however, it can be reduced to a positively cha rged state
that will complex with a var iety of ligands. An excep tion to this is """'Tc-sulfur colloid, in
which techn etium is considered to maintain the 7+ oxida tion state by virtue of its stability
as insoluble technetium hep ta-sulfide, Tc,S,l'

Reduced states of techn etium can be achieved with suitable red ucing agents. Some of
the early agents used were ascorbic acid, ferrous iron, and hyd rochloric acid, but these
substances often led to incomplete reduction, requiring a purifica tion step to remove
unreacted pertechnetate. More powe rful agents have also been used, includ ing sodium
borohyd ride (NaBH,) an d sodium dithionite (Na,S,O,), which are use ful in alka line pH,
and stannous chloride in acidic pH. The latter has been shown to be a powerful reducing
agent capable of producing qu antitative yields of technetium-labeled compounds, elimi­
nating the need to remove free pe rtechnetate. Its use led to the introduction of "instant
kits" for the preparation of """'Tc rad iop harmaceuticals." Other stannous salts, such as
stann ous fluoride and stannous tartrate, are also used in kit formulations .

The most common reducing agent used in """'Tc kits is stan nous chloride dihydrate,
SnCl, . 2H20 . Commercial sources typically are not pure and may contain 5% or more
Sn(IV)6The standard reduction potential of the Sn(IV)-Sn(I1) couple in hydrochloric acid
is +0.15 volts relative to the standard hydrogen electro de at 25°C, but the presence of
Sn(IV) in Sn(I1)solutions will lower this to about 0.11 to 0.12 volts. It is important , therefore,
to use as pure a product as possible in preparing kits. Dissolving high-purity tin wire in
concentrated hydrochloric acid unde r nitrogen purge has been used to ensure high purity
and concen trations of Sn(I1). Stannous chloride is read ily soluble in concentrated hydro­
chloric acid bu t will eas ily hyd rolyze as the pH is raised toward neutrality unless a suitable
com pIexing agent is present. Typ ically, very little Sn(I1) is present as free ions in radio­
pharmaceu tical solutions, mos t of it being complexed with ligand and some of it as
colloida l tin agg regates." As a powerful red ucing agent, stan nous chloride is readily
oxidized in the presence of air and by dissolved oxygen in aqueous solution . Typically, a
large excess of stannous chloride is present with respect to per technetate in rad iopharma­
ceutical solu tions, with the ratio ofSnCl, to """'TeO, being as high as 10" to 10"" Very little
of the Sn(I1) present will be oxidized by per techne tate per se. and most of its reducing
power is lost because of oxidation by oxygen and free rad icals generated by radio lysis.
Thus , except for a few special situations, it is important to exclude air from most techne­
tium radiopharmaceu ticals d uring and after preparation .

Since "''''Tc is used in the nanomolar range in diagnostic radiopharmaceuticals, infor­
mation about technetium's chemistry was gained mostly from studying its behavior in
aqueous systems at millimolar concentrations, us ing its more stable isomer "Tc,' In gen·
eral, while pertechnetate is quite soluble in aqueous solution, at lower oxida tion states it
may hyd rolyze, forming insol uble red uced technetium. The bes t exam ple of this is Tc(IV)
as the hydrated dioxide (TcO, . xH,O) . Typically, a complexing agent is necessa ry to keep
technetium soluble and stable in the reduced sta te. Figure 9-8 illus trates several examples
of complexing agents used in kits for prep aring some of the earliest technetium radio­
pharmaceuticals in nuclear medicine . Most of them are still in use today.

The oxid ation state of technetium and the stability of its compounds are controlledby
several factors, su ch as pH, the Sn(I1)/Sn(IV) concentration, and the typ e of complexing

-------------_...-
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FIGURE9-8 Chemical structures of several complexing agents (ligands) used in "v'Tc kits.

agent present (ligan d type). The most stable states in water are TcO,(VII) and the insoluble
TcO,(IV)6 Reduction /titration experiments ha ve shown that some ligands can achieve
complexes with technetium in more than one oxidation sta te dependi ng on the number
ofelectrons, II, acquired by pertechnetate; tha t is, when II = 2, 3, or 4, technetium is reduced
to the (V), (IV), or (11I) state, respectively. Ligands such as DTPA, pyrophosphate, and
tripolyphosphate can form Tc(lll ) complexes initially, which then oxid ize to Tc(JV)6 Com­
pound s in the (- I), (I), (II), and (11I) oxida tion states can readily oxidize to that of (IV) and
finally to that of (VII). Oxidation states of (V) and (VI) frequently d isproportiona te to (IV)
and (VII), as follows:

3Tc(VI) --> TC(IV}+ 2Tc(VU}

3Tc(V} --> 2Tc(IV }+ TC(VU}

For example, during the synthesis of a 99mTc radiopharmaceutical, initial reduction of
pertechnetate ('''''''Tea, ) leads rapid ly to the formation of the Tc(VI) intermediate "''''TcOl-,
which is unstable and d isproportiona tes to 99"'TcO, and """Tea,. Additionally, rap id reduc­
tion of pertechnetate to Tc(IV) can also prod uce the insoluble colloidal species TeO,. These
types of react ions may compromise labeling yields of the final radiopharmaceutical com­
plex. The p resence of a che1ating agent can serve to stabilize intermediate oxidation states
of technetium. Sometimes a weak, preformed technetium chelate is used as a techn etium
transfer agen t in the reaction scheme for labeling bio logic molecules to contro l the oxida­
tion state of technetium.

Some complexes are quite stable to oxidat ion (e.g., DTPA, IDA analogues, gluceptate),
while others are more labile (e.g., bone agents like hydroxymethylene diphosphonate
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TABLE 9-7 Oxidation State of Technetium in Various Compounds

Oxidation State

Te(VII)

Te(V)
Tc(IV)

Tc(III)

Tc(I)

Source: Reference 6

Chemical Form

Pertechnetate. sulfur colloid

DMSA (high pH), ECD, gluceptate, gluco nate. HMPAO, M AC3, tetrofosrnin
Citrate, DTPA, EHDP, HDP, MDP, PPi (PYP), TeO,· H,o
DMSA (low pH), HIDA, furifosmin, tebo roxime
Sestamibi

L.,

[HOP]) and may require an antioxidant in the formulation. The oxidation states of tech­
netium in several useful compounds are listed in Table 9-76 The table sho uld be used with
some caution. Electron transfer studies to identify the oxidation state of technetium in
first -generation complexes, such as dimercaptosuccinic acid (OMSA), OTPA, and pyro­
phosphate (PPi or PYP), have not always been conclusive. On the other hand, technetium's
oxidation state in many second-generation complexes (e.g., ECO, HMPAO, MAG3, sesta­
mibi, tetrofosmin) has been well characterized. The oxidation states listed in Table 9-7 are
considered to be the usual state present in technetium rad iopharmaceuticals prepared
from kits.

DEVELOPMENT OF TECHNETIUM COMPOUNDS

A principal goal in nuclear medicine has been the development of target-specific localizing
radiopharmaceuticals. First-generation technetium agents achieved this goal mainly
through the use of simple 99mTc-labeled species (complexes, particles, and cells) that could
exploit normal physiologic processes in the body. Techn etium was "tagged" to a variety
of molecular species that delivered it to specific organs via a non-substrate-specific local­
ization mechanism . In essence, technetium was a passenger atom not essential for local­
ization . These agents were not well characterized chemically because their technetium
concentration (approximately 10-" to 10-' M, e.g., 10 mCi 9YmTc = 1.9 ng) was below that
\\;Q,,\\i"\;<.\ \\)\ C.\)\\\('O\\\\'\)\\<;'\' c.\\.\O\\\\.c.<;.\. \\\\0\.\\.\)<.\" \)\ <;'1:\<;'\.')""'" \.1:\ 1:\oS'i'\)%'C \.() \."'-is d \&c.i.'C\\c.'j ,

technetium radiopharmaceutical development in the mid-1970s used 99Tc (as NH4Tc04) in
preparing CA compounds in amounts that permitted structural characterization by con­
ventional means such as infrared spectroscopy, mass spectroscopy, nuclear magnetic res­
onance spec troscopy, and x-ray crys tallography. This also made it possible to demonstrate
the equivalence of technetium complexes in CA (macroscopic) and NCA (tracer) quanti­
ties.16--18 Over time, all the lower oxidation states of technetium we re examined, and
technetium oxidation state cores were identified. An important consideration in the design
of technetium radiopharmaceuticals was the development of ligands that no t only would
stabilize technetium in its lower oxidation state but could be modified to influence site­
specific localization in vivo.

The efforts made by chemists to characterize technetium's chemistry and to design
new radiopharmaceuticals in the 19705and 1980s led to some significant findings . Loberg
and Fields.'? in their quest to develop a technetium heart imaging agent, serendipitously
discovere d the 99mTc-IOA compounds for hepatobiliary imaging. Their elegant work in
characterizing the structure of the dimethyl-substituted IDA analogue (99mTc-H10A) led
to two important contributions to the future development of technetium radiopharma­
ceuticals . The first was the finding that the technetium atom in the 'J9mTc-HlOA complex
was essential for its uptake and excretion by the liver1 7,19 Without technetium, the IDA
analogues exhibited renal excretion after intravenous injection. However, when technetium
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FIGURE 9-9 Chemical structure of iminodiacetic analogues.

was coordina ted with two IDA molecules, the principal excretion pathway was hepato­
biliary?" Figure 9-9 illustrates the chemical structures of several Tc-IDA ana log ues. The
second important contribution from this work was the concept of bifunctional chela tors,
which are ligands tha t no t on ly chelate techn etium but can be modified with functional
groups to control biodistribution of the final technetium complex. This concept was
expanded in the 1990s to include the introduction of a react ive site on the bifunctiona l
chelator, enabling binding of the technetium compl ex to another mo lecule for targeting
purposes.

A number of other con tributions were mad e in the 1970s and 1980s to the d evelopment
of technetium compounds in use today. With the ability to struc turally characterize tech­
netium compounds, efforts were directed toward examining ligands that cou ld stabilize
technetium in lower oxida tion states, previously thought to be unstable. Davison, Jones,
and colleagues," at the Massachusetts Institute of Techno logy, demonstrated that Tc(V)
oxo com plexes with bisd ithiolate (5,) and d iamidedithiolate (N,5,) ligands could produce
oxidation-stab le square pyram idal com plexes, wi th the oxygen atom at the apex and the
sulfur and nitrogen atoms formi ng the basal plane and with the technetium atom disp laced
toward the apex. Work with these ligands laid the foundation for introducing ligan d
backbone subs titu tions with noncoord inating functional groups that could d irect in vivo
localization. This permitted the development of a new generation of technetium-labeled
radiopharmaceuticals. Deutsch and co-workers," at the University of Cincinnati, con trib­
uted significantly to an understanding of technetium's basic chemistry through their
efforts to develop a technetium-labeled myo cardial imaging agen t. Their design an d
cha racterization of CA Tc(Ill) monocationic complexes with th e dims, or o-pheny l­
enebis(d imethylarsine), ligand, namel y [9'!mTc(diars),Cl,J' and 19'!mTc(diars),Br,]' , developed
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furthe r the conce pt of technetium-essential compounds designed around a technetium
core. Many othe r investigators made significant contributions to the development of these
second-generation technetiu m comp ounds that are used routinely in nuclear medicine.
Impor tant among these agents are complexes of Tc(I) (sestamibi) and Tc(V) (bicisate,
exametazime, mertiatide, and tetrofosmin) .">" Through the development of the se agents,
a number of technetium (V) oxo cores were identified. 27,2S Extensive experience w as gained
regard ing the chemistry of bifunctional chelating agents (BFCAs), many of which are no w
being developed fu rth er in the design of second-generation technetium -tagged com­
poun ds that localize by su bstra te-specific localization mechanisms.

As a result of this developmental history, technetium-labeled compounds are consid­
ered to be of two types: technetium-essential and technetium-tagged." Technetium-essential
compounds have technetium as a necessary core atom around which other components
are ar ranged . Neithe r of the separated com ponents (coordinating ligands or technetium)
localizes the same way that the integrated molecule does. The ligands that coordina te with
the core may be monoden tate or multiden tate and are designed to stabilize technetium
in its oxidat ion state, providing desi rable pharmacok inetic properties to the final complex.
Technetium's coordination number may be satisfied by multip le monodenta te ligands
(such as the six individual isonitrile ligands in 99mTc-sestamibi), one or two multidentate
BFCAs (such as those in ""mTc-bicisate and ""mTc-tetrofosmin, respectively), or a combina­
tion of a multidentate BFCA and individual monodentate ligands (such as tha t found in
""mTc-furifosmin). The func tional groups on the ligands are chosen to confer certain p rop­
erties to the final complex, such as lipophilicity, ionic charge, and molecular size. Such
modifica tions alter the pharmacokinetic properties of the technetium comp lex to enhance
its localization and excretion." For examp le, the desi gn of 99mTc-MAG3 involves not only
careful selec tion of the coordinating ligand (N,S), but also the strategic location of a
carboxylate substituent in the peptide seq uence to give it the necessary renal excretion
properties that mimic OIH.L' Another example is the rear rangement of two me thyl groups
on the propyleneamine oxime (PnAO) ligand in ""mTc-PnAO in order to increase its brain
retention properties, producing the config uration found in 99mTc-HMPAO."

Technetium-tagged compounds have technetium bound to a transporting moiety that
delivers technetium to a specific site in the body determined by the properties of the
transporter. First-generation technetium-tagged compounds have transporters that are
relatively simple. They include complexing agents (e.g., DTPA), particles (e.g., sulfur
colloid), blood cellular elements (e.g., leukocytes), and proteins (e.g., human serum albu­
min). Second-generation technetium-tagged compounds have transporters that are recep­
tor-specific (targeting molecules), such as pep tides and antibodies, and covalentl y linked
to technetium via a BFCA. The design and labeling methods of these comp ou nds are more
sophisticated than those for first-generation technetium-tagged radiopharmaceuticals.

SECOND-GENERATION TECHN ETIUM-TAGGED
RADIOPHARMACEUTICALS

Two ap proaches ha ve been used to design second-generation technetium-tagged radio­
pharm aceuticals: the integrated approach and the bifunctional che late approach .29~12

The integrated approach incor porates techn etium into a binding site built into the
molecule; technetium thus becomes an integral part of the molecule, affecting its confor­
mation and localization in vivo. Th is approach has been used to des ign radiotrace rs that
mimic the three-d imensional configuration of biologically important steroids (testosterone,
proges terone, and estrad iol) with limited success, but it may prove more successful in the
future.2<J.32
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A more widely explored direction is the bifunctional chelate approach, in which the
key component in the design of technetium-tagged radiopharmaceuticals is a BFCA. The
extensive experience gained from the development of technetium-essential radiopharma­
ceuticals wi th BFCAs, particularly with the tripeptide MAG3, made the BFCA approach
to peptide labeling a natural extension of that work. Furthermore, it insti lled the idea of
incorporating a technetium-binding amino acid sequence into an active peptide biomol­
ecule. The peptide sequence allows the introduction of coordinating do nor gro ups to
facilitate the formation of a stable complex with a technetium oxo core.

Technetium- tagged compounds have the follow ing general structure: targeting mole­
cule-linker-BFCA-9')mTc.~) The targeting molecule is typically a peptide, antibody, or some
other small molecule designed to target a specific receptor in vivo. The linker is usually
a simple hydrocarbon chain of var iable length; its inclusion modifies the pharmacokinetics
or distances the technetium chelate region from the receptor-bind ing region of the mole­
cule. The BFCA serves two ma in purposes: to coordinate the technetium and to prov ide
a molecular backbone that can be modified with functional groups for attachment to the
targeting molecule. Some examples of BFCAs ane the N2S2 ligands diarninedithiol, diamide­
dithiol, and monoaminemonoamide dithiol: triamidethiol (N,S); N, PnAO; and hydrazine
nicotinamide (HYNlC). '" The func tional group on the BFCA is the conjugation site where
it covalently attaches to the targeting molecule, either d irectly or through the linker
molecule. With this design, the technetium chelate is often far removed from the receptor­
binding motif to minimize possible interfenence with binding at the bio logic receptor site .
In most instances, technetium will act as a "passenger" to be transported to the recep tor
site. Howe ver, in some situations, such as with small peptides, the biodistribution and
target up take will be influenced by the metal chelate because the technetium atom may
contribute greatly to the ove rall size and molecular weight of the radiopharmaceu tical.'"
Insuch cases the technetiu m is no t entirely passive, and such radiopharmaceuticals could
also be considered as techne tium-essential.

The pri ncipal targeting molecules employed as transporters in techn etium-tagged
radiopharmaceuticals are antibodies and peptides.'" They differ p rimarily in mo lecular
weight and structu re. Antibodies are analogous to large and small proteins in size. Whole
antibodies have molecular weights on the order of 150,000,and antibody fragments about
50,000 to 100,000. By contrast, peptides usually contain less than 100 amino acids and have
molecular weights of about 10,000 or less. Peptides consisting of less than 30 amino acids
or having a molecular weight less than 3500 are considered small peptides. Tn general,
whole antibodies have slow blood clearance and only modest target-tn-background ratios.
Although they exhibit high neceptor-binding affinity and specificity, their effectiveness is
limited. This ha s been attributed to their lack of access to tu mor cells in solid masses and
to the heterogeneous d istribu tion of tumor-associated antigens on the tu mor surface. By
contrast, the affinities of many peptides for their receptors are sign ificantly greater than
those of antibodies or their fragments. Also, they can tolerate harshe r chemical conditions
for modification or rad iolabeling. Peptides are relat ively easy to synthesize, exhibit rapid
blood clearance, and are less likely to be immunogenic. In most cases, the recep tors for
peptides are readily accessible on the external surface of cell membranes. On e disadvan­
tage of peptides is that they are prone to enzymatic degradation by plasma proteases and
peptidases and therefone must be mo dified to protect agains t degradation. In some cases
this can be accomplished by use of a o-amino acid in place of the i.-form (e.g., D-tryptop han
in OctneoScan [Mallinckrod t) and Neo'Iect [Diatide]) and use of alternative amino acids.
Another confounding problem is the potential loss of receptor-binding affinity when the
peptide is conjugated to the BFCA and labe led with a radionuclide. Small peptides with
only four to six am ino acid residues ane particularly vulnerable in this regard .
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FIG URE 9·10 Typical methods of conjugating bifunctional chelating agents (BFeAs) wi th target ing
molecules.

LABELING APPROACHES

Conjugation of the peptide, protein, or antibody targeting molecule (TM) with the BFCA
occurs through a reaction between a primary amino group on the TM and an activated
ester group or an isothiocyanate group attached to the BFCA, or between a sulfhydryl
group on the TM and a ma leimide group on the BFCA (Figure 9-10).30 Conjuga tion can
occur eith er after coordination with technetium (prelabeling approach) or before coordi­
nation with technetium (postlabeling approach) (Figure 9-11).

The p relabeling ap proach involves technetium chelation with the BFCA, act ivation of
the BFCA, and conjugation with the TM. In this approach, the technetium chelate is formed
before conjugation with the TM. The advantage of the prelabeling approach is that the
TM is not subjected to the sometimes harsh labeling conditions (e.g., low pH, high tem­
perature) necessary for coordina tion of technetium with the BFCA. The disadvantage of
this approach is tha t it is not particularly amenable to simple kit formulation. The post­
labeling approac h involves activation of the BFCA, conjugation wi th the TM, and chelation
with technetiu m. An advantage is that th is approach permits a carefully worked out
chemistry for conjugation of the TM with the BFCA. Also, this approach has particular
appeal for kit formulation if the chelat ion reacti on conditions with technetium are not
detrimental to the TM. Rad iolabeling can be accomplished with either approach by direct
reduction of per technetate in the presence of the BFCA-TM complex or via ligand exchange
with an intermediate technetium complex such as Tc-glucoheptonate. The postlabeling
approach is used with the preparation of 99mTc-apcitide and 99mTc-depreotide.
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FIGU RE 9·11 Prelabeling and postlabe ling approaches for coordinating technetium to a targeting
molecule (peptide). See text for de tails.

Technetium-Labeled Peptides

Synthetic peptide ligands have been designed to com plex with the Tc~O'· core .Two useful
technetium-labeled biochemical markers in this group are 99mTc-apci tide, a pla telet recep­
tor-binding peptide for imaging acute venous thrombosis, and 99mTc-depreo tide, a soma­
tostatin recep tor marker for imaging ma lignant lung tumors.P-"

99mTc-apcitide was designed to mimic the peptide sequence -Arg-Gly-Asp (RGD),
which recogn izes and binds to glycoprotein (GP) lIb/lIIa recep tors on activa ted p latelets.
Apcitide contains the mimetic sequence -Apc-Gly-Asp (-ApcGD). The synthetic amino
acid Ape (S-aminopropyl-L-cysteine) is an arginine surrogate tha t not only replaces argi­
nine in the receptor-bind ing sequence but also confers additional selec tivity on the mol­
ecule.> The chemical structures of apc itide and "'mTc-apcitide have been characteri zed as
shown in Figure 9-12.33 Apcitide contains a receptor-binding region cons isting of the
peptide (-Apc-Gly-Asp-) and the techne tium-binding region consisting of the peptide
(-Gly-Gly-Cys-NH,- ). The apcitide kit for labeling with technetium is formulated with the
bibapcitide d imer (Figure 9-13), which is split dur ing labeling to release two apcitide
molecules for complexation with technetium.

Depreotide is a 10 amino acid, bifunctional synthetic pep tide consisting of a soma­
tostatin receptor-binding region (-tyrosine-D-tryptophan-lysine-vali ne-) and a tripeptide
domain (-p-d iaminopropionyl-Iysine-cysteine-), which forms an N3S monoaminediarnide­
thiol chelating uni t to complex with 99mTc (Figure 9-14).33 During labeling a pair of isomers
is formed. Both the sy" and anti isomer bind with high affini ty to the somatostatin receptors
in vivo.33 The complex is neutral becau se the three negative charges formed during coor­
dination (two on nitrogen, one on sulfur) balance the three positive charges on the Tc~O'·

core.
A sign ificant amount of work is being devoted to developing peptide-based radio­

pharmaceu ticals using BFCAs. Exciting new agents have already been developed and
approved for routine use, and many are in the pipeline of investigation. Excellen t, com­
prehensive reviews of the chemistry involved have been presented .' ll-:>l
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FIGURE 9-12 Chemical structures of the apcitide ligand and """Tc-apcitide.

FIG URE9-13 Chemical structure of the bibapcitide di rner molecule from which the apcitide ligand
is derived in the Y'hnTc-apcitide kit.

Technetium-Labeled Antibodies

Several approaches have been used to label technetium to antibodies. A direct method
relies on the red uction of d isulfide bridges within the antibody to generate endogenous
su lfhydryl groups (Figure 9-15). Using this approach, Rhodes et al." incubated F(ab'}z
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antibody fragments with a reducing agent (e.g., stannous tartrate/phthalate mix) and
labeled them with 9'lmTc-sodium pertechnetate. Technetium's binding affinity with the
antibody was found to be both strong and wea k, with the strong-affinity bond being a
fun ction of exposure time of antibody to stannous ion. A disadv antage of this method is
indiscrimina te labeling of the antibody; technetium labels both low-affinity sites an d high­
affinity sites. Additionally, the F(ab'), antibody fragments split to release the monomeric
Fab' fragments. Labeling efficiency can be high (approaching 90%), but immunoreactivity
is low (approximately 55%).35 Schwarz" used 2-mercaptoethanol to reduce disulfide bonds
and used a novel approach by labeling whole antibody via ligand exchange after adding
technetium-labeled bone agents to the antibody.Thakur et al." compared several red ucing
agents (stannous ion, ascorb ic acid, 2-mercaptoethanol, dithiothreitol, and di thioerythr itol)
to reduce disu\tide bonds and found that ascorbic acid produced the highest labeling
efficiency (>95%) after addition of dithioni te-reduced pertechnetate to the reduced anti­
body. Immunoreactivity was aroun d 82%. It appears from these studies that the labeling
mech anism invo lves technetium binding to thiol (SH) ligands in the reduced antibody.".3S
Because F(ab'), fragments tend to be cleaved during disulfide reduction, Fab' fragments
appear to be more su itable to labeling with technetium.

An indirect metho i of labeling antibodies involves conjugation of a BFCA (e.g., DTPA)
to the antibody first and then the addition of reduced technetium to the conjugate, where­
upon the technetium is complexed to the antibody through the BFCA.3Il This is the post­
labeling approach. In the bifunctional chelate approach, there is competition for technetium
be tween weak- and strong-affinity direct bind ing to antibody and binding via the
cova lently bound chelating agent; therefore , this approach does not achieve h igh radio­
chemical pur ity." Additionally, in a comparison of direct - and indirect-labeled antibody,
it was shown that a '''mTc-DTPA conjugated antibody was cleared more slowly from the
blood than a direct-labeled Tc-antibody, but that the 9'JmTc-DTPA conjugated antibody
cleared faster than the !lI ln-DTPA conjugated antibody." Thus, the 9'JmTc-DTPA conjugate
appears to provide a more stable bond wi th the antibody than does the direct- labeled
ant ibody. However, the data suggest that a higher level of protein degrada tion occurs in
the 'I'lmTc-DTPA conjugate than in the !lIln-DTPA conjugate."

Anothe r indirect technique is to modify the antibody with a HYNIC group and label
it by ligand exchange with 'I'lmTc-glucoheptonate:1OWith this postlabeling approach, a 'I'lmTc_
labeled immunoglobulin G (IgG) polyclonal antibody showed similar biodistribution param­
eters in rats compared with IIlIn-labeled IgG. When this same method was compared with
a direct-labeling method for preparing 'I'lmTc-IgG, greater instability and faster blood clear­
ance were observed with the direct-labeled antibody.'!

The results of mu ltiple studies show that an tibodies can be labeled with technetium
successfully by both d irect and indirect methods, but there are d ifferences in the p roperties
of antibodies produced. These d ifferences may depend in pa rt on the type of antibody
labe led . A fair amount of evidence, however, sug gests that direct labeli ng of an tibodies is
less satisfactory than indirect labeling tha t employs a BFCA attached to the an tibody.

A th ird approach to labe ling ant ibodies with technetium is to use a prelabeled ligand
(pre labeling approach). In this method (Figure 9-16), dithionite-red uced technetium is
complexed to an N,S, ligand functionalized with a carboxylate group, which is the n
activated with an ester gro up throu gh which it is bou nd efficiently to the an tibody via
acylation wi th lysine amine residues." This labeling approach offers the advantage of
obviating the nonspecific binding of technetium to the antibody found with direct labeling
or postlabeling approaches. While this method produces a stable antibody label wi thout
nonspecific binding, the method of preparation is somewhat cumbersome and less ad apt­
able to simp le kit formu lation.
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FIGURE 9-16 Method of labeling antibodies with technetium using the prelabeling approach (i.e.,
technetium chela tion, activa tion, and conjugation to antibody).

A few new technetium-labeled antibodies have been deve loped. One of these, pres­
ently in clinical trials, is Y'lmTc-sulesomab (LeukoSca n, Imm unomedics, Morris Plains, Nj),
which is designed to label wh ite blood cells in vivo. It is a Fab' antigra nulocyte monoclonal
antibody fragment that is indica ted for localizing infection in bone in pa tients with sus­
pected osteomyelitis. Another agent is a technetium-labeled anti-CD15 immunoglobulin
M monoclonal antibody (LeuTech, Palatin Technologies, Princeton, NJ), which is another
infection-imaging agen t. Techne tium-labeled antibodies are covered in more de tail in
Chapter 21.

TECHNETIUM COMPOUNDS O F SPECIFIC
OXIDATION STATES AND CORES

The advancement of technetium chemistry in the development of technetium-labeled
radiopharmaceuticals has utilized several technetium oxidation states and technetium
cores around wh ich com pounds are built." Some of these cores and thei r associated
ligands are shown in Figu re 9-17.32

Te(l) Compounds

Reduction of Tc(V!!), as pertechnetate, to the Tc(l) oxidation state creates a technetium
atom with six addi tiona l electrons (d' configuration) that mus t be stabilized by ligands
that are electron deficient. Some of the coordina ting gro ups that will stabilize Tc(l) are the
phosphines (P), diphosphines (P-P), and isonitriles (CNR) becau se of their pi-electron
acceptor properties." The cores most frequently exp lored with Tc(l) are the Tc" core and
the Tc(CO); tricarbonyl core.
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FIGURE9-17 Technetium cores and the general structures of technetium complexes with ligands.
L =' a neutral , two-electron donor ligand.

Tcr Core

Tc(I) complexes are very stable when six coord ination sites are occupied . This is readily
accomplished under standard NCA labeling conditions because the excess ligand ava ilable
in kits forces complete coord ination around the me tal to maintain reducing cond itions .
The ligand in Tc(I) complexes can be functionalized with d ifferent substituent groups to
alter biologic properties, such as lipophilicity, without affecting the stability of the complex.
A prime example of a radiopharmaceutical with this core is - Tc-sestamibi, a lipophilic
hea rt imaging agent, in which the Tc(I)atom is coordinated by six monodentate 2-methoxy­
isobutylisonitrile (MIBI) ligands (Figure 9-18). Since the MIBI ligands are ne utral, the
sestamibi complex retai ns the sing le pos itive charge of the Tc" core.

Tc(CO); Core

A variety of technetium (and rhenium) complexes can be made start ing with the tricarbonyl
core. This core can prod uce complexes that are espec ially stable because of the low-spin d6

configu ration of Tc(I). They can be reacted with BFCAspossessing residual func tional groups
that allow them to be coupled with receptor-avid molecules for the preparation of diagnostic
agents labeled with technetium and therapeutic agents labeled with 11l6/18SRe.

Radiop harmaceuticals with the Tc(CO); core form stable octahedral organometallic
complexes of two subtypes : (1) [ac-Tc(CO);, in which Tc" can accommodate a variety of
ligands bes ides the three carbonyls, to complete the octahedral sphere, and (2) CpTc(CO)"
in which, in addition to the three carbonyls, Tc" is coordinated to a functionalized cyclo­
pentadiene ligand that can attach the complex to a targeting molecule." A novel synthon
of [ac-Tc(CO); is the water- and air-stable organometallic aqua complex [Tc(H,o),(CO),l+.
(A synthon is a molecular unit designed to facilitate the synthesis of a desired complex.)
The [Tc(H,o),(CO),]+ complex can be produced d irectly from pertechnetate by reduction
with sodium borohydride in saline at pH 11 under 1 atm of CO at 75°C." The complex is
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FIGURE 9·18 Chemical structu res of various technetium coo rdination compounds for cardiac imag­
ing. See text for de tails.

stable from pH 1 to pH 13. The labil e water ligands can be readily substituted with do nor
ligand s provided by a BFCA that can be derivatized to attach to an ap propriate targeting
biomolecule. The synthon [Tc-Cl(H20),(COhl has been used to prepare a neutral lipophilic
complex, TROTEC-1 (Figure 9-19), in which two water ligands are displaced by sulfur in
a dithioether-derivatized tropane analogue. The complex is neutral because of the chloride.
TROTEC-1 has been shown to target the dopamine transporter (OAT) in the brain:"

The CpTc(CO); core is interesting beca use it is highly stable, lipophilic, and can be
readily de rivatized for conjugation to bioactive molecules. Th is core has been used to
prepare diagnostic technetium or therapeutic rhen iu m compound s. The method was orig­
inally designed to accom plish the reduction, carb onylation, and cyclopentadienylation of
pertechnetate in a relative ly mild , one-pot reaction termed a double ligand tran sfer reac­
tion becau se two ligands (Cp and CO) are transferred together from two different metals
(Fe and Mn) to a third metal, Tc." Following the BFCA prelabeling approach, this me thod
has been used to produce a methyl ester-derived Cp preformed che late. The methy l ester
group is subsequently saponified to carboxylic acid and de rivatized with an appropriate
active ester, leaving a group tha t readily undergoes acy lation with lysine amino groups
on proteins and peptides.v This method was applied to produce a Cp99mTc(CO),-octreotide
conjuga te (Figure 9-19) that demonstrated receptor-me diated up take in the adrena l glands
and pancreas.' ?

Tc (V) Compo unds

Somew ha t opposite the Tc(l) oxidation state in terms of electron con figuration is Tc(V),
which is only two electrons red uced from Tc(VIl) in pertechnetate. As such, Tc(V) has a
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FIGURE 9-19 Chemical structures of various novel technetium coordination compounds. See text
for details.

high electron deficiency (5--) and requires good electron-donating ligands to confer sta bility
in its complexes.> Tc(V) complexes often have technetium oxo cores, such as Tc=O" and
O=Tc=O+ (Figure 9-17).

Tc~()3+ Core

Many technetium compounds have been designed using this core. In radiopharmaceuti­
cals that contain this core, technetium is five-coordinate and forms square pyramid al
complexes with various ligands. Ligands that have produced stable in vivo complexes
with the Tc=O' + core are PnAO and its hexamethyl-functionali zed derivative HMPAO,
the diaminedithiol N2S, ligand (N,N'-l,2-ethenediylbis -L-cysteine diethylester, oth erw ise
known as ethylcys teinate dimer [ECD]) foun d in wmTc-bicisate, and the triam idethiol (N,S)
ligand (N-[mercaptoacetyl]glycylglycylglycine) found in wmTc-mertiatide (WmTc-MAG3 ).
The N,S, and N,S ligands form very stable techn etium complexes and can be fitted with
functional groups to alter biod istribu tion. The PnAO ligand is more difficult to function­
alize and only the lipophilicity of the complex has been varied."

wmTc-PnAO was developed as a potential br ain ima ging agent. It proved to be stable
in aqueous solution and is neutral and lipophilic." The techn etium-labeled complex ends
up neutral becau se when the nitrogen groups coordinate with technetium, the two amine
nitrogens and one oxime nitrogen ionize by loss of hydrogen ions. An intermolecular
hydrogen bond forms wi th the oxygens, and the three negative cha rges on the n itrogens
cancel the three positive charges on the techn etiu m-oxo grou p (Figure 9-20). An advantage
of the Pn AO type of BFCA is that radiolabeling can be performed at ambient temperature.
Disadv antages are low specific activity for labeling biomolecules, solution instability, and
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FIGURE 9-20 Chemical structures of brain imaging ligands an d thei r technetiu m coordination co m­
pounds: 'l9rnTc_PnAO, 99rnTc-HMPAO/ 99rnTc-ECD.

extremely high lipophilicitv" The PnAO ligand has been used to develop several rad io­
pharmaceuticals, some of which are discussed below.

Some interesting findings related to stereoreactivity surfaced in the development of
the Tc(V) complexes. While the 99mTc-PnAO complex demonstrated rapid brain uptake
after intravenous administration, its rapid washou t preclu ded its use for SPECT imaging."
Consequently, several deriva tives of PnAO were syn thesized w ith methyl groups on the
amineoxime backbone, in the hope of finding an agent that remained fixed in th e brain .
One of thes e w as HMPAO, which exists in two diastereomeric forms, D, L- and meso- (Figure
9-21)." Because HMPAO has two chiral carbons it can form up to four stereoisomers;
however/ only three forms exist since the meso-isomers are identical and the D/ L- isomers
are enantiomers. The commercial kit contains the n.r-raccmatc. In the technetium-labeled
complexes, each enantiomer has one of the methyl groups syn and the other methyl group
anti to the Tc~O core. Studies with th is complex have demonstra ted that it is neutral and
lipophilic but unstable in aqueou s solution. The instability was found to be a conversion
from the primary lipophilic complex to a secondary hy drophilic complex and was medi­
ated by reducing agen ts .511•5l Studies in animals and humans demonstrated that the meso
form had greater in vitro stability but little brain retention, while the 0,1. form had poor
in vitro stability but high bra in retention. It was then surmised that brain uptake was
caused by the lipophilic complex and brain retention was due to its intracellular con version
to the nondiffusible hydrophilic complex. The brain conversion was shown to be caused
by the intracellular reducing agent glutathione, with much faster conversion of the D, I.

form than the meso form." The slow conversion of the meso form wa s believed resp onsible
for its low brain retention, which necessitated its separation from the D,L form prior to
labeling with technetium. In other studies, Neirinckx et al." demonstrated that the
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FIGURE 9-21 Chemical structures of the
D,L-HMPAO enantiomers and their meso
diastereomer.

FIGURE 9-22 One-minute lateral planar images of an
anesthetize d monkey at 5 and 60 minutes after injec­
tion of 20 mCi (740 MBq) of "'mTc-I.,L- or D,D-ECD to
the same monkey on two di fferent days. Brain reten­
tion is observed only with the t.t-cumplex. (Reprinted
w ith permission from reference 53.)

I'C-labeled HM PAO D,L isomer withou t technetium did not cross the blood- brain barrier,
contrary to the identical compound labeled wi th technetium. Thus, the technetium com­
plex with D,L-HMPAO is considered to be a technetium-essential radiopharmaceutical
(Figure 9-20).

The ins tabili ty of the lipophilic 99mTc-HMPAO complex in vitro , med iated by a reducing
agent, necessitated the use of small amounts of stannous ion in the kit formulation . This
instability limited the useful life of the reconstituted kit to 30 minutes. The kit was
eventually modified by incorporating a stab ilizing buffer and radical scavenger (methyl­
ene blue) that extended the useful life of the labeled complex to 4 hours.

Two N,S,ligands, dia minedithiol and diarnidedithio l, produce very stable com plexes
with the Tc~O" core?' The diam inedithiol ligand ECD loses three of four ioni zable
hydrogens (1 Nand 2 S) upon complexation with Tc~O" te yield the neutra l complex
9'imTc-bicisate, which is lipophilic and stab le in aqueo us solu tion (Figure 9-20). The ECD
ligand exists as the L,L and D,Disomers; both isomers demonst rate brain uptake but only
the L,1. isomer exh ibits brain retenti on (Figure 9-22)." Brain reten tion is not onl y stereospe­
cific but also sp ecies specific; 99mTc-ECD localizes only in the bra ins of p rimates (monkeys
and humans). Whil e the carbon backbone of the ligand system is quite stable, subs titution
on this backbone with two ester fun ctionalities makes it labile to enzymatic hydrolysis.
The slow hyd rolysis in blood and rapid hydrolysis in brain tissue results in high bra in
uptake and retention of the more hyd rophilic metabolite.

The deve lop ment of 9'imTc-mertia tide (9'imTc-MAG3), as a 99mTc replacement for 1311_
ortho iodohippurate (l3I I-QIH), followed a long and patient course. The creation of 99mTc­
MAG3 grew out of seminal investigations in which the N,S, diamidedithiolligand N,N'­
bis(mercap toacetyl)ethylenediamine (DADS) was characterized and identified as a po ten­
tially viable backbone for technetium rad iopharmaceuticals.>'The initial technetium complex,
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FIGURE 9-23 Structures of technetium­
labeled DADS, CO2-DADS (51/11 and anti

anti - 99mTc - CO2DADS forms), and MAG3.

99mTc-DADS), ha d good renal excretion but was inferior to 1311-0IH. This led to the struc­
tural modification of adding a carboxylate group to the ethy lene bridge of the DADS
ligand to prod uce N,N'-bis(mercaptoacetyl)-2,3-d iaminopropanoate (COz-DADS ). Subse­
quent labeling with 99mTc-sodium pertechnetate yielded 99mTc-COz-DADS (Figure 9-23).25~5

This modification, however, created an asymmetric carbon atom and resulted in two
chelate ring stereoisomers. Renal handling was affected by the orientation of the carboxyl
group relative to the technetium oxo core, with the SY" isomer having better renal excre tion
than the anti isomer.55.56 Cha nging the core donor ligan d from NzSz to N3S and placement
of the carboxyl group on the third amido nitrogen produced a radiochemica lly pure
product without an asymmetric carb on. The simplest ligand having the necessary groups
for renal excre tion was MAG3 (Figure 9-23).

Subsequently, a kit formulation was de veloped tha t contains an 5-benzoyl mercap­
toacety ltriglycine donor ligand (betiatide), stannous chloride as the reducing agen t, and
sodium tartrate." Since the SH group is very reactive and may not be stable in a lyophilized
kit, it is protected with the benzoyl group. The sodium tartrate transfer ligand allows
formation of a precursor 99mTc-tart rate complex, keeping reduced technetium soluble dur­
ing the labeling reaction . Addition of 99mTc-sod ium pertechnetate and heating causes
hyd rolys is of the protective group and tran sfer of red uced technetium from tartrate to
MAG3 in quantitative yield (Figure 9-24). An alternat ive rapid me tho d for p reparation
and qu ality con trol of 99mTc-MAG3 has been des cribed ."

Many novel Tc(V) compounds wi th interesting ligands are being developed, some that
are newly designed and others that have achieved a more adv anced stage of developmen t,
but all of wh ich hold promise for futu re use in nuelear med icine.

A compound that targets the OAT is 99mTc-TRODAT-l (Figure 9-19). TRODAT is [2­
[[2-[[[3-(4-chlorophenyI)-8-methy1-8-azab icy lo] 3.2.1]oc t-2-YI]methyl] (2-rnercapto­
etyI)amino]ethyI]amino] ethanethiola to(3 -)-N2,N2' ,S2,S2' Joxo- ]1R-(exo-exo)], a
diaminedithiol complex of the Tc0 1+ core with a tropane analogue derivatized from one
nitrogen molecule. The 99mTc-TRODAT-l complex is prepared by reacting the preformed
TRODAT-l ligan d d issolved in ethanolic hydrochloric acid with sodium pertechnetate in
the pres ence of stannous glucoheptonate and sodium EDTA. The mixture is sterilized by
autoelaving, phosphate-buffered to pH 6 to 7, and purified by solvent extraction and HPL C
separation.'" Two diastereomers are formed, both of which bind to OAT recep tors in ra t
striatum. Human imaging stud ies have demonst rated localizat ion in the basa l gang lia
consistent with OAT receptor binding.""
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FIGURE 9-24 Synthetic pathway for labeling "'mTc-mertiatide ("""Tc-MAG3).

Another novel ligan d ap proach to designing technetium complexes for sp ecific recep­
tor imaging is the 3 + 1 concept." A complex formed by coordination of the TcO" core
wi th a tridentate ligan d and a monodentate ligand constitu tes a 3 + 1 mi xed-ligand
complex. The technetium complex is of the type TcO-[(HS-(C,Hs)-X-(C2Hs)-SH) + (R-SH)],
where X = S or NCH, and R is the receptor-binding molecu le. In princip le, the method
consists of satu rating three of the four ava ilable coordination sites on the TeO" core with
a sma ll trid entate ligand and filling the fou rth site with a mo nodentate coligand tha t is
the receptor-targetin g mo lecule. The manner in which these complexes are cons tructed
pu ts them into the category of the integrated approach to labeling with technetium. The
general labeling sequence is shown below; it begins with a precursor Tc(V)-gluconate
complex.'?

R-SH
99mTc(V)-Gluconate •

1-min @ RT
99mTcO-(S R)x •

2O-mi,; @ 40 C

x = S or NCH3

o

(
s II S-R
'\ /

Tc
/ -,

L}
One requ irement of the 3 + 1 approach is that the coligan d mus t contain a thiol group

to coordinate wi th techn etium. The meth od has been used to prepa re technetium-labeled
doparnine-, serotonin-, est rogen-, and an d rogen-receptor complexes. Johannsen et aI.61 ·62
used this approach in designing a brain recep tor imaging agent to mimic ketanserin, a
prototype seroton in-receptor (5-HT) antagonist. By preparing d ifferen t fragments of ket­
anserin as the monodentate coligand, this group prod uced a series of technetium com­
plexes that target the serotonin receptor in the brain. The method lends itself to controlling
biodistribution by altering the structural elements of the coligand. These same investiga­
tors demonstrated that by mod ification of the coligand to change pKa, brain uptake of
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the complex can be increased sign ificantly with the particular 5-HT2A (3+1) complex shown
in Figure 9-19.63 One concern that has arisen with these compounds is the labil ity of the
thiol coligand group to displacement in vivo by glutathione.'" This effect was found to be
dependent on sma ll structural variations, especially in the S-X-S tr identate ligand, w ith X
= N-CH, comp lexes being significantly more stable than X = S complexes.

A number of compounds lab eled with different radionuclides have been investigated
for imaging hypo xic tissue, with part icular in terest in imaging hypoxic myocard iu m and
the hypoxic regions of tumors."' ·66 Several different complexes of technet ium have been
investigated in vit ro and in animals (Figure 9-19). Two of these compounds are 2-nitroim­
idazole analogues of the rnAO ligand, namely, BMS 181321 and BRU 59-21 (Bracco), each
of which has a Tc0 3+ core . Tw o are nonn itroimidazole derivat ives. One of these is <,llJmTc_
BnAO (H L-91, Prognox, Nycomed Amersham), which has a butylene backbone and a
TcO; core (its structure has not been confirmed), and the other is 9'lmTc-cyclam-AK-2123,
a derivative of the hyp oxic cell radiosen siti zer AK-2123."7

Most work w ith hypoxia markers so far has been res tricted to in vitro models and
anima l stud ies. These stu d ies have shown that it is im portant from an imaging view poin t
that these agents not be too lipophilic, in order to enhance their blood clearance. The
octanol -to-water partition coefficients of the two Tc-PnAO complexes are significantly
higher than that of the Tc-BnAO or the Tc-cyclam AK-2123 cornplexes.w" Therefore, Tc­
BnAO and Tc-cyclam-AK-2123 appear to have more favorable target-to-background rati os.
Additionally, it has bee n sho wn that BMS 181321, BRU-59-21, and Tc-BnAO exhibi t trap­
ping in hypoxic tissue over a narrow range of 20 to 40 pp m of oxygen, which is two orders
of magnitude lower tha n what is usually classified as radiobiologic hypoxia. Therefore,
these agents may not comp letely map the extent of radiobiologically significan t hypoxia
within a tumor because only regions that have extreme hypoxia will trap the tracer.w
Thus, the ability to modify the oxygen sensit ivity of the technetium complex may be a
key poin t in the future development of tissue hypoxia markers.

9'lmTc-ethylene dicysteine ('l'!mTc-EC) is a membe r of the diaminedi thiol family of che la t­
ing agents. It is the diacid metabo lite produced from the de-esterificat ion of 'l'!mTc-ECD.
The serendipitous observation of high renal excretion of ECD metabolites led to an inves­
tigation that iden tified 9'lmTc-EC as a possible renal im aging agent."" Forma tion of the
technetium-lab eled complex was studied by mixing the EC complexing agen t with stan­
nous chlor ide at differing pH, whereupon it was shown that labeling yields va ried from
about 50% at pH 7 to 97% to 99% in the pH range of 10 to 12. The yield at pH 7 is low
because of protonation of the amine groups, w hich compete w ith technetium for the
nitrogen ligands. Once the complex is formed, however, the pH can be lowered to 7.4,
where it is stable for 8 hours.w A kit has been formulated that contains a lyophilized
mixture of 1 mg L,L-EC an d 100 ~g SnCl, . 2H,o in 1 m L of 0.05 M phosphate buffer at
pH 12. Labeling is accomplished by adding up to 100 mCi 9'lmTc-sod ium pertechneta te in
2 to 8 mL followed by ne ut ralization w ith 0.2 mL of 0.5 M phosp hate buffer at pH 5.'"
This complex contains the TC~03+ core as shown in Figure 9-25. When compared with
9'lmTc-MAG3, 9'lmTC-L,L-EC produces a sim ilar renogram curve bu t its p lasma protein bind­
ing is threefold less, giving it much higher p lasma clearance.vv" Tc-EC complexes can exist
in four different s tereo isomeric form s, IJ<,lmTC-D,o-EC, 99mTc-L,L-EC, I;J9mTc-syn o,L-Ee, and
99mTc-anti 0,L-EC.6IJ Whe n the 0,0, L,L, and 0,1. isomers w ere compared w ith 131 I-OIH in
human subjects, their respective clearances, relative to 13I I_OIH, were 82%, 70%, and 40 tyo.
The pharmacokine tics of 9'lmTC-D,o-EC appear to be closer to 1311-01H than -TC-L,L-EC,
but both complexes exist a t p hysiologic pH in monoanionic and dianionic forms, which
likely causes the ir differences in protein binding and clearance. Further work is needed
to determine if any of these com plexes will become useful renal imaging agents.
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FIGURE 9-25 Stereoisomeric forms of - Tc-ethylenedicysteme (" ''''Tc-Ee).

O~Tc~O' Core

The diphosphine (P-P) ligand has been successfully used to produce stable complexes
wi th the O~Tc=O' core, the most impor tant one to da te being 1,2-bis[bis(2-ethoxy­
ethyl)phosphino] ethane (tetrofosmin). 99mTc-tetrofosmin is a phosphine com plex used for
myoc ardial perfusion imaging. Structural character ization of [Tc-Itetrofosminl .Oy]' ha s
shown that the 9YmTc and " Tc comp lexes are identical and possess the O~Tc~O' core
complexed with two 1,2-bis[bis(2-ethoxyethyl)phosphino]ethane (tet rofo smin) donor
ligand s (Figure 9_18).26.70Because the donor ligand is neutral, the Tc complex has a net
charge of 1+. The complex is labeled at room tempe rature and has a long shelf life. The
or igina l formulation , which ha d a pH range of 8.3 to 9.1 and was prepared without add ing
air to the reaction via l, had a shelf life of 8 hours. Stability work at Amersham revealed
that the complex was sensitive to autorad iolytic decomposition an d that admission of 2
mL of air at the tim e of pe rtechnetate addition and a change in final pH to a range of 75
to 9.0 resulted in a p rod uct stable for 12 hou rs." This increase in stability is attributed to
the ability of oxygen to scavenge reducing species (the hyd rated electron e;q and the
hydrogen radical H·).71

Tc=N' + Core

The nitri do atom N3- was developed by Baldas et al.'2.73 to complex wi th Tc(V). Subs e­
quently, a Tc-nitrido compound, [bis (N-ethyl-N-ethoxydithiocarbamatolnitrido 9'lmTc(V),
was developed, and it has shown promise for myocard ial perfusion imaging." It is a
neu tral lipophilic myocardial imaging agent with a Tc=N2, core whose chemical stru cture
is shown in Figure 9-18, demonstrating a Tc(V) atom triple-bonded to a strong pi-electron
do nor nitri de atom (N3-) and four sulfur atoms. The comp lex is prepared in a two-step
procedure. " The first step involves reduction of 99mTc-sodi um pertechn etate in acidic
cond itions by trisodium tri(m-su lfophenyl) phosphine in the presence of 5-methyl N­
methyl dithiocarbazate, H2NN(CH3)C(~S)SCH", as the ni trido nitrogen donating agent
This mixture is hea ted at 100°C for 20 minutes, producing an intermediate species bearing
the Tc=N2' core. The mixture is cooled and neutralized with buffer, and the dithiocarba m­
ate ligand is added, whereupon ligand exchange occurs imm ed iately to form the final
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Tc-nitrido dithiocarbamate complex, 9'!mTc-N-(NO Et),. A lyophilized kit has been devel­
oped ('l'JmTc-N-( NOEt)" CIS Bio-International) using stannous chloride that permits lab el­
ing at neutral pH.74

Afte r intr aveno us injection , 99mTc-N-(NOEt), localizes in the myocardium in proportion
to blood flow. After myocardial uptake, 99mTc-N-(NOEt ), redistributes from the heart and
has been compared w ith 2UJTI for myocard ial perfusion imaging."

Tc-HYNIC Core

The HYNIC functional group in the Tc-HYNlC core wa s first utilized by Abrams et a1.4<)
to labe l polyclonal IgG. Since then it has been used to label chemotactic peptides, soma­
tostatin analogues, and other biologically interesting molecules." This core forms com­
plexes of the general form [49mTc(HYNlC-peptide)(L),], where the HYNlC group satisfies
one coordination site and the remaining sites are completed by various coligands, such
as tr is(hydroxymethyl)methylglycine (tricine) or ethylen ediamine-N,N'-d iacet ic acid
(EDDA). Dur ing the development of peptide radiopharmaceuticals w ith thi s core, a binary
ligand system was evaluated that used two tricine coligands . The problem with this
approach was that stab ility of the complex was achieved only in the presence of excess
coligand, an d m ult iple isomers were formed ." A ternary liga nd system was then explored
having the gene ral form f'I'JmTc(HYNIC-peptide) (tricine )(L)], w hich contains three di fferen t
ligands: the bifunctional coup ling group (HYN lC), a monodentate phosphine (L), and the
tetradentate tricine coligand. 1twa s thou ght that use of a phosphine coligand might imp ose
constraints on the possible coordination modes of the tricine and hydrazine ligands and
this w ou ld red uce the number of isomers. Following thi s idea, a complex of the
[99mTc(HYNlC-peptide)(tricine)(L)] type, using tricine and a monodentate tr iphosphine
coligan d (TPPTS, tr isodium triphenylpho sphine-3,3',3"-trisulfonate), was developed (Fig­
ure 9-26)." Technetium labeling with the HYNlC ternary ligand system follows the post­
labeling approach, in which the peptide-HYNlC conjugate is formed prior to coordination
with technet ium and the coligands . The complex is a GP lib/lila platelet recep tor antag­
onist that is produced in high specific act ivity (20 Ci/'umol) and high yield (>90%) in a
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FIGURE 9-26 Genera l sche me for the production of '19mTc-HYNIC-pepti de conjugates .
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one-step synthesis, pe rformed by m ixing together in one vial an aqueous so lution of 10 ~g

of HYNIC-peptide, 20 to 40 mg of tricine, 1.0 mg of phosphine coligand, 50 mCi (1850
MBq) of 'J'lmTcO~, and 25 ug of SnCl , . 2H,0 at pH 4 to 5, then heating at 50' C for 30 minutes.
Analysis of th is product d emonstrated that equal mixtures of tw o isomers were formed,
each of which was stable for a t least 6 hours in solution between pH 4 and 8.77

The oxidation state of technetium in HYNIC complexes is not clear and may depen d
on the type of coligand , taking into account that some ligands, such as phosphines, have
red ucing capabili ty.~l,77 The componen ts in the GP lIb /IlIa ternary liga nd complex exist
in a 1:1:1:1 ratio of Tc:HYNIC-peptide:tricine:phos phine, This complex dem onstrated ar te­
rial and venous thrombi in a canine model with thrombu s-to-muscle ratios at 2 hours of
approximately 10:1." The ternary ligand system has been shown to produce complexes
with extremely high specific activity, high solution stability, fewer isomers (2) than the
binary tricine system (>10), and the ab ility to control the radiopharmaceutical's prope rties
through alteration of functional groups on the tricine or phosphine coligands.v-?

Tc(lII) Compounds

Reduction of pe rtechnetate, Tc(VII), to the Tc(Ill ) oxid ation state creates a technetium atom
with four additional electrons (d' configuration). In some complexes with Tc(Ill), th is state
is reached in multiple reduc tion steps, first to Tc(V) and then to Tc(IlI). Coordination
numbers of five, six, and seven are possible."

Several interes ting technetium compounds with .a Tc' core have been developed for
use in nuclear medicine, The Tc-IDA analogues, which con tain the Tc(Ill) core atom, were
discussed earlier. Other compounds of interest include 'NmTc-DMPE,lI9mTc-teboroxirne, and
'NmTc-furifosmin.

The development of technetium-labeled radiopharmaceuticals for heart imaging began
with the design of monovalent cationic complexes, the first be ing Tc-dichlorobis{1,2-dimeth­
ylphosphine)ethane (Tc[Ill] DMPE) by Nishiyama et al.'" Animal studies demonstrated prom­
ise wi th th is agent, bu t human studies identified an unsatisfacto ry heart-to-background
activ ity rati o. Nonethe less , this effort laid important groundwork for the development of
other, more successfu l technetium agents for heart imaging.

'J'ImTc-teboroxime, [bis[1,2-cyclohexanedione dioximato (l -)-0]-[1,2-cyclohexanedione­
ioximato(2-)-0 ]methylborato(-)-N ,N',N",N'",N" ",N"''']-chlorotechnetiu m, is a neutral
lipophilic complex of the general class of compounds known as boronic acid adducts of
technetium d ioxirne.t" Thi s complex is prepared by the general method of template syn­
thesis, in wh ich a metal ion (Tc) serv es as a template to organ ize the course of complex
multistep reactions. 'NmTc-teboroxime is unique among the technetium complexes in that
the ligand is no t present in the reaction vial be fore the ad dition of pertechnetate bu t is
formed around technetium as the template atom. The essential rea ctants in the kit are
cyclohexanedione dioxime, chloride as the axial ligand, methyl boronic acid, and stannous
chlor ide. After heating (15 minutes at 100°C), the final complex contains a heptacoordinate
Tc(lll) at om bound to a chlori ne atom and to the six ni trogens of the three vic inal d ioximes
(Figure 9-18). One end of the molecu le is capped by a boron atom covalently bo und to
one oxygen atom from each of the dioximes. 99mTc-teboroxime exhibits very high first-pass
extract ion by the myocardium and rapid back-diffus ion into the vascu lar space. The rapid
in vivo myocardial kinetics created tem poral problems during imaging procedures with
this agent and led to its removal from the market.

'J'ImTc-furifosmin (Q-12) is a phosphine compound w ith a Tc(lll) core coordinated by a
bidentate SWL ligand via Nand 0 atoms and two monodentate TMPP ligands (Figure
9-18)81 The SWL ligand is 1,2-bis[d ihyd ro-2,2,5,5-te tramethyl-3(2H)-furanone-4-methyl­
eneaminolethane, a Schiff base, and the TMPP ligand is tr is(3-methoxy-1-propyl)phosphine.
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The overall charge on the technetium com plex is 1+. The original labeling procedure is a
two-step process ." The first step involves a stannous reduction of pertechnetate in the
presence of the SWL ligand in ethanol to produce the Tc(V) intermediate [TcV (O)(SWL)]',
followed by ad d ition of the 'I'Ml' P in ethanol in a substitution /reduction reaction to form
the final product [Tc(lII)(SWL)(TMpp),]' . Alkyl phosphines are red ucing agents, and
IMpP reduces the Tc(V) to a stable, nonred ucible Tc(lII)" The mixture is then diluted to
20 m L with wate r, loaded on a prewet Sep-Pak C18 (Waters) colu mn, and washed with
water to remove excess ligands (SWL, TMl' P). The product is then elu ted in approximately
60% yield with 2 m L of 80:20 ethanol:saline. Reverse-phase HpLC yields a radiochemical
purity of more than 95%. The final product is stable for at least 8 hours. A one-step kit
preparation has been developed.

Initial biodistr ibu tion stud ies in humans have demonstrated that the lipophilic Tc-Q-12
complex has good heart uptake at rest (2.2% injected dose at 1 hour) with no de tectable
myocardial was hout or redist ribution up to 5 hours. Rapid hepatobiliary clearance permits
imaging as ear ly as 15 minutes postinjection. In a correlation study, Tc-Q-12 was able to
demonstrate perfusion defec ts in 26 of 27 pa tients with angiographica lly proven coronary
artery dlsease." and it is comparable to 20ITI for the detection of coronary artery disease."

Tc(IV) Compounds

Many of the first-generation technetium com pounds that were discussed earlier have
technetium in the Tc(IV) oxidation state. These are listed in Table 9-7 and include techne­
tium complexes with citrate, OTPA, the phosph onates (ethanehydroxydiphosphonate
[EHOP!, methylene diphosphonic acid [Mfr l"], hydroxymethylene diphosphonate [HOP]),
pyrophosphate (I'Pi), and the insoluble dioxid e Tea,.

TECHNETIUM TC 99M KITS

Kits are used to prepare """'Tc radioph armaceuti cals. A radiopharmaceutical kit consists
of a sterile reaction vial containing the nonradioactive chemicals required to produce a
specific rad iopharmaceutical after reaction with """'Tc-sodium pertechnetate. The primary
chemical substances present in the kit are the complexing agen t (ligand) and a reducing
agent, typ ically stannous chloride. Stannous fluoride and stannous tartrate are also used .
Other substances, such as stabilizers, dispersing agents, transfer ligands, and buffers, may
be present.

Radiopharmaceutical kits are supplied by several manufacturers. Formulating a kit
usually involves adding an acidified solution of stannous chloride to a ligand solution at
a defined pH (Figure 9-27). This was the process followed in many of the early technetium
kits (e.g., OTPA, OMSA, MOP, and Pf'i ), in which excess ligand keeps the tin soluble
through complexation. An aliquot of the final mixture of ing redients is dispensed int o
presterilized serum vials. The solution is frozen and lyophilized und er vacuum to remove
all water. The vials are backfilled with nitrogen or argon gas before sealing. In some of
the newer kits, add itiona l complexing agents, such as gluceptate, gluconate, and tartrate,
areadded to the formulation as solubilizing agents for tin an d reduced technetium during
the radiolabeling process.

The complexing agent in a kit is usually present in a large mo lar excess over the amount
of tin to ensure that all of the tin (Sn[II] and Sn[IV]) will be complexed and to mini mize
competition between reduced technetium an d tin for the ligand during the labeling reac­
tion. Complexation sequesters the tin, thus preventing its hydrolysis at higher pH. Com­
plexation does not preven t the tin from entering into reduction /oxidation reactions.
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FIGURE 9-27 Procedure for the production of a stannous pyrophosphate kit.

Because stannous ion is easily oxidized , all solutions used to prepare kits must have their
oxygen purged with nitrogen or another inert gas. For example, Figure 9-28 demonstrates
that a nitrogen flow rate of 83 cc per minute through 450 mL of water will red uce the
dissolved oxygen concentration from 6.7 ppm to 0.2 ppm in 30 minutes.

As an example of some common techniques and p roblems assoc iated with the prep­
aration of kits containing stannous tin, consider the production of stannous pyrophosphate
kits. During kit prod uction a solution of stannous chloride is prepared. This can be
accomplished by dissolving either stannous ch loride or high-purity tin wire in concen­
trated hyd rochloric acid followed by dilution with deoxygenated water. Some initial
hea ting of the hydrochloric acid / tin solution may be required to facilitate dissolution of
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FIGURE 9-28 Reduction of disso lved oxygen concentration over time in 450 mL of dis tilled water
at a nitrogen flow rate of 83 cc per minute .
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FIGURE 9-29 Influence of preparation and storage cond itions on stability of stannous pyrophos­
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the tin wire or to dissolve any stannous oxychloride present if stannous chloride crystals
are used. These so lutions must be kept under constant nitrogen purge to prevent oxidation.
Figure 9-29 illus tra tes the stability of stannous pyrophosphate solu tion when prepared
and stored under various conditions, demonstrati ng the lability of these solutions to the
presence of oxygen. Once the tin ligand complex is formed, kits are prepared by dispensing
a small aliqu ot, typ ically 1 ml., into presterilized serum vials . This process is performed
under aseptic conditions in a laminar airflow environment. To retard oxidation of tin
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FIGURE 9-30 Effect of physical state on stability of stannous pyrophosphate exposed to room air.
o = frozen samples; • =: liquid samples.

during the filling process, the solu tions ma y be kept cold before vial filling and frozen
immedi atel y after filling. Figure 9-30 illus trates the loss of Sn(II) in stannous pyrophos­
phate vials when the via ls are filled and frozen immediately and when vial freez ing is
delayed for various times after filling. The Sn(II) titer falls rapidly to about 73% wh en
freezing is delayed only 30 minutes, whereas vials frozen immediately after filling retain
their Sn(II) content. After filling and freezing, vials are lyophilized and backfilled with
nitrogen to maintain stability for long periods. When the solution is reconstituted with
saline or sodi um pertechnetate, however, oxida tion can readily occur if air is not excluded
from the vial.

Kits may be prep ared extemp oraneo us ly on occasion for in-house use. In th is situation,
the key elements for success are to keep all solut ions purged constan tly wi th nitrogen
during preparation and to freeze solutions immediately after vial filling to reduce the loss
of Sn(lI) in the kit. The vials can be chilled on a bed of dry ice prior to filling to ensure a
quick freeze. Vials should be backfilled with sterile nitrogen gas. If small numbers of kits
are prepared for in-house use (e.g., when kits are unavailab le from suppliers ) and freeze­
drying equipment is no t available, kits may be kept frozen.

Quantitative Assay of lin (II)

The ease wi th which Sn(II) is oxid ized makes it quite di fficult to prepare soluti ons accu­
rately unless they are of high concentration . In practice, however, the Sn(II) concentration
in -Tc rad iopharmaceuti cals is quite low, ma gn ifying the problem of stability despite
efforts to provide oxygen-free condi tions during preparat ion. Kits, therefore, mu st be
analyzed to ensure that they maintain sufficient Sn(II) content. This can be accomplished
by volumetric titration with stand ard oxidant solutions. While eerie su lfate and potassium
dichromate are standa rd oxida nts used in red ox titrat ions, potassium iodate appears to
offer the most versatility for solutions of Sn(II) in the presence of organic complexing
agents." e erie an d d ichromate solutions, because of their powerful oxid izing ability, may
produce erroneous results by oxidizing the organic complexes presen t. Iodate titrations
of stannous complexes can be carried out effectively for kits containing Sn(II) in the range
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of 15 Jlg to 4 mg or more in a 10 m L volume. An alternative method, for assaying Sn(l1)
in the range of 2 to 10 Jlg / rnl., is based on spectrophotometrically measuring a blue
complex produced upon reduction of phosphomolybdate by Sn(II). The latter method was
developed at Brookhaven to assay the small amoun ts of Sn(II) in its RBC kits . Deta ils of
these methods of Sn(II) analysis are reported in the literature."'-86 Another useful me thod
is analysis of the usable amounts of Sn(II) in kits by d irect titration of kits with 99mTc_
sodium pertechneta te containing known amounts of carrier-ad ded "Tc-sod iurn pertech­
netate."

TIn Toxicity

Occasionally a quest ion arises concerning the po tential for toxicity from the ad ministration
of tin in radiopharmaceutical kits. Because informat ion on the in vivo distribution and
toxicity of tin in humans is scarce and not well ducumented, one must rely primarily on
animal studies for determining acute toxicity. Additionally, to ga in some perspective
regarding safety, one can consider the amounts of tin expected to be administered to
humans and compare those amo unts w ith the normal concen trations of tin in the body
from dietary sources.

Acute toxicity stud ies in rats demonstrate that when stannous chloride d ihydrate is
injected int ravenously, the 24 hour lethal dose for 50% survival of the group (LDso) is 15.4
mg Sn /kg.... Symptoms of toxicity include tremors, ataxia, muscle weakness, weigh t loss,
and depression. At the tissue level, the most important toxic effect is rena l function
impairment because of pathologic changes in the kidney.

The primary route of excretion of tin is urinary, and the principal organ that concen­
trates lin is bone." From a single intravenous dose of 2 mg Sn(II) or Sn(IV)/kg, 30% is
excreted in ur ine, and 11 % of the Sn(II) but none of the Sn(IV) is excreted in bile. Sn(IV),
however, appears to show more of a pre ference for bone than Sn(I1). Two days after an
intravenous dose of tin citrate labeled with "'Sn, the total skeletal "'Sn activity is 35% of
the administered Sn(II) and 46% of the Sn(IV). The biologic half-life in bone is calcul ate d
to be 20 to 40 days. Two days after oral or int ravenous dosing, blood 113Sn activity is very
low and is limited en tirely to the red cells. Tissue studies in humans have de monstra ted
the normal presence of meta ls in the body, including tin.?" Most of the lin is localized in
bone.

Tissue distribution of tin from radiopha rmaceuti cals de pends on the chemical form
administered. Weak chelates that undergo in vivo hydrolysis are expected to deposit tin
in the RES, whereas stable chelates will dis tribute tin more wide ly in the tissues or it will
be excreted in the urine ."'

If on e cons iders the usua l concentrations of tin administered in radiopharrnaceutica ls,
the amounts appear to be qui te safe. In general the largest single dose of tin expected to
be ad ministered intravenously in nu clear medicine is 2 mg, which is equivalent to abou t
0.03 mg /kg for a 70 kg adult. This is one five-hundredth of the LD", repor ted in rats .
Typically, however, the dose of tin administered is one-half to one-tenth this amount,
making the safety factor on the order of 1000 to 5000.

KIT-PREPARED 99MlC RADIOPHARMACEUlICAlS:
GENERAL CONSIDERAliONS

The comp lexing agent (ligand) in the kit d ictates the final chemical form of technetium
and ultim ately its biologic fate after int ravenous injection . The functions of the complexing
agent (ligand) are summarized in Table 9-8.
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TABLE 9-8 Comple.ing Agent Function in "roTc Kits

1. Complexes S0 2. and Sn!'

2. Complexes and s tab ilizes red uced CNmTc an d "Tc
3. Determines tech netium's biologic localization

9'!mTc radi op harmaceu ticals are prep ared by adding 9'!mTc-sodium pertechnetate to the
kit. This causes d issolution of the lyophilized powder and initiates the labeling reacti on .
Subsequently the complexed stannous ion reduces the pertechnetate to a lower oxida tion
state and the reduced technetium binds to the ligand, producing the desired radiophar­
maceutical. For most kits, the complexation reaction occurs rapidly at room temperature.
Some kits need to be hea ted to effect a complete reaction to the fina l form. In most kits,
the red uced technetium labels the principal ligand directly. In some kits, the reduced
technetiu m first complexes with an intermediate weaker ligand, which transfers the
red uced technetium species to the principal ligand. This exchange labeling me thod stabi­
lizes reduced technetium when the reaction kinetics with the principal ligand are slow.

The reduction-oxidation reactions are shown below for reduction of pertechnetate to
the Tc(IV) oxidation state. Other oxidation states of technetium may be p roduced, such
as Tc(I), Tc(III), and Tc(V), de pe nding on the complexing agent and reac tion conditions.
In the following reactions, 9-6 shows the oxidation of Sn(lI), wh ich releases six electrons
(two electrons per atom ), and 9-7 shows the acceptance of those six electrons by two
molecules of pertechnetate, reducing it to the 4+ oxidation state.

3Sn" H 3Sn" +60-

2TcO, + 12H' +60- H 2TcO" +6H,O

The sum of reactions 9-6 and 9-7 is as follows:

2TcO, +3Sn" + 12H' H 2 TeO" +3Sn" +6H,O

(9-6)

(9-7)

(9-8)

The generalized scheme for the binding of reduced technetium in kits containing stannous
ion is shown in Figure 9-31, us ing DTPA as an exemplary liga nd. As shown in this figure,
technetiu m can be present in three principa l chemical forms: technetium bou nd to ligand
(desired radiopharmaceutical); unreduced free pertechnetate; and red uced , hyd rolyzed
technetium. The latte r two forms are un desirable impur ities. Other forms of impurities
may be present, depending on the type of radiopharmaceutical prepared, but these two
may typicall y be present in all agen ts.

Pertechn etate + Reducing Agent + Ligand

DTPA

FIGURE9-31 General scheme followed in
"v'Tc kit labeling using DTPA as exemp lary
ligan d, illustrating the 'I'lmTc-DTPA complex as
the desired product and the potential rad io­
chem ical impurities that can be expected.

(Desired Product)

(Impurities)

99mTc-DTPA

TcO..-
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Pertechnetate Impurity

At least two major factors can cause the de velopment of pertechnetate impurity: oxyg en
and free radicals induced by r..diolysis. Each of these subs tances can cause oxidation of
stannous ion according to the following reactions. An insufficient stannous ion concen­
tration decreases the reducing power in the kit. The oxid ation of Sn(II) by oxygen is as
follows:

2Sn" + 0, +4H' H 2Sn" + 2H,O (9-9)

This reaction is important during the kit produ ction process previousl y discussed . It is also
important during the radiolabeling reaction because of oxygen from the air or dissolved in
the sodium pertechnetate sa line solutions added to kits. Owanwanne et al." demonstrated
that oxygen has a grea ter effect during the rad iolabeling reaction than after the reac tion
is complete, because it competes with pe rtechnetate for Sn(Il). The equ ilibrium concen­
tration of pure oxyg en dissolved in water is 1.23 x 10-3 M at 25°C and 1 atm ." Thus,
accordin g to Equation 9-9, the concentrat ion of stannous ion required for complete reaction
with oxyge n in a saturated solution is 2.46 x 10-3 M. Since water at ambient cond itions is
equilibrated with air (wh ich contains only 20.95% 0 ,), these molar concentrations would
be 20% less under ambient environmental conditions. As such, 1 m L of water (or saline)
equilibrated with air would have the oxygen capacity to oxid ize 116 ~g of SnCl, . 2H,o,
equivalent to 61 ~g Sn(II).

Radiolysis may occur after radioactivity is added to kits , producing free radi cals (see
Chapter 6 for free radical production reactions). The principal radiolytic species produced
in aqueous solu tion are the hydrated electron, e~", and the hydrogen radical, H ', which
are powerful reducing agents, and the hydroxy radical, OH', and hydroperoxy radical,
HO;, which are powerful oxidizing agent.s." '" The concentration of the hydroperoxy rad­
ical increases in the presence of oxygen. A free radical contains a single unpaired electron .
If the electron is donated to another sp ecies, the free radical is a reducing agent. If the free
radical accepts an electron from another species, it is an oxid izing agent. The following
oxidizing reactions are possible wi th Sn(Il) in radiopharmaceutical kits :"

Sn" +2 H' + 20 H' H Sn" +2 H,O

Sn" +2 H' +2 HOi H Sn" + 2H,O,

(9-10)

(9-11)

Free rad icals may be present in the sodium pertechnetate added to the kits or ma y be
generated in the solution once the kit is reconst ituted. Free radicals are more likely to be
generated if large amounts of activity are added to the kit, if kits sit for a long time, if
oxygen is present, and if sm all amounts of Sn(Il) are in the kit. Molinski'" has shown that
free radical reactions will generate hydrogen peroxide in aqueous solution at a constant
rate of 33 x 10-5 ~g/mCi per hour and that the pr incipal factors that predispose to the
production of hydrogen peroxide in pertechnetate solutions are increasi ng amounts of
total activity and oxygen. Ascorbic acid ad de d to kits will reduce pe roxide to insignificant
levels.

It has been shown that radiation-induced decomposition of the techne tium complex
is catalyzed by the presence of dissolved oxygen and that the presence of excess stannous
ion acts as an inhibitor of this reaction." It is therefore of utmost importance, for most
technetium radiopharmaceuticals, that a su fficient level of stannous ion be maintained
throughout the useful life of the technetium-labeled kit. The oxygen-catalyzed reaction
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probably occurs through the generation of two free-radical oxidation in te rmedia tes." The
first in termediates are alkoxy or hydroxy radicals produced by the sciss ion of the oxy­
gen-oxygen bond of peroxides accord ing to Equation 9-12. The othe r intermed iate is the
peroxy radical formed from oxygen and radiolysis byproducts accordi ng to Equa tion 9-13:

RO-OH --> RO· + ·OH

R· +O2 --> RO;

(9-12)

(9-13)

These free radical species may then degrade the technetium complex w ith the generation
of free per technetate according to the following generalized reaction:

Tc-Ligand "0;) Ligand + TcO; (9-14)

Some technetium-labeled chelates are more stable than others. The bone ima ging
agents are fairly weak chelates, and those kits con tain ing low levels of Sn(Il) can be
stabilized against oxidation by adding antioxidants to the kits. Ascorbic acid an d gentisic
acid have been used as effective antioxidants in bone kits. As shown in Figure 9-32, they
function by donating reactive hydrogen atoms to the free-radical intermediates to yield a
resonance-stabilized and nonreactive molecule, RO,H.'" The free radical is thus ne utralized
to a chemical state that cannot attack the technetium complex.

Hydrolyzed-Reduced Technetium Impurity

The hydrolyzed-reduced technetium (HR-Tc) impurity is characterized by the formation
of an insolu ble colloidal species, as follows; (s) indicates solid .

TcO" + 20H- --> TcO,.H,O(s) (9-15)

This reaction is favored at pH values tha t approach neutrality or greater and at low
concentrations of chelating agen t." Hydroxyl ions present at increased concentrations will
compete with the chelating agent for redu ced techneti um, forming the colloid. Add itionally,
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any uncomplexed stannous ion can also hydrolyze to form insoluble colloidal tin hydrox­
ide, as shown in the following reaction:

Sn" + 20H- -7 Sn(OH), (s) (9-16 )

This presents a problem because this tin colloid will also bind reduced technetium and
compete with the chelating agent during the labeling reaction. These hydrolysis problems
can be mitigated by ensuring that a sufficient excess of chelating agent is present and by
maintaining favorable pH conditions.

Methods for analyzing Y'imTc radiopharmaceuticals for pertechnetate and HR-Tc impu­
rities are discussed in Chapter 12.

Technetium-ligand Complexation

The character of the complexation between reduced technetium and the ligand depends
on the type of ligand and the reduction conditions, although the process involves ionic ,
covalent, and coordinate covalent bonding . Technetium exhib its various coordination
numbers that can be satisfied through a combination of binding sites on the ligand and
through hydroxyl species in solution. Chelating ligands in 99mTc radiopharmaceuticals may
contain negatively ionized atoms, such as oxygen, sulfur, or nitrogen, that neutralize the
positive charge on technetium. Some technetium complexes are neutral while others have
either a net positive or negative charge, and these charge conditions may be nece ssary for
complex localization in vivo. Some complexes are dimeric and others polymeric in char­
acter, with a technetium atom bridging two ligand molecules. This provides stability to
the complex. Figure 9-9 illustrates the binding of two N-substituted IDA ligands to hexa­
coordinate technetium as an example. It represents the chelation structure found in 99mTc
hepatobiliary imaging agents.

Some kits contain a precursor or transfer ligand that functions to keep reduced tech­
netium and stannous ion soluble during the labeling reaction. This technique is especi ally
useful when the kinetics of complexation with the principal ligand is slow or when the
solubility of the principal ligand or the stability of its Sn(II)-complex is lower in aqueous
solution. Typical transfer ligands are EDTA, gluconate, gluceptate, and tar tra te.

Summary of Technetium Kit Chem istry

Technetium can exist in a number of oxidation states, but Tc(VII) is. the most stable and
is the state obtained from the 99mTc generator. Technetium must be· reduced to a lower
oxidation state, typically Tc(I), Tc(Ill ),Tc(IV), or Tc(V), before it will bind with complexing
agents to form useful radiopharmaceuticals. Chemical reduction is usually accomplished
with stannous tin. Radiopharmaceutical preparation is typically accomplished by adding
99mTc-sodium pertechnetate to a vial (kit) containing the ligand, stannous tin, and other
added substances. The chemical species of technetium that form during radiolabe ling are
the technetium complex (desired species) and va rious undesirable impurities that include
reduced technetium colloid and pertechnetate. Colloidal impur ities can be minimized by
using sufficient excess complexing agent and proper pH. Pertechnetate impurity can be
minimized by excluding oxygen, maintaining sufficient stannous ion concentration, and
using antioxidants and radical scavengers in the kit. The various technetium species
present in technetium radiopharmaceuticals can be readily determined by simple radio­
chromatography procedures.
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KIT-PREPARED 99mTC RADIOPHARMACEUTICALS: SPECIFIC AGENTS

The following discuss ion addresses topics such as kit components, storage conditions,
preparation considerations, stability, radioc hemical p urity, impur ities, and gene ral appli­
cations of technetium radio pharmaceuticals prepared from kits. The intent is to cover
salient points rathe r than to be comp rehensive . Read ers can find de tailed inform ation
about the p roperties of each kit in the USP monographs and ma nufacturer package inser ts.
The kits are listed here alphabetically by name according to the Nomenclature Committee
of the USP Committee of Revision and the United State s Ado pted Name s Council.

Sodium Pertechnetate Tc 99m Injection

Sodium pertechnetate Tc 99m injection is a sterile aqueous solution of 'l'JrnTc and "'Tc as
sodium pertechnetate in 0.9% sodium chloride injection obtained from the 99Mo- 'l'JrnTc
generator. Its pH range is 4.5 to 7.5. It is the source material for reconstituting rad iophar­
maceutical kits. When eluted from the generator, it must be assayed in the dose calibrator
to determi ne total 99"'Tc and 99Mo activity and the total 99Mo-to-99"'Tc activi ty ratio. Th is
ratio must not exceed 0.15 llCi of 99Mo per millicurie of 99"'Tc at the time of patient dose
administra tion." Sodium pertechnetate injection must also be tested for aluminu m ion
contamination, which must not exceed 10 llg! mL. The expirat ion time for sod ium per tech­
netate injection, and any kit prepared wi th it, is no t later than 12 hours from the time of
generator elution, since it does no t conta in an antimicrobial preservative . Kits that are
formulated with preservatives may have an expiration tim e longer than 12 hours. TI,e
expiration time of any genera tor sup ply ing sodium pertechnetate is 14 days after manu­
factu re. See Cha p ter 8 for a detailed d iscussion of genera tor eluate tests.

Technetium Tc 99m Albumin Injection

Techne tiu m Tc 99m albumin injection (99"'Tc-albumin; 99"'Tc-HSA, Ame rsham ) is a sterile
aqueous solution of - Tc complexed to human serum albumin at a pH between 2.5 and
5.0. The kit contains a lyophilized mixture of human albumin (21 mg) and stann ous tartrate
(0.23 mg), sealed under nitrogen gaslOO The kit contains no bacteriostatic preserva tive and
must be stored before and after labeling at 2°C to 8°C.

The complex is prepared by first reconstituting the lyop hilized powder with 1.0 mL
of sterile water for injection, followed by ad dition of up to 3.0 mL (100 mCi max) (3700
MBq) of 99"'Tc-sod ium pertechnetate. The vial is rolled between the hands to gently mix
the contents (shaking protein solutions causes foaming) and allowed to stand for 20
minutes to achieve maximum tagging. The product is stable for 6 hours after preparation.
The radiochemical purity is no t less than 90%, and possible impurities are free pertech­
netate and hydrolyzed- red uced technetium.' ?' each of wh ich should not exceed 5%.99

Early 'l'JrnTc-Sn- labeled human serum albu min preparations had significantly faster
blood clearance times than the standard iodin ated HSA because of the meth od of prepa­
rat ion.t' ?The commercial 99"'Tc-HSA kit described here uses stannous tartrate as a red ucing
agent, and the product labeling claims that it has prolonged blood clearance wi th minimal
background and organ interference in imaging the blood pool. Albumin (molecular weight
approxima tely 70,000) remains confined to the vascular space beca use it is restricted from
filtration at the glomerulus, where the mo lecular weight limit is 5000. 'l'JrnTc-HSA, therefore,
is useful for imaging the heart blood pool. For adults, the usual administered activity of
'l'JrnTc-HSA is 5 mCi (185 MBq) by intravenous injection. The critical organ is the ur inary
bladder wall, with a radiation absorbed dose of 0.033 rad (cGy)! mCi.'°O
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TABLE 9-9 Composition of 99mTc-MAA Kits

Component

Bracco {Macrotec)
Hu man albu min aggrega ted
Human albumin
SnCI2·2H20

Sod ium chloride
CIS-US (Pul moli te)

Human albumin aggregated
Hu man albumin
SnC lz

Dra xima ge MA A an d Modi -Physics (MPI -MAA)

Human album in aggregated
Human albumin
SnCl, ·2H,Q

Sodium chloride
Malli nckrodt (TechneScan MAA)

Human albumin aggregated
H uma n albumin
SnCl, ·2H,Q
Lactose
Succinic acid
Sodi um acetate

Amoun t

1.5 mg
10.0 mg
70 ug (min)
1.8 mg

1.0 mg
10.0 mg

H~g (min)

2.5 mg
5.0 mg
0.06 mg (min)

0.11 mg (max)

1.2 mg

2.0 mg
0.5 mg

120 ~g

SO.Omg
24.0 mg

1.-1 mg

2B7

.

TABLE 9-10 Propert ies of 99mTc_MAA Kits

Kit Storage Cond itions

Particles Maximum Activi ty Lung Befor e Af ter Expi ration
Manufactu rer per Kit (Lab eling Tim e) Half~li fe Labeling Labeling Time

Mallinckrod t 8 ±4x10' 60 mCi (15 min) 3.Hhr 2--8"C 2~8°C 8 hr
Draxlmag e 4-8 x 10(' 100 mO (15 min) 2-3 hr 2--8"C 2-S °C 6 hr
CIS-US 3.6-<\.5 x 10' 50 mCi (1-2 min) 5 hr 15-30"C 2-8°C 6 hr
Bracco 2.0-7.0 x 10" 50 mC i (6 min) 2-3 hr 2--8"C 2--8°C 6 hr

Technetium Tc 99m Albumin Aggregated Injection

Technetium Tc 99m albumin aggregated injection (99mTc-albumin aggregated or " mTc­
MAA) is a steril e aqueous suspens ion of 99mTc labeled to human albumin aggregate
particles in the pH range of 3.8 to 8.0. Kits for preparing 99mTc-MAA are available from
several manufacturers and consist of a ste rile lyophilized powder of nonrad ioactive ingre­
dients sealed un der nitrogen. Table 9-9 lists the components of various kits, and Table 9-10
lists kit properties. The stannous albumin aggregates in the kits are produced by heating
human albumin in the presence of stannous chloride un der controlled conditions of
temperature , pH, and mixing. Not less than 90% of the aggregate particles have a diameter
between 10 urn and 90 urn, and none can exceed 150 Ilm .99 Figure 9-33 is a pho tomicrog raph
of 99mTc-MAA particles.

The labeled product is prepared by aseptically adding the required amount of 99mTc­
sodium pertechneta te to the kit to reconstitute and disperse the particles. The kit is allowed
to stand at room tem perature for up to 15 minu tes to ensure maximum tagging. The
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FIGURE 9-33 Photomicrograp h of ""'"Tc-MAA particles.
Distance between lines is 50 urn.

amount of activity ad ded to the kit mu st be at a concentration that will permit remova l
of a 3 mCi (111 MBq) dose containing typically between 100,000 and 600,000 particles, as
recommend ed by the manufacturer. The number of particles per do se ma y need to be
lowered for ped iatric pat ients and patients who have right-to-left cardiac sh unts. -Tc­
MAA is contraind icated in patien ts with severe pu lmonary hypertens ion. (See Chapter
16 for details regarding poten tial particle toxicity). Accordingly, the concentration of pa r­
ticles in the kit may require dilution with sterile saline before labeling to achieve the
desired particle concentra tion range. The number of particles per dose will increase with
time because of constantly declining specific activity. Thus, for example, add ing 50 mCi
(1850 MBq) to a kit con taining 5 million par ticles will provid e 300,000 particles in a 3 mCi
(111 MBq) dose initially, but 6 hours later the same dose will contain 600,000 pa rticles.

In general, 99mTc-MAA kits are stored at 2°C to SoC before and after labeling. The
expiration time after labe ling ranges from 6 to 8 hours depending on the manufacturer.
The rad iochemical purity is not less than 90% of the tota l rad ioactivity tagged to albumin
particles determined by chromatography. Not more than 10% soluble su pernatant imp u­
rities may be present, as determined by centrifugation."

Up on intravenous injection, "'mTc-MAA particles become trap ped in obstru cted blood
vessels downstream from the injection site and in any vessel whose diameter is smaller
than the pa rticle size. 99mTc-MAA is therefore indicated for perfusion lung imaging to
assess the presence of pulmonary emboli, for isotope venography to ide ntify lower extrem­
ity veno us thrombosis, and for assessmen t of peri toneovenous (LeVeen) sh un t patency.
The usual adult administered activity of -Tc-MAA for perfusion lung imaging is 3 to 4
mCi (111 to 148 MBq) by int ravenous injection. The crit ical organ is the lung, w ith a
radiation absorbed dose of 0.22 rad(cGy)/mCim 1

Technetium Tc 99m Apcitide Injection

Technetium Tc 99m apcitide injection (-Tc-apcitide; AcuTect, Diatide) is a ste rile aqueous
solution prep ared from a kit containing a lyophilized mixture of the peptide bibapcitide
(100 ug), sod ium glucoheptonate dihydrate (75 mg), and stannous chloride d ihyd rate
(89 /lg), adjus ted to a pH of 7.4. The kit mu st be stored at 2°C to SoC before labe ling with
99mTc-sod ium pertechnetate .

The product is prepa red by br ing ing the kit to room temperature and adding up to
50 mCi (1850 MBq) of 99mTc-sod ium pertechnetate in a volume of 1 to 3 mL. Concentrations
of - Tc-sodium per technetate greater than 50 mCi / mL must be dil uted with preservat ive­
free norm al saline prior to reconstitution .After dissolution of the powder, the vial is p laced
into a shielded boiling water bath for 15 minutes to cau se the labeling react ion, wh ich
proceeds as follow s:
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TcO , + Sn-Glucoheptonate ---?Tc-Glucoheptonate

Bibapci tide + Tc-Glucoheptonate H<'", - Tc-Apci tide

289

During this time the bibapcitide molecule (Figure 9-13), composed of two ap citide mono­
mers, is split to release apcitide, Apcitide is labeled with 99mTc by ligand exchange through
99mTc-glucohep tona te as the transfer agent " The mixture is cooled an d stored at 20°C to
25°C and must be used within 6 hours of prepa ration, The radiochemic al purity must be
at least 90%, as determined by ins tant thin-layer chromatography-?'

99mTc-apcitide binds to the GP lib /IlIa receptors on activa ted platelets via its peptide
sequence (-apc-gly-asp), which mimics the -arg-gly-asp peptide sequence in fibrinogen
that recognizes the platelet receptor, Platelets become activated wh en they encounter an
injured blood vessel wall, exposing the GP lib /IlIa receptors. These receptors attract
fibrinogen to the platelets, helping to form a thrombus. 94mTc-apcitide is indicated for the
detection of acute venous thrombosis in the lower extrernities.1o.1, l05 The usual adult admin­
istered activity of 94mTc-apcitide is 20 mCi (740 MBq), The critical organ is the ur inary
bladder wall, with a radiation absorbed dose of 0.22 rad (cGy)/mCi'U4

TechnetiumTc 99m Bicisate Injection

Technetium Tc 99m bicisa te injection (99mTc-bicisate or 94mTc-ECD; Neurolite, DuPont) is a
sterile aq ueous solution prepared from a kit containing a lyophilized mi xtu re of bicisate
dihydrochloride (0.9 mg) , d isodium edetate d ihydrate (0.36 mg) (to solubilize stannous
ion), mannitol (24 mg), and stannous chloride d ihyd rate (72 ug), adjusted to pH 2.7 (pH
above 3 decreases kit shelf life) and sealed under nitrogen. The kit also conta ins a vial of
phosphate buffer at pH 7,6, The kit should be stored at 15°C to 25°C and protected from
light Bicisat e is also known as ethy l cysteina te d imer (ECD), The chemical struc ture of
the 99mTc-bicisa te complex is show n in Figure 9-20,

The labeled product is prepared in a three-step process by (1) adding 100 mCi of "'mTc­
sod ium pertechnetate in a 2 m L volume to the phosphate buffer vial (this raises the pH
to op timum for labeling reaction) , (2) adding 3 m L of 0.9% sodium chloride injection to
the lyophilized bicisa te vial, and (3) within 30 seconds, remo ving 1 mL from the bicisa te
vial and adding it to the pe rtechnetate/ bu ffer vial. This fina l mixture is incubated for 30
minutes at room temperature to effect labeling. No te that no less tha n 50 mCi should be
used, or incomplete labeling may occur, If needed, the 94mTc-bicisate can be diluted with
normal saline only after the product is labeled. The labeled product is stored at 15°C to
25°C and must be used within 6 hours of preparation. The radiocherrucal purity must be
90% or higher, as determined by instan t thin-laye r chroma tography'< 'w

99mTc-bicisate is ind icated as an adjunctive proced ure to computed tomography (CT)
and magnetic resonance imaging (MRI) in the localization of stroke. The usual ad ult
admi nistered activity for brain imaging is 10 to 30 mCi (370 to 1110 MBq) by intravenous
injection . The critical organ is the urinary bladder wall, w ith a radiation absorbed dose
of 0.11 rad(cGy)/mCi 'lW'

Technetium Tc 99m Depreotide Injection

Technetium Tc 99m depreotide injection (94mTc-depreotide; Neo'Iect, Diati de) is a sterile
aqueous solution pre pared from a kit containing a steri le lyophilized mixture of the
syn thetic peptide depreotide (50 ~g) (Figure 9-14), sodium glu coheptonate dihydrate
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(5 mg), stannous chloride d ihydrate (50 ug), and disodium EDTA dihydrate (100 ug ) at
pH 7.4, sealed under nitrogen . The kit is stored at - 10°C or lower before labeling. Labeling
with """'Tc is done by bringing the kit to room temperature (20°C to 25°C) and adding
from 15 mCi to a maximum of 50 mCi of 'l9mTc-sod ium pertechnetate in a total vo lume of
1 mL. Dilution of 'l9mTc-sodium pertechn etate solutions should be made only wi th preser­
vative-free 0.9%sodium chloride injection.After dissolution of the powder, the kit is placed
into a boiling water bath or a heated dry block for 10 minutes to effect labeling. During
the labeling reaction, the EDTA and glucoheptonate tran sfer ligands are labeled first, and
then the technetium is exchanged with the depreotide.?' The solution is cooled and stored
at room temperature and must be used within 5 hours of preparation. Rad iochemical
pu rity must be 90% or higher, as determined by instant thin- layer chromatography.':"

"""'Tc-dep reotide binds to soma tostatin receptors and is indicated for the localization
of receptor-bearing pulmonary masses in patients with CT-identified lesions who have
known or high ly suspected malignancy. The usual adult administered activi ty of 'l9mTc_
depreotide is 15 to 20 mCi (555 to 740 MBg) by intravenous injection. The cri tical organ
is the kidney, with a radiation absorbed dose of 0.33 rad(cGy) /mCiHI7

Technetium Tc 99m Disofenin Injection

Technetium Tc 99m disofenin injection ('''mTc-disofenin or 99mTc-DISIDA; Hepatolite, CIS­
US) is a sterile agueous solution prepared from a lyoph ilized kit containing the complexing
ligand disofen in (20 mg) and stannous chloride dihydrate (0.6 mg) at pH 4 to 5, sealed
under nitrogen . The chemical na me of disofenin is diisopropylaceta nilido iminodiacetic
acid; its structure is shown in Figure 9-9. The kit is stored at 15°C to 25°C before and after
labeling with 9'

lmTc.
~)mTc-disofenin is p repared by adding 12 to !OO mCi (444 to 3700 MBg) of ""mTc-sodium

pertechnetate in a 4 to 5 mL volume to the kit. The vial is swirled for 1 minute to dissolve
the powder and then allowed to incuba te at room temperature for 4 minu tes to effect
complexation of 99mTc with d isofenin. The prepared product has a useful life of 6 hours.
The rad iochemical purity of the 'l9mTc-disofenin complex is not less than 90%.IOS

99mTc-disofen in is indicated as a hepatob iliary agent in the diagnosis of acute chole­
cystitis. The usua l adult administered activity is 1 to 5 mCi (37 to 185 MBg) by int ravenous
injection in nonjaundiced patients and 3 to 8 mCi (111 to 296 MBg) in pa tients whose
bilirub in level is grea ter than 5 mg /dL. The critical organ is the upper large intestinal
wall, with a radiation absorbed dose of 0.35 rad(cGy)/mCi.'os

Technetium Tc 99m Exametazime Injection

Technetium Tc 99m exame tazime inject ion ("""'Tc-exametazim e or 99mTc-HMPAO; Ceretec,
Arnersham) is a sterile agueous solution prepared from a kit containing a sterile lyoph­
ilized mixture of exame tazime (0.5 mg), stannous chloride dihyd rate (7.6 Ilg), and sodium
chloride (4.5 mg) scaled under nitrogen. Exameta zime is also known as hexamethy l­
propyleneamine oxime, or HMPAO (Figure 9-21). The st ruc tu ral form ula of the technetium
complex is shown in Figure 9-20. The kit also contains one vial each of 1% methy lene blue
and a phosphate buffer that, when mixed together, act as a stabilizer. The kit is stored at
15°C to 25°C before labeling and at 20°C to 25°C after labeling with technetium.

"""'Tc-exametazime is prepared one of two ways: (1) with or wi thout stabilizer for brain
imaging and (2) without stabilizer for labeling leukocytes. The stabilized product is pre­
pared by mixing 0.5 mL of methylene blue 1% with 4.5 mL of phosphate bu ffer. The
lyophilized kit is reconsti tuted with 10 to 54 mCi (370 to 1998 MBg) of 'l9mTc-sodium
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pertechneta te, followed within 2 min utes by the addition of 2 mL of the methylene
blue/ buffer mixtu re, which confers product stability for 4 hours. Because the product is
blue and opaque to visualization, it must be injected through a 0.45 urn membrane filter
supplied wi th the kit to remove any particulate matter that may be present in the solution.
Unstabilized """Tc-exametaz ime, which is used for labeling leukocytes, is prepared by
reconstituting the lyophilized powder with 10 to 54 mCi (370 to 1998 MBq) of 99mTc-sod ium
pertechne tate in a volume of 5 mL. Because the methylene blue stabilizer is no t mixed
with this product, it has a useful life of only 30 minutes and therefore must be prepa red
close to the time of need.

The 99mTc-exametaz ime formed in the kit is the D,L-HMPAO complex, which is lipo­
philic and shows high brain retention because of its conversion in vivo, via reduction by
glutathione, to the hyd rophilic complex, which is trapped in tissue. This lipophilic-com­
plex to hyd rophilic-comp lex conve rsion can also occur in vitro, being enhanced by heat,
nucleophiles (e.g., thiols), free radicals, and high stannous ion concen tration, and is the
reason for the limited shelf life without stab ilization.l'" The kit is form ulated with small
amounts of stannous ion to limit in vitro decomposition. Kits in North America are
stabilized with methylene blu e, which acts as a free radical scavenger and as an oxidizer
of the excess stannous ion remaining after the reduction /complexation reaction. Kits in
Europe are stabi lized wi th cobalt chloride (CoC!,), which serves the same func tions as
methylene blue ."

Because the kit conta ins such a sma ll amount of stannous chloride, it is recommended
that, to obtain the highest radiochemical purity product, the 'l9mTc-sod ium pertechnetate
solution used be obtained from a generator previously eluted within 24 hours and that
eluate not more tha n 30 minutes old be used for bra in imaging and eluate not more than
2hours old, for leukocyte labeling. These precautions will reduce the amoun t of radiolytic
products (free rad icals) and "ca rrier" 99Tc added to the kit. The rad iochemical purity of
'J9mTc-exametazime must be not less than 80% as de termined by instant thin-layer ch ro­
matography.""'!'"

99mTc-exametazime, with or without stabilization, is indicated for the detection of
altered cerebral pe rfus ion in stroke. The usual ad u lt administered activity is 10 to 30 mCi
(370 to 1110 MBq), and the critica l organ is the lacrimal glands, wi th an absorbed dose of
0.258 rad(cGy)/ mCi. Unstabilized ''''mTc-exametazime labeled to autologous leukocytes is
indicated for the localization of int ra-abd omi nal infectio n and inflammatory bowel dis­
ease. The usual adult administered activity is 7 to 25 mCi (259 to 925 MBq), and the critical
organ is the spleen, with an absorbed dose of 0.556 rad(cGy)/mCi1 '"

TechnetiumTc 99m Glueeptate Injection

Techne tium Tc 99m gluceptate injection (99mTc-gluceptate or 99mTc-GH) is a sterile aqueous
solution prepared from a lyophilized kit that contains gluceptate calcium (50 mg) and
stannous chloride dihydrate (1.1 mg), which is adjusted to pH 6.9 to 7.1 and sealed under
nitrogen . The kit, using the same formulation, is ava ilable from Mallinckrod t and Drax­
Image. The kit is sto red at 2°C to 30°C before labeling and at 2°C to 8°C after labelin g
with technetium. Glucc ptate, otherwise know n as glucoheptonate, is a seven-carbon car­
boxylic acid sugar whose chemical structure is shown in Figu re 9-34.

The 'l9mTc-gluceptate com plex is prepared by adding up to 300 mCi (11,100 MBq) in 2
to 10 mL of 99mTc-sodium per technetate solution to the kit and letting it stand at room
temperature for 15 minutes to effect labeling . The labeled product is stable for 6 hours
after preparation . The rad iochemical purity, determined by instant thin-layer chroma tog­
raphy, is not less than 900ft>as the 9(jlnTc-glucepta te complex. "

•1

••1
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FIGURE 9-34 Chemica l structu res of glucohep toni c acid (GHA) and 2,3-di mercap tosuccinic acid
(DMSA) ligands and the ir respect ive "v'Tc complexes.

~'mTc-gluceptate is ind icated for use in brain and kidney imag ing . The usual adult
administe red activity is 15 to 20 mCi (555 to 740 MBq) for brain imag ing and 10 to 15 mCi
(370 to 555 MBq) for kidney imaging, given intravenously. The critical organ is the renal
cortex, with a radiation absorbed dose of 0.24 rad(cGy) / mCiuo

Technetium Tc 99m Mehrofenin Injection

Technetium Tc 99m mebrofenin injection (99mTc-mebrofenin or 99mTc-BRlDA; Choletec,
Bracco) is a ste rile aqueo us soluti on prepared from a lyophilized kit sealed under nitrogen
containing the comp lexing ligand mebrofenin (45 mg), stannous fluoride dih ydrate (1.03
mg), and methylparaben (5.2 mg) and propylparaben (0.58 mg ) as preservatives. The pH
of the reconst ituted product is 4.2 to 5.7. Mebrofenin is a meth yl- and bromine-substituted
acetanilido iminod iacetic acid analog ue; its che mical struc ture is shown in Figure 9-9. The
kit is stored before and after labeling with technetiu m at 20°C to 25°C.

99mTc-mebrofenin is prepared by adding up to 100 mCi (3700 MBq) in 1 to 5 m L of
99mTc-sodium per techneta te solution to the kit and allow ing it to stand at room tempera ture
for 15 minutes to effect labeling. The labeled product is stable for 18 hours because it
contains a preservative. The radiochemica l purity of the 09mTc-mebrofenin comp lex is not
less than 90(Xl.99

99mTc-mebrofenin is indicated for use as a hep atobiliary imaging agent. The usual adult
administered activity is 2 to 5 mCi (74 to 185 MBq) in nonjaundiced patients and 3 to 10
mCi (111 to 370 MBq) in pa tients with bilirubin levels greater than 1.5 mg / dL. The critical
organ is the upper large intestinal wall , with a rad iation absorbed dose of 0.248
rad(cGy)/mCi1l1
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TABLE 9-11 Propert ies of 99mTc-Medronate and 'l'lnlTc_Oxidronate Kits

Maximum Storage Conditions
Co mpos ition" ActivityNol Before After Expira tion

Manufacturer Component Amount (Labeling TIme) Labeling Labeling Time

Bracco Medr on ic acid 20mg 500 mCi 21l-25°C 2-8°C 6 hr

SnF] 0.38 mg 0.5-5 mL

Ascorbic ad d 1.0 mg (1 to 2 min)

CIS-US Medronate Na, 10 mg 200 mCi 20-25°C 20-25°C 6 hr
SnClz·2H 1O 1.15 mg 2--8 mL

(1 to 2 min)
Draxlmage Medronic add lOmg 500 mCi 2-30°C 2-30°C 6 hr

SnCl z·2HzO 1.21 mg (im med iate )
PABA 2.0mg

Mallinckrod t Oxidronute Na 3.15 mg 300 mCi 21l-25°C 21l-25'C 8 hr

SnC I,·2H,o O.297mg j-e m l.

Gentisic add 0.84 mg (30 sec)

Nycomed/' Medronic acid lOmg No max listed Q5°C Q5'C 6 hr
Amcrsham SnCl1·2H1O 0.29 mg 2-8mL

Ascorbic acid 2.0 mg (1 to 2 min)

• Stanno us chlo ride and StaJU10tlS fluoride arc maximum amounts (as stannous and stannic sa lt) per kit. •l

Technetium Tc 99m Medronate Injection

Technetium Tc 99m medronate injection (99mTc-medronate or 99mTc-MDP) is a sterile aque­
ous solu tion prepared from a lyophilized kit containing medronic acid and stannous
chloride. Medrona te is otherwise known as methylene diphosphonic acid (MDP); its
chemical structure is shown in Figure 9-8. Kits are ava ilable from several manufactu rers;
kit properties are shown in Table 9-11.

99mTc-med ronate is prepared by adding the specified amount of activity and volume
of 99mTc-sod ium per techn etate to the kit and mixing for a maximum of 1 to 2 minutes to
effect labeling. Several ki ts are formu lated with antioxidan t stabilizer (gen tisic acid or
ascorbic acid) to protect the relatively labile complex from degradation by oxygen and
radiolytically gene rated free rad icals. The radiochemical purity should be no less than
90%, as determined by instant thin-layer chromatography?"

99mTc-med ronate is indicated as a bone-imaging agent to delineate areas of altered
osteogenesis due to var ious causes . It is frequently used to identify metastat ic bone lesions
from brea st and prostate cancer. The usual ad ult administered activity is 10 to 20 mCi (370
to 740 MBq) by intravenous injection . The critical organ is the urinary bladder wall, with
a radiation absorbed dose of 0.13 rad(cGy)/ mCi (2 hour void)1l2

Technetium Tc 99m Mertiatide Injection

Technetiu m Tc 99m mertiatide injection (WmTc-me rtiatide or WmTc-MAG3; TechneSca n
MAG3, Mallinckrodt) is a sterile aqueous solution p repared from a kit that contains a
lyophilized mixture of betiatide (1 mg), stannous chloride di hydrate (0.2 mg ), sodium
Iart rate dihydrate (40 mg), and lactose monohydrate (20 mg) sealed under argon. The
chemical structures of the betiatide ligand and 99mTc-me rtiatide are shown in Figure 9-24.
The kit should be stored at 15°C to 30°C and protected from light before labeling with
technetium.

,
J
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99mTc-mertiatide is prepared by inserting a venting needle into the kit an d then injecting
20 to 100 mCi (740 to 3700 MBq) of 99mTc-sodium pertechnetate in a 4 to 10 mL volume.
The 99mTc-sodium pertechnetate should not be more than 6 hours old . The plun ger on the
99mTc syringe is pulled back to remove 2 mL of argon gas and introduce air into the vial.
The air is required to oxidize the excess stannous ion to ensure a h igh radiochemical p urity,
possibly by preve nting further redu ction of Tc(Y) to Tc(IY). The vial is immediately placed
into a shielded boiling wa ter bath for 10 minutes. The vial must be placed in the water
bath within 5 minutes of adding the per technetate solution. During the heating step, the
labile ligand transfer agent Tc-tartrate is formed and the benzoyl-p rotecting group on
betiatide is hydrolyzed, permitting tran sfer of reduced technetium to the mert iatide ligand .
The vial is then cooled for 15 minutes before use. The pH of the reconstituted product is
between 5 and 6. The labeled product is stored at 15°C to 30°C and must be used within
6 hours of preparation. The radiochemical purity must be 90% or higher, as determined
with Sep-Pak C18 (Waters) reverse-phase mini-column chromatographyw'" Factors that
can potentially reduce radi ochemical purity are using more than 100 mCi (3700 MBq) and
less than 4 mL to reconstitute the kit, waiting longer than 5 minutes to place the vial int o
the boiling water bath, and no t add ing air to the reaction vial.l'"

99mTc-me rtiatide is indicated for renal imaging for the d iagnosis of congenital and
acquired abnormalities, renal failure, urinary tract obstruction, and calculi, It is a diag­
nostic aid in renal function and sp lit function studies, renal angiograms, an d renogram
curves for whole kidney and renal cor tex. The usual adult administered activity is 5 tolO
mCi (185 to 370 MBq) by intravenous injection. The crit ical organ is the urinary blad der
wall, with a radiation absorbed dose of 0.48 rad (cGy)/mCi.ll'

Technetium Tc 99m Oxidronate Injection

Technetium Tc 99m oxidronate injection (99mTc-oxidronate or 99mTc-HDP; TechneScan HO P,
Mallinckrodt) is a ste rile aqueo us solution prepared from a kit that contains oxid rona te
sodium (3.15 mg) (struc ture shown in Figure 9-8), stannous chloride dihyd rate (0.297 mg) ,
gentisic acid (0.84 mg) as an an tioxidant stabilizer, and sodium chloride (30 mg), sealed
under nitrogen. The kit should be stored at 20°C to 25°C before an d after labeling with
99mTc-sod ium pertechne tate .

99mTc-oxidronate is pre pa red by ad d ing up to 300 mCi (11,100 MBq) of 99mTc-sod ium
pertechneta te in 3 to 6 mL volume and mixing for 30 seconds. The pH of the reconst ituted
product is between 4 and 5.5, and it is stable for 8 hours after preparation. The radioche m­
ical purity must be no less than 90%, as determined by instan t thin-layer chromatog raphy,"

99mTc-oxidronate is ind icated as a diagnostic skeletal imaging agent used to demon­
strate areas of altered osteogenesis. The usual ad ult administered activity is 10 to 20 mCi
(370 to 740 MBq) by int ravenous injection . The critical organ is the bone surface, with a
radia tion absorbed dose of 0.322 rad (cGy)/ mCi1l5

Technetium Tc 99m Pentetate Injection

Technetium Tc99m pentetate injection (99mTc-pen tetate or 99mTc-DTPA) is a ster ile aqueous
solution prepared from a kit containing a lyophilized mixture of DTPA, stannous chloride,
and other ad juva nts sealed under nitrogen (Table 9-12). Some kits contain calcium, which
was added as a p recautionary measure when DTPA preparat ions we re first being devel­
oped for cistemographic studies; this reduces the chance of depleting this ion in CSF.One
kit contains paraaminobenzoic acid (PABA) as a free-radical scavenger, which increases
the shelf life of the kit. The chemical structure of DTPA is shown in Figure 9-8.
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TABLE 9-12 Properies of 9'lmTc-Penletale (99mTc_DTpA) Kits

Maximum
Co mpo sition- AdivityNol

Manufacturer Com ponent Amount (Labeling TIme)

Bracco Pentetate-Na, 5 mg No amount listed
(Techneplex) SnCI2·2H2O 0.275 rng 2-8 rnL

(1 to 2 min)
CIS-US Pente tate-Ca-Na, 20.6 mg 160 mCi
(CI5-DTPA) SnCI2·2H2O 0.30 mg 1-8 mL

(1 to 2 min)
DraxImage Pen tetic acid 20 mg 500 mG

SnCl2-2H2O 0.385 mg 2-10 mL
PABA 5.0 mg (15 min)

CaCI,· 2H,G 3.73 mg

295

Storage Conditions

Before After Expiration
Labeling Labeling TIme

2o-25' C 2o-25'C 6 hr
1 hr
(GFR studies)

15-30'C 15-3OQC 6 hr
1 hr
(GFR stud ies)

2-2 5QC 2-25' C 12 hr

l

~ Stannous chloride and stannous fluoride arc maximum amounts (as stannous and stannic salt) per kit.

- Tc-penlelate is prepared by simply adding the required amount of 9'ImTc-sod ium
pertechnetate and allowing the kit to stan d for a few min utes to effect labeling. The pH
of the reconstituted product is between 3.8 an d 7.5, and it is stable for 6 to 12 hours,
depending on the kit. The radiochemical purity must be 90% or h igher."?

- Tc-pentetate is indica ted for use in brain and kidney imaging, to assess renal per­
fusion, and to estima te GFR. Although 9'ImTc-pen tetate ha s a long shelf life, it must be used
within 1 hour of preparation for GFR studies in accordance with FDA-approved labeling
for this app lication . 9'ImTc-pentetate is also used for other applications, as an aerosol for
lung ventilation stud ies (FDA ap proved) and in CSF leak studies (not FDA approved).
Typical administere d activit ies are 3 mCi (GFR measurement), 5 to 10 mCi (185 to 370
MBq) (renal perfusion), and 10 to 20 mCi (370 to 740 MBq) (bra in imaging). The critical
organ is the blad de r wall, wi th a radiation absorbed dose of 0.115 rad(cGy)/mCi (2 hour
void) and 0.27 rad(cGy) /mCi (4.8 hour void) .'!"

Technetium Tc 99m Pyrophosphate Injection

Technetiu m Tc-99m pyrophosphate injection (9'ImTc-pyrophosphate or 99mTc-PPi) is a sterile
aqueo us solution prepared from a kit containing a sterile lyophilized mixture of sodium
pyrophosphate and stannous chloride sealed under nitrogen. Kits are ava ilable from
several manu facturers (Table 9-13). One kit (Pyrolite, CIS-US) is fcrmulated with a trimet­
aphosphate that also complexes with technetium and localizes in bone.!'? The chemical
struc tures of pyrophosphate and trimetap hosphate are shown in Figure 9-8.

99mTc-pyrophosphate is prepared by simply adding the required amount of 9'ImTc_
sodium pertechnetate and allow ing the kit to stand for a few minutes to effect labeling.
The reconstituted product has a pH between 4.0 and 7.5 and is stable for 6 hours. The
rad iochemical purity must be 90% or higher,?'

For use as a source of tin for labeling red blood cells for blood pool imaging, the kit
is reconstituted with 0.9% sodium chloride injectio n, and stannous pyrophosphate is
injected 5 to 60 minutes before administration of 99mTc-sodium pertechnetate for in vivo
RBC labeling.

'NmTc-pyrophosphate is indicated for bone and cardiac (infarct-avid) imaging with an
administered activity of 15 mCi (555 MBq). The critical organ is the bladder wall , with a
rad iation absorbed dose of 0.23 rad(cGy)/ mCi (4.8 hour void).'!"

,
I
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TABLE 9 -13 Properties of 99mTc-Stannous Pyrophosphate Kits

Maximum Storage Conditions
Ccrnposition- AdivityN ol Before After Expiration

Manufacturer Component Amount (Labeling Time) Labeling Labeling lime

Bracco Sodium pyrophosphate 40 mg 75 roCi /of mL 2-8°C 2-8°C 6 hr
(Phosphatee) SnF2 O.9mg (Immediate)
CiS -US Sodium pyrophosphate 12 mg 100 mCiIlO mL 15-30°C 15-30°C 6 hr
(CIS-I'YRO) SnC12,2H2O 4.9 mg (10 minutes)
CIS-US Sod pyrophosphate 10 mg 200 mCi/7 mL 20-25°C 20-25°C 6 hr
(Pyrolitc) Sodium trimetephosphate .10 mg (1 minute)

SnCl2,2f12O 1,H mg
Mall inckrodt Sodium pyrophospatc 11.9 mg 100 mCi/lO mL 2-8°C 2G-25°C 6 hr

(TechneScan PYP) SnCI ,· 21l,D 4.4 mg (5 minutes)

3 Stannous chloride and stannous fluoride arc maximum amounts (as stannous and stannic salt) per kit.

Technetium Tc 99m Red Blood Cells (In Vitro Method)

The in vitro method for preparing "''''Tc-labeled red blood cells ("""'Tc-RBCs) was perfected
with a kit developed at Brookhaven.t'v"" It consisted of a 10 mL Vacutainer (Becton,
Dickinson) tube containing a lyophilized mixture of stannous ion 2.0 fig, sodium citra te
3.67 mg, dex trose 5.5 mg, and sodium chloride 0.11 mg. Labeling was achieved by adding
4 mL of who le blood and isol ating the "tinned" red cells by centrifugation prior to mixing
with pertechnetate, This technique was eventually modified by Srivastava'?' to permit
labeling in whole blood without isolating packed red cells. The method involves mixing
anticoagulated whole blood with stannous citrate to "tin" RBCs, adding sodium hypochlo­
rite to oxidize excess extracellular stannous ion, and adding 4'lmTc-sodium pertechnetate
to label the cells. The oxidation of the excess stannous ion prevents extracellular reduction
of pertechnetate and permits high labeling efficiency intracellularl y (approximately 98%).
A commercial kit (Ultratag RBC, Mallinckrodt) based on this method is avail able. The
blood cells are usually autologous, but they may be donor cells if carefully typed and
cross-matched an d checked for viral contamina tion. The kit consists of three components:

1. 10 mL reaction vial : Lyophilized mixture of stannous chlor ide dihydrate 105 fig,
sodium citrate d ihydrate 3.67 mg, and dextrose anhydrous 5.5 mg at pH 7.1 to 7.2.

2. Syringe I: sodium hypochlori te 0.6 mg in 0.6 mL at pH 11 to 13.
3. Syringe Il: citric acid monohydrate 8.7 mg, sodium citrate dihydrate 32.5 mg,

and dextrose anhydrous 12 mg in total volume of 1.0 mL at pH 4.5 to 5.5.

The cells are labeled as follows:

1. Co llect 1 to 3 mL patient's blood. Use a maximum of 0.15 mLacid citrate dextrose
(ACD) or 10 to 15 units heparin per mL blood. Do not use EDTA or oxalate as
anticoagulants.

2. Transfer blood to the reaction vial to dissolve crystals. Incubate 5 minutes.
3. Add contents of syringe I. Mix by gentle inversion 5 times.
4. Add conten ts of syringe Il. Mix by gentle inversion 5 times.
5. Add 10 to 100 mCi (370 to 3700 MBq) - Tc-sodium pertechnetate in up to 3 ml.,
6. Mix gently 5 times. Incubate 20 minutes to label cells.
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Adding RBCs to the reaction vial causes a portion of the stannous ion to cross the red cell
membrane into the cell. Too much ACD impairs th is d iffusion process; this is the reason
for limiting the amount used . Not all of the stannous ion enters the cells, and sod ium
hypochlorite is added to oxid ize this extracellular stannous ion. This is effective because
hypochlorite cannot cross the red ccll membrane to oxid ize in tracellular tin . The citrate
solution in syr inge II is ad ded to sequester excess extracellular stannous ion to enhance
its oxidation by hypochlorite. At this point 'NmTc-sodium pertechnetate is ad ded, and it
readily diffuses into the cells, encounters int racellular stannous ion, and becomes reduced
and bound in the cell. If ext racellular stannous ion were present, it would reduce the - Tc­
sodium pertechnetate extracellularly and prevent it from en tering the cell. This would
lower fhe labeling efficiency.

Radiochemical purity can be checked by mixing 0.2 mL of - Tc-RBCs with 2 mL saline
and centrifuging. Assay of the supernatan t (unbound activity) and the red cell precip itate
(bound activity ) provides a measure of labeling efficiency. The label ing efficiency must be
no less than 90l X)9<1 and is typ ically greater than 95 %. 122

'NmTc-RBCs are a bloo d-pool imaging agent indicated for cardiac imaging and for the
detection of gas trointestina l bleed ing, with an int ravenous dosage range of 10 to 20 mCi
(370 to 740 MBq). The critical organ is the sp leen, with a rad iation absorbed dose of 0.11
rad/mCi.J:'2

Technet ium Tc 99m Red Blood Cells (In Vivo Method)

The in vivo method of labeling red cells was first suggested by Pavel et all 23 and Stokely
et al.l " for use in cardiac blood pool studies. The method is based on the intravenous
injection of stan nous pyrophosphate (Sn-PPi) 20 minutes to 24 hours pr ior to intravenous
administration of 9'JmTc-sodi um pertechnetate, which then labels the tinned red cells. The
Pavel technique involves reconstituting one vial of TechneScan PYP (Mallinckrod t) (whic h
contains an average of 15.7 mg Sn-PPi and , on average, abo ut 2 mg Sn' +) with 5 mL normal
saline and inject ing the patient wi th 1.4 mg Sn-PPi per 1000 mL whole blood volume.
According to these pa rameters, the average 70 kg adult male (with approximately 5400
mL whole blood) would receive about 7.5 mg Sn-PPi (one-half vial) per dose, equivalen t
to approxima tely 15 ~g Sn(ll) /kg. Within 20 to 30 minutes of injecting the Sn-PPi, 15 to
25 mG (555 to 925 MBq) of 'NmTc-sod ium pertechnetate is ad ministered intraveno usly to
label the red cells for blood pool imaging. Hamilton et al.' 23 investigated the amounts of
stannous ion required to label red cells and reported tha t the maximal in vivo labeling
efficiency is obtained with an intravenous dose of 10 ~g Sn (Il)/kg or greater. Although
Pavel et al. reported labeling efficiencies of ap proximately 96%, Callaha n et al 1 26 noted
that when this techni que was used for gastrointestinal bleed ing studies, variable amounts
of gastric and ur inary activi ty interfered with the study. Invest igation into the possible
causes of this extravascular activity led to the deduction that, immediately after int rave­
nous injection of free pertechnetate with the in vivo method, there occurs a competition
for per technetate between the red cells and the extracellular fluid space, gas tric mucosa,
thyroid, and salivary glands. This led to the development of the modi fied in vivo meth od
for labeling red cells.'?"

Tec hnetium Tc 99m Red Blood Cells (Modified In Vivo Method)

The modified in vivo method was developed to increase the labeling efficiency of 'NmTc_
RBCs and provide a firm label prior to int ravenous injection." With this technique, the
patient receives approximately 500 ug of stannous ion as Sn-PPi from a Pyrolite (CIS-US) kit
intravenously. Twenty minutes later, 3 mL of tinned red blood cells is withdrawn through a
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hepa rinized winged infusion set into a shie lded syringe containing 20 mCi (740 MBq) of
99mTc-sodium pertechnetate. The mixture is incubated for 10 minutes with gentle agitation
and then reinjected into the patien t. Labeling yields higher than 90% are achieved with
this method becau se the red cells compete for 99mTc-sodium pertechnetate with on ly the
plasma in the syr inge.

Labeling Mechanism of 99mTc_Red Blood Cells

After incubation of stannou s pyrophospha te wi th red blood cells, some of the stannous
ion crosses the cell memb rane, apparently tran sp or ted by a specific transport system127

inside the cell, where the stannous ion is believed to be assoc iated with an intracellula r
pro tein.' > The pertechneta te anion can readily diffuse into the cell, become reduced by
the stannous ion , and subsequently bind to hemoglobin, which prevents it from diffusing
back out of the cell.128 In vitro studies have shown that within the hemoglobin molecu le
approximately 20% of 'J9mTc and 90% of tin are associated with heme, and 80fX) of 'i'1mTc
and 10% of tin are associated with globin. ''" Transport studies in human erythrocytes have
demonstrated that the pertechn etate anion is transp orted across the membrane via the
band-3 protein tran spor t sys tem in exchange for chloride or bicarbonate ion 1 :1O It is wor th
noting that dipyridamole can inhibit thi s transport; this may be a factor in decreasing the
labeling efficiency of red cells in patients who receive therapeutic or diagnostic doses of
this drug. l30

In humans, the biologic hal f-life in blood of 99mTc-RBCs prepared by the in vitro
techniq ue is biexpone ntial, with 5% of the activity having a 20 minute half-life and 95%
having a 29 hour half-life.' >' Cells labeled in vivo are assumed to behave with a norma l
biologic half-life of red cells (i.e., about 80 days).

Technetium Tc 99m Sestamibi Injection

Technetium Tc 99m sestarnibi injection (99mTc-sestamibi) is a sterile aqueous solu tion pre­
pared from a kit consisting of a lyophilized mixture of tetrakis (2-methoxy isobu tyl isoni­
trile) copper (I) tetrafluoroborate (1.0 mg), sodium citrate dihyd rate (2.6 mg), L-cysteine
HCl monohyd rate (1.0 mg), mannitol (20 mg), and stannous chloride dihydrate (0.025 to
0.075 mg) sealed under nitrogen. 99mTc-sestamibi is prepared by adding 25 to 150 mG (925
to 5550 MBq) of 99mTc-sod ium pertechnetate in 1 to 3 mL volume to the kit and mixing
vigorously to dissolve the powde r. The vial is then placed into a boiling water bath for
10 minutes. During this time the following reactions take place:"

Step 1. Tea ; + citrate Sn". , Tc-citrate

Step 2. [CU(I)(MIBl)J +Tc-citrate I,·." '[TC(!)(MIBl)J

The vial is allowed to cool 15 minutes before use. The labeled product is stored at 15°C
to 25'C and is stable for 6 hours . Its radiochemical purity is 90% or higher,"?The chemica l
structure of 'l'imTc-sestamibi is shown in Figure 9-18.

The sestamibi kit is sold under two trade nam es, Cardiolite (DuPont Merck) for hea rt
imaging and Mira luma (DuPont Merck) for breast imaging. The composition and labeling
of these kits are identical. 99mTc-sestamibi is indicated for myocardia l perfusion studies in
a dosage range of 10 to 30 mG (370 to 1110 MBq) and for breast imaging to confirm the
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presence or absence of malignancy in a dosage range of 20 to 30 mCi (740 to 1110 MBq).
Because of its lipophilicity, the principal route of excre tion is hepatobiliary, and the critical
organ is the upper large intestinal wall, with a radiation absorbed dose of 0.15 rad/mCi
after stress injection and 0.18 rad (cGy)/mCi after rest in jection .':"

Technetium Tc 99m Succimer Injection

Technetium Tc 99m succimer injection (wmTc-succimer or 99mTc-DMSA) is a sterile aque ous
solution prepared from a kit consisting of a lyophilized mixture of DMSA (1.0 mg) and
stannous chloride dihydrate (0.42 mg), ascorbic acid (0.70 mg), and inositol (50 mg) sealed
under nitrogen. The kit is stored at 2°C to 8°C.

Kit labeling is accomplished by adding up to 40 mC i (1480 MBq) 99mTc-sodiu m pertech­
netate in a 1 to 6 mL volume to the vial and incubating for 10 minutes. During this time
the following reactions take p lace:

Sn( II)DMSA + TeO,~Tc-DMSA (Complex I)

to minTc-DMSA (Complex I)---"'-"""--l)Tc-DMSA (Co mplex II)

The resulting product has a pH between 2 and 3 and is stable for 4 hours. Its radioche mical
purity must be 85% or higher."? The chemical structure of DMSA and p roposed structure
of 99mTc-DMSA are shown in Figure 9_341 33

Ikeda et aI.134•135 demonstrated that four possible Tc-DMSA complexes can form when
pertechnetate and Sn(II) DMSA are reacted. Complex II has the highest kidney uptake.
The maximum yield of Complex II is achieved at pH 2.5 in the absence of oxygen. Ur inary
excretion with no kidney up take occurs at higher pH values. Kidney localization of
complexes prepared at one pH is not appreciab ly alte red if the pH is later changedl 34•136

Complex II formed at p H 2.5 will revert to Complex IV if the pH is raised, but kidney
localization diminishes by onl y 25%134 Comple xes formed at neutral pH do not localize
in the kidney if the p H is subsequently lowered to 2.5. Ikeda et al l 34 believed that Complex
I is Tc(IV)DMSA and Complex II is Tc(III)DMSA, although this has not been confi rmed.
A Tc(V)DMSA complex, p repared at alkaline pH,I37·13s has been shown to have an affini ty
for tumors. Its chem ical stru cture has been characterized to be [TcO(DMSA),]- (Figure 9-35)
as three possible isomers, and its properties have been shown to be the same as those of
Tc(V)DMSA.13X
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FIGU RE 9-35 Geometrical isomers of
TcVO(DMS A), . (Reprinted with per­
mission from reference 138.)
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The labeling reaction of "'mTc-DMSA p roceeds in two steps: rap id formation of Complex
I followed by a slower, rate-determ ining step from Complex I to Complex II, the latter being
greatly affected by oxygenl 34 This is the reason for a 10 minute incubation pe riod. Once
Complex II is formed, it may revert back to Comp lex I by oxida tion. This occurs because of
the oxidation of Sn(lI) to Sn(IV), '" hich lowers the reduction po tential of the system. Dimin­
ished kidney up take occurs because Complex I is readily excreted. In addition to decreased
kidney uptake, increased liver activity has been reported when a "'mTc-DMSA solution was
injected 20 minutes after 1 mL of air was added to the reaction vial of an uns tabilized kit13"
The inclusion of ascorbic acid in present-day kits reta rds this oxidation.

- Tc-DMSA is indicated for kidney imaging for evaluation of renal parenchymal
disorders. The usual ad ult adminis tered activity is 5 mG (185 MBq). The critical organ is
the renal cortex, with a rad iation abso rbed do se of 0.85 rad (cGy)/mG.'"o

Technetium Tc 99m Sulfur Colloid Injection

Technetium Tc 99m sulfur colloid injection (-Tc-sulfur colloid or -Tc-SC) is a ste rile
colloidal dispersion of sulfur particles labeled with - Tc and prepared from a kit (CIS­
Sulfur Colloid Kit, CIS-US). The kit consists of three com ponents: (1) a react ion vial
containing a lyophilized mixture of 2.0 mg anhydrous sodium thiosulfate (the source of
sulfur), 2.3 mg disodium ede tate (AI'+ ion chelator ), and 18.1 mg gelatin (pro tective
colloid); (2) a Solution A vial with 1.8 mL of 0.148 M hydroch loric acid; and (3) a Solution
Bvial with 1.8 mL of 24.6 mg/mL anhydrous sod ium biphosp hate and 7.9 mg/mLsodi um
hydroxide. The kit should be stored at 15°C to 30°C.

-Tc-sulfur colloid is prepared by ad ding 1 to 3 mL of - Tc-sod ium pertechnetate (not
more than 500 mG [18,500 MBq] in each mL) to the reaction vial to dissolve the powder.
After the addition of 1.5 mL of Solution A (acid), the vial is placed into a boiling water bath
for 5 minutes. At the end of boiling, the vial is cooled, and 1.5 mL of Solution B (buffer) is
added. The pH of the final mixtu re is between 4.5 and 7.5 and rad iochemical purity must be
92% or higher." The labeled product is stable for 6 hours stored at 15°C to 30°C.

The chemistry of -Tc-sulfur colloid has been extensively review ed ." During the boil­
ing incubation step of the acidified mixture, thiosulfate is hydrolyzed, releasing eleme ntal
sulfur. The sulfur atoms aggrega te to form collo id-sized particles. Gelatin, as a protective
colloid, controls particle size and aggregation by coating the sulfur particles with a pro­
tective cha rged protein shea th tha t causes the pa rt icles to repel each other. Also during
the incubation step, technetium heptasulfide is form ed and becomes incorporated into the
sulfur particles. These reactions are summarized below:

S 0 2- +lr Ill-,ll )S+ HSCY._
2 3 .~

The EDTA in the formulation chelates any aluminu m ion that may be presen t in the 'I'JmTc_
sodi um per technetate solution. Any free aluminum ion reacts with the p hospha te buffer
to form insoluble aluminum phosphate, which precipitates from solution and carries -Tc­
sulfur colloid with it. Such a product would localize in the lungs. Figure 9-36 illustrates
a microscopic view of a normal 9'lmTc-sulfur colloid preparation and the results of formu­
lation changes with gelatin omitted and EDTA omitted . Figure 9-37 illustrates the stabi­
lizing effect of EDTA agains t aluminum phosphate flocculatio n.

- Tc-sulfur colloid is indicated for several uses in var ious dosages: imaging the RES
(liver and spleen, 1 to 8 mG [37 to 296 MBq]); in bone marro w studies, 3 to 12 mG (111
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to 444 MBq); to evaluate the patency of peritoneovenous (LeVeen) shunts; and in oral
preparations for esophageal transit studies, gas troesophageal reflux studies, and pulmo­
nary aspiration studies. It is also used in lym phoscintigra phy. The critical organ after
intravenous injection is the liver, with a radiation absorbed dose of 0.34 rad(cGy)/mCi."1

Technetium Tc 99m Tetro fosmin Injection
Technetium Tc 99m tetrofosmin ("'mTc-tetrofosmin; Myoview, Amersha m) injection is a
sterile aqueous solution prepared from a kit contain ing a lyophilized mixture of tetrofos­
min (0.23 mg), stannous chloride di hydrate (30 ug), disodium su lfosalicylate (0.32 mg),
sodium D-gluconate (1.0 mg) , and sodium bicarbonate (1.8 mg) sealed under nitrogen.
The kit is stored at 2°C to 8°C before reconstitu tion.

Labeling of tetrofosmin is accomplished by introducing a venting needle to the kit and
adding up to 240 mCi (8880 MBq) of "'"'Tc-sod ium pertechnetate (in 4 to 8 m L volu me
and not more tha n 30 mCi /mL concentration). This is followed by removal of 2 mL of
gas from the via l and incubation at room temperatu re for 15 minu tes. During this time
the following reaction sequence occurs."

TeO. + Gluconale • Tc-Gluconale

x = -CH2,CH,.O-Et

Te-Gluconale +
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This reacti on emp loys a gluconate trans fer ligand to facilitate the complexation reacti on
between the techne tium oxo core and tetrofosmin. Since the tetrofosmin ligand is neutral,
the 99mTc-tetrofosmin complex has an overall charge of 1+ from th e O~TC~O'+ core. The
labeled prod uct is stored at 2°C to 2SoC after technetium labeling and is stable for 8 hours.
Its radiochemical purity must be no less than 90%.99

99mTc-tetrofosmin is indicated for imaging the heart to assess myocardial perfus ion .
For a stress / rest study the reco mmended stress dose is 5 to 8 mCi (185 to 296 MBq),
follow ed in 4 hours by a rest dose of 15 to 24 mCi (555 to 888 MBq). The critical organ is
the gallbladder wa ll, with a radiation absorbed dose of 0.123 rad (cGy)/mCi (stress) and
0.180 rad(cGy) /mCi (rest) .'"

Technetium 99m -Labeled White Blood Cells

Several methods have been used to labe l leukocytes with technetium, w ith va rious leve ls
of success.'" One technique is to labe l leukocytes with 99mTc-albumin colloid, exploiting
the cell's natural phagocytic function to take up the radiocolloid. '" Another technique is
to first tin the leukocytes with stannous glucoheptonate and then label them w ith 99mTc­
sod ium pertechnetate .!" Both of these methods are able to successfully loca lize sites of
infection . The labeling of leukocytes with technetium achieved more w idesp read accep­
tance with the develop ment of 99mTc-exametazime (99mTc-HMPAO). Previously established
me thods for labeling leu kocytes w ith 11I1n complexes (oxine and tropolone) demonstra ted
that a neutral lipophilic comp lex is required to label leukocytes efficien tly, and 99mTc­
HMPAO has this property. Peters et all" prepared leukocytes labeled with 99mTc-HMPAO
and demonstrated that the method compared favorably with 11IIn-tropolone- labeled leu­
kocytes. Labeling efficiency with the me thod is about 50%, with 78% of the act iv ity
associated with granulocytes.!" A significant advantage of the method, besides the conve­
nience and physical properties of 99mTc, is that leukocytes can be labeled with 99mTc-HM PAO
in the presence of plasma, which is im portant for maintaining leukocyte viability,' ....

All present methods for labeling leu kocy tes w ith technetium require prior separation
of leukocytes from w ho le blood. Technique is important to maintain cell viability. In
general, low-speed centrifugation is used to obtain the leukocy te button. Several methods
exist for labeling leukocytes; the following method, illustrated in Figure 9-38, describes
the basic process:

1. Collect 43 mL who le blood in 7 mL of ACD in a 60 mL syringe through a 19
gauge winged set.

2. Add 10 mL 6% hetastarch, mix well, and let sy ringe sit wiih needle end upright
until the red cells settle to the boltom (approximately 45 minutes).

3. Transfer the leu kocyte-rich plasma (LRP) layer to a sterile 50 mL centrifuge tube.
4. Centrifuge at 450g for 5 minutes to pellet the leu kocytes . Draw off all but 0.5 to

1.0 mL of leukocyte-poor plasma (LPP). Save LPP.
5. Gently resuspend the leu kocyte button in plasma.
6. Reconstitute one HMPAO (Ceretec, Amersham) vial with 30 mCi 99mTc-sod ium

pertechne tate in 5 mL. Mix vial for 30 seconds to dissolve contents. Immed iately
add the 5 mL 99mTc-HMPAO to the leukocyte suspension and swirl gently to mix .

7. Incubate the cells for 15 to 20 minutes. Swirl gently every 5 minutes .
8. At end of incubation, add 15 mL LPP (from step 4) and spin cells at 450g for 5

minutes. Remove supernatant to a new tube and save.
9. Resuspend the labeled cells in 10 mL LI'P. Observe closely to determine that no

cell clumping is present.



Radiopharm aceutical Chemistry 303

LRP

Transfer LRP Resuspend WBC Add 15 mL LPP

• • •
:RSC· Centrifuge LPP Add Tc-HMPAO Centrifuge

450g '" 4500In-Oxine

wee Elottoo

Incubate 20 min

I Add 10 mLLPP IDecant LPP Resuspend WBC

LPP

9'lmTe-w ec
or

1111n-We C

FIGURE 9-38 Procedure for labeling white blood cells with technetium or ind ium.

10. Assay the supernatant from step 8 and the labeled cells from step 9 in a d ose
calibra tor. Determine the labe ling efficiency.

11. Inject adu lt patient with 10 mCi (370 MBq) 9'mTc-Iabeled leukocytes within 1
hour of labeling.

IO DINE CHEMISTRY

The most useful rad ioisotopes of iodine for nuclear medicine are 12.11, 1251, and 1311. Their
physical proper ties are shown in Table 9-14. The ultimate application determines which
isotope is used . For diagn ostic studies, 121, and I.lII are the on ly nuclides with gamma energy
suitable for imaging applications. 1231 is best suited for imaging becau se its gamma enerb'Y is
abundant and efficiently detected by the sodi um iodide crystal. Because of its short half-life,
1231has to be purchased daily and is therefore less convenient to use.The high gamma energies
of1.111 are less efficiently detected by the sodium iod ide crystal and require heavier collimation,

TABLE 9-14 Physical Properties of Radioiodine Isotopes

Decay Photon Photon SA' Rlhr/mCi H VL
Nuclide Half-life Mode/Prod uc t MeV Abundance (%) mCilJ1g at 1 em (mm Pb )

m! 13.2 hou rs EC/ l 2.Tfe 0.159 (gam ma ) 83 1930.0 1.5 0.37
0.027 (Te x-rays) 71

\251 59.4 days EC/ 125Tc 0.035 (gamma) 7 17.5 0.7 O.D1 S
0.027 (Te x-rays) 114

l.ll l 8.02 days ~ "/ lllXe 0.364 (gamma ) 82 124.0 2.2 3.0
0.637 (gamma) 7

.. Theoretical maximum Specific activity.
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which decreases sensitivity. Its beta emission, however, is useful for radiation treatment
procedures in conditions such as hyperthyroidism and thyroid cancer. 1311has also been used
as a radiolabel for therapeutic antibodies, such as LYM-1 and tositumomab (Bexxar, Corixa
Corpora tion), for the treatment of non-Hodgkin's lymphoma. Radiopharmaceuticals contain­
ing l3I I have a reasonable shelf life because of its 8-day half-life.

The photons of 1251 are too weak to escape from the body for external de tection, and
this isotope is best reserved for in vitro applications. 1251-iothalama te has been usefu l for
GFR studies, and 115I-human serum albumin is used for plas ma vo lume measurement. 1251
is also useful as a radiolabel for in vitro tests such as rad ioimmunoassays, in which its
low-energy radi ation and lack of beta emission make it less damaging to labeled biologic
products. Although its gamma energies are too low for diagnostic imaging studies, 1251 is
sometimes used in brachy therapy for radiation treat ment of tu mors in situ because its
radia tion is effectively absorbed over a short distance. In th is regard, lot rex (Prox ima
Therapeutics, Alpharetta, Ga.) is a 12'1 int racavitary radiation therapy product for trea ting
malignant brain tumors after tumor resection.

Radioiodine Production

This isotope of iod ine is obtained as a byproduct of uranium fission but can also be
produ ced by the neutron activation of tellurium. Both methods produce 131Te, which
decays to 1311:

I30Te( 0 , y) I3lTe ~ , 3Om ) 1311

The nuclear material is processed to yield sod ium iod ide as the final chemical form.
The 1311 nucleus is characterized by 53 protons and 78 neutrons, 4 neutrons mo re than

the stable isotope 1271. Neutron-rich 1311 undergoes negatron (beta-minus) decay with a
half-life of 8.04 da ys to stab le I" Xe accordin g to the following decay equation:

130.906117 AMU 1 30.411"i075 A~m

The transition energy between 1311and the 131Xe ground state is 0.971 MeV (0.001042 AMU
x 931.5 MeVjam ul. Severa l beta transitions are possible in the decay scheme of 1311(Figure
9-39), but the most frequent transition (y,,) releases a 0.364 MeV gamma ray wi th 81%
abundance.!" It is the principa l ph oton used in gamma-eamera imaging. The remaining
0.607 MeV of transition energy is given to the beta particle and neutrino.

1251 is p roduced indirectly by the neu tron irradiation of I"Xe to yield a short ha lf-lived
125Xe that quickly decays to 1251:

12-1 Xe( 0 , y) 12'iXe [ C, 17 hr ) 1251
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FIGURE 9-39 Decay scheme for "' I. (Reprin ted
with permission from reference 149.)

FIGURE 9-40 Decay scheme for 1251.
(Reprinted with perm ission from refer­
ence 149.)

The nucleus of 1251 is characterized by 53 protons and 72 neutrons, 2 neutrons less than
"'I. This neutron-deficient nucleus undergoes EC decay with a half-life of 60.14 days to
slable "'Te according to the following decay equation:

124.904624 AMU 124.4()4433A\ l U

The transition energy for this decay is 0.178 MeV. Of this amount, the neutrino carries
away 0.143 MeV to an excited sta te of I25Te, which promptly de-excites to the ground state,
releasing the rema in ing 0.035 MeV as a gamma ray (Figure 9-40) . For every 100 atoms of
'"I that decay, 93 of the 0.035 MeV gammas undergo electron convers ion (K-, L-, and M­
shellelectrons are removed), so on ly 7 gam ma rays are detectable (7% abundance). How­
ever, a high percen tage (114%) of 0.027 MeV 125Te x-rays are emitted, which are used for
detection. 1251 is easily shielded because of its weak pho ton energies. In fact, abou t 50%
of its photons will be absorbed by a g lass vial or container. For th is reason, container
geometry must be considered for the accurate measurement of IL'I sources. See Chapter
11 for more deta ils on IL'I assay.

1231

This isotope has nearly ideal p roperties for imaging, w ith a 13.2 hour half-life and a 0.159
MeVgamma ray tha t is efficien tly detected by the sodium iodide crystal of the gamma
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camera. 123] is produced in a cyclotron by the proton bombardment of a I24Xe target. The
shor t-lived initi al product 123Xe qu ickly decays to 123]:

The 123] nucleu s is cha racterized by 53 protons and 70 neutrons, making it 4 ne utrons less
than 1271. It decays by EC to 12'Te, which is essentially stab le (Th = 1.2 X 1013 years) (Figu re
9-41) .

122.'1055% AMU lZ2.9lU276AMlJ

The trans ition energy for this decay is 1.23 MeV, which is d issipa ted by several available
EC transitions. The p rincipal route (EC,,) proceeds to the excited state of 123Te, which emits
the 0.159 MeV gamma ray (y,). A pa rt ial loss of the 0.159 MeV gamma ray to K-, L-, and
M-conversion electrons yields a photon abundance of 83%.

123] is easily collima ted and shield ed and its gamma energy is efficien tly detected by
the gamma camera. Its short half- life and lack of beta radiation sign ificantly reduce the
radiation dose to the thyroid gland to one one-hundredth that of 1311. The main disadvan­
tages of 123] are the requirement for d aily delivery and the cost, because of its short half­
life and cyclotron production.

An important poi nt to cons ider in the dose calibrator assay of 123] is the high ab undance
(71%) of 0.027 MeV x-rays emitted, which are subject to significant absorption by the 12' ]

source container. This can affect the dose measurement by mo re than 10%. Therefore, care
must be taken to develop geometry correction factors for the diffe rent types of containers
used in its radioassay. A facile technique employing a copper filter to handle this problem
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has been published .ISOThe techn ique obviates the necessity for applying geometry correc­
tion factors for different con tainer configurations.

Solution Chemistry and Handling of Radioiodide

Iodine is a me mber of the group VII elements, the halogens, each having seven valence
electrons. Iodine's electron configuration is [Kr]4d 105s'5 p5. The halogens have high elec­
tronegativity and form negative hal ide ions typically found in ionic sa lts. All except
fluorine also have posit ive oxida tion states. Radioiodine is usually obtained as sodium
iodide. Under favorable conditions, iodide will enter into oxidation reactions in aqueous
solution, producing volatile forms that are a potential safety hazard. The significant oxi­
dative reactions that can occur in radioiodide solutions are as followS :151-155

41- + 0, + 4H ' H 21, + 2H,O

2HI + H,O, H I, + 2H,O

21- +20 H· HI, +20 W

(9-17)

(9-18)

(9-19)

Reaction 9-17 can be effective ly retard ed by buffering the radioiodide solution to an
alkaline pH in the range of 7.0 to 8.5. Reducing agents such as sodium thiosulfate or
bisulfites will reverse these react ions. The reaction with thiosulfate is as follows :

I, + 2S,O~- --> zr +Sp;- (9-20)

Indirect oxida tion of iodide can occur by radiolytic effects that produce free radicals and
peroxides, which oxidize iod ide via reactions 9-18 and 9-19. Rad iolytic effects are higher
in 1311 solutions because of the significant amount of beta radiation. These rad iation­
induced reactions are difficult to prevent entirely but can be minimized by lowering the
radioactive concentration, using radical scavengers, and adding antioxidants.t'<!" Chelat­
ing agents such as EDTA are sometimes used to retard oxidative catalysis ind uced by
trace metal ions in solution.'?' Oxidative reactions are accelerated by heat and light, and
since iodine has a low solubility in water (0.03% at 20°C) refrigerated storage will lower
its volatility. The chlorine in tap water will oxidiz e radioiodide to volatile radioiodi ne;
therefore, dilutions of radioiodide solutions should be made With distilled water. I '"

Upon receipt at the nuclea r pharmacy, screw-top bottles of "I I-sod ium iodide solution
should be wipe tested di rectly with a cotton-tipped app licator to detect any contam inati on
on the external surface of the bott le, in addition to a wipe test of the external surface of
the package. Broken bottles, bottles with loose caps, and even bottles with tight caps
having grossly contaminated external surfaces can be discovered upon receip t from the
supplier. Wearing d isposable rubber gloves is a necessity. Inad verten t skin con tamination
can be removed by rinsing with water, followed by soap and water lather and another
rinse. A mild scrubbing with a hand bru sh may be needed . Table 9-15 gives recommen­
dations for safe hand ling of radioiodide solutions .

Labeling with Radioiodine

Radioiodine 's importance in nuclear medicine stems from its diverse chemistry and the
availability of several isotopes with different physical properties. Iod inated compounds
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TABLE 9-15 Recommendat ions for Safe Handling of Radioiodide Solutions

1. Wear d isposable gloves when handling radioiodide solutions
2. Wipe test solution via ls for removable contamination upon receip t
3. Open solution vials and perform all radioiodinations in an exhaust hood
4. Dilute solutions wit h distilled wa te; and with 0.2% sodium thiosulfate for prolonged storage
5. Buffer solutions to pH range of 7.0 to 8.5

6. Store solutions in a cool en vironment to red uce volatility
7. Perform bioassays on personnel who handle 10 mCi or more of radioiodine
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FIGU RE 9-42 Mechanism of iodination of tyrosyl resid ues in proteins by electroph ilic substitution .

can be p repared by several methods, including isotope exchange, nucleophilic substitu­
tion, electrophilic substitution, addition to double bon ds, iododemetallation, and conju­
gation labeling with prosthetic groups. These methods have been reviewed by Lever."?
Of these methods, electrophilic substitution, isotop e exchange, and conjugation labeling
have been most widely used to prepare radiopharmaceuticals.

Electrophilic Substitution

With the exception of nucleophilic substitution reactions involving substitution of 1- for a
leaving group such as bromide, most radioiodinations involve substituting the electro ­
philic 1+ion for a hydrogen atom in an electron-rich aromatic compound. The substitution
reaction is facilitated by strong electron-donating groups (e.g., OH or N H2) in the aromatic
ring. The p-hydroxyl group in tyrosine is a good example (Figure 9-42). Direct iod ination
of proteins and antibodies into tyrosine is accomplished by this mechanism. The general
substitution reaction is as follows, with asterisk indicating radioactive isotope:

R-H+ I;H R-f+HI (9-21)

Isotope Exchange

Labeling can also occur by isotope exchange, in which the radioiodine atom exchanges
with a stable iodine atom in the molecule. Theoretically, a 1:1 substrate-to-radioiodine
molar ratio will produce a 50% labeling yield, whereas a 20:1 ratio will increase the yield
to more than 95%, although specific activity will be lower. '?' Labeling reactions are typi­
cally conducted with the application of heat, either in solution or in the solid phase.
Compounds that have been labeled in this manner include 12JI-iodoamphetamine (IMP),
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l!ll-N,N,N'-trimethy1-N'-[2-hydroxy-3-methyl-S-iodobenzy1]-1,3-p ropanediamine (!231_
HlPDM), 1231_or 13!I-OIH, and 1231_or I31 I-MIBG.The general exchange reaction is as follow s:

R-I+I; H R-C +1, (9-22)

In molecular iodine (I,), the struc ture (1--1+) is assumed. The 1+ion does not exist alone
but usually forms a complex with a nucleophilic species in aqueous solution. The following
reactions are possible:

I, +H,O H H,OI ++r

I, +OH- H HOI+ 1-

(9-23)

(9-24)

It isbelieved that the iodinat ing species in labeling reactions is either the hydrated complex
(HP I·)I'" or hypoiodous acid (HOI)I.!

Protein iodination is one of the most impor tant radio labeling techniques in nuclear
medicine. Typical iodination sites in protein molecules includ e the 3 and 5 positions of
the aromatic ring of tyrosine as the primary site or the imidazole ring of histidine as a
secondary site. Because the anionic form of the molecule to be labeled seems to be the
reactive species with 1+, close attention must be paid to the protein's pKa and the pH of
the reaction mixture. At low pH tyrosine is protonated, and labeling yields are low. Bas ic
pH, however, promotes d issociation of tyrosine hydrogens to form the desired tyrosina te
anion and also promotes the hydrolysis of I, according to reaction 9-241 • 2 This greatly
facilitates the rate of iodination into the tyrosine ring (Figures 9-42 and 9-43). Solutions
of pH 7 to 9 are usually used in protein iodination . One must avoid higher pH values
(>10) because of the irreversible disproportionation of HOI to iodate according to the
following reaction. Some iodate, however, will still form at pH 7 to 9:

3HOI+30W H 21- +10, +3H,o (9-25)

The order of mixing reagents is impor tant in ach ieving high iodination yield . This
depends on the method of radioiodination, but in general the molecule to be labeled is
added first with buffer followed by radioiodide and iodinating agent. To retard protein
damage, mild iodinating cond itions mu st be used . More attenti on must be paid when
using iodinating agents that are fairly strong oxidizing agents becau se the y may attack
the protein. It is recommended that no t more than one atom of iodine per molecule of
protein on average be int roduced to preserve protein integrity. However, this too depends
onthe protein, the iodinating method, and the ultimate use or application of the iodinated
protein.F' For exam ple, iod inated albumin prep ared by the iod ine monochloride method
should contain not more than one mole of iod ine pe r mole of protein .

Iodination Methods

Several methods of iodination have bee n used to label radiopharmaceuticals. These
include iodine monochl ori de, chlora m ine-T, lactoperoxidase, elec trolysis, lod o-Gen
(Pierce, Rockford, IlL), Iodo-Beads (Pierce), and the Bolton-Hunter reagent. A few of these
methods are described here. All except the Bolton-Hunter method involve covalent attach­
ment of cationic iodi ne to the aro matic ring of tyrosine residues in the protein.
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FIGURE9-43 Rad ioiodination. Substitution reaction producing iodinated tyrosyl residue in a protein,
and isotope exchange reactions producing m-iodobenzylguanidine (MTBG), o-iodohippurate (OIH),
and iotha lamic acid.

Iodine Monochloride

The iodine in iodine monochloride is in the I' state because of ch lorine's greater electro­
negativity. Iodine monochloride is formed by the oxidation of iodide with iodate in strong
acid according to the following reaction:

2NaI+NaI0 3 +6HCl H 3ICl + H,O +3NaCl (9-26)

When mixed with iodine monochloride, radioiodide undergoes isotope exchange. Because
the iodine monochloride is in excess and all of its iodine is in the I' form, essentially all
of the radioiodide is converted to I' accordingly:

l e i + NaC H CCl + NaI (9-27)

Subsequently, the I*Cl hydrolyzes to HOP , which iodinates the compound."? Radiolabel­
ing yields are about 75%, but specific activity of the p roduct is low because stable iodine
is also incorporated into the compound because of the excess stable iodine monochloride
present. In this labeling technique radioiodide is added to the buffered compound, and
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TABLE 9-16 Radioiodination of a Protein
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Mixing Sequence

1. Protein
2. Phos phate buffe r

3. NaI·
4. Iodinating agent

Typical Amounts

100 ~g

To pH 7 to 8
Na 131I 0.087 Ilg

Chlo ramine-T 1.25 llg

React for 10 minute s on ice

5. Reducing agent Sod ium metabisulfite 2.5 Ilg

Aster isk indica tes radioactive isotope.

iodine monochloride is jetted into the mixture. If iodine monochloride is ad ded before the
radioiodide, labe ling yields are lowered cons iderably beca use the isotope-excha nge reac­
tion is impaired by the reaction of iodine monochloride directly with the compound . The
iodine monochloride is ad de d rap idly to dis perse the mi xtu re quickly to reduce the degree
of multiple labeling within the same molecule created by localized concentrations of
reactive iod ine. An advantage of this method is that the amount of iodine incorporated
into the compo und is controlled by the am ount of iodine monoc hloride used . This is an
advantage if excessive substitution must be avoided.

Chloramine-T

This method uses the sodium salt of N-ehlor0-4-methyl benzene sulfonamide (chlora mine­
T)as the iodinating agent.l~1.1Ii4 Chlora mine-T undergoes hydrolysis at pH 7 to 8, liberating
sodium hyp ochlorite, which oxidizes rad ioiod ide to hypoiodous acid according to the
following reactions:

CH 3 - C, H4SO,NaNCl + H20 H CH 3 -C,H4S02NH, +NaOCI

NaOCI +ill' H HOI' +NaCl

(9-28)

(9-29)

The general techn ique is to mix the compound to be labeled with buffer and radioiodide
and then add the fresh chlora mine-T solu tion . A period of incubation is required, and the
reaction is stopped by ad d ing a reducing agent. The typical labeling conditions for IgG
with 1311 in a 1:1 molar ratio of antibody to iodine are shown in Table 9-16.

High labeling yields can be obtained, bu t labeling conditions must be carefully con­
trolled because chloramine-Tis a powerful oxidizing agent and may damage prote ins.I"
The advantage of chloramine-T is that no carrier iodide is needed; therefore, high specific
activities can be obtained. Ad ditionally, virtually complete utilization of the isotope can
be achieved . This method has been effectively used to label the LYM-1 antibody for the
treatment of non-Hodgkin's lymphom a.w

lodo-Gen and lodo-Beads

lodo-Gen (Pierce) and Iodo-Beads (Pierce) are solid-phase oxidants in a technology devel­
oped to perm it iodinations to p roceed in a two-pha se system, with the oxidant ma terial
bound in a solid phase from which reactants can be separated by simple aspiration (Figure
9-44). The lodo-Gen method involves dissolving the lodo-Gen oxidizing reagent (1,3,4,6-
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FIGURE9-44 Chemical structures of two mild oxidizing iodinating agents: Iodo-Cen and Iodo­
Beads. Radioiodination of non-tyrosine-eontaining proteins via the Bolton-Hu nter reagent.

tetrachloro-3a ,6a -diphenylglycour il) in an organic solvent such as ch loroform and plating
the reagen t onto the sides of a glass tube after solvent evaporation. The buffered protein
and radioiod ide are ad ded to the Iodo-Cen-coated tube and incubated for 10 minutes,
whereupon the Iodo-Cen oxidizes the iod ide. The react ion is stopped by asp ira ting the
mixture from the tube.

Iodo-Beads are nonporous polystyrene beads to which is bonded the sodium salt of
N-chloro-benzenesulfonamide as the oxidant. Labeling involves mixing radioiodide with
several beads, incubating 5 minutes to allow oxidation of iod ide, then adding the protein
in buffer, incubating 10 minutes more, and aspirating the mixture to stop the reaction.

These solid-phase iodination techniques are claimed to provide milder oxid ation con­
ditions for the protein compared with chloramine-T and do not require the addition of a
redu cing agent to stop the reaction. Labeling yields are good and high specific activity
labeling can be achieved.w"

Bolton-Hunter Reagent

To circumvent the problem of protein damage by direct iodination and to be able to label
proteins that lack the tyrosine moiety, indirect radioiodination using a prosthetic group
can be used . An example is the Bolton-Hunter reagent.v" This reagent is a reactive con­
jugate prelabeIed with radioiodine that is reacted w ith the protein, eliminating contact
with oxidizing and reducing agents. The reagent is an 125I-Iabeled acylating agent, iodi­
nated 3-(4-hydroxy-phenyl) propionic acid N-hy droxysuccinimide ester, whi ch reac ts with
lysine amino groups in the protein (Figure 9-44). This method is mild, producing pro teins
that retain imm uno reactivity.

IODINATED RADIOPHARMACEUTICALS

Radiopha rmaceuticals labeled with '2'1, 1251, and 1311 are available from several radiophar­
maceutical companies. They can also be compounded at the time of use.



r _

Radiopharmaceutical Chemi stry 313

Sodium Iodide I 123, I 125, and I 131 Capsules or Solution

I3I I-sodium iod ide is availab le from commercial suppliers in hard gelatin capsules and in
aqueous solution for ora l administration. Capsules used for diagnostic studies are gener­
ally ava ilable in 15, 25, 50, and 100 !lCi (185, 925, 1850, and 3700 kBq) strengths. Capsules
may con tain sodi um radioiodide mixed with a granulated powder mixtu re or deposited
as a thin film in a mixture of polyethylene glycol and thiosulfate.I.' Therapeutic capsules
for treating hyperthyroidism or th yroid carcino ma are also available and made to orde r
on 24 hour no tice. These may con tain sod ium iodide mixed with a semisolid glob of
polyeth ylene glycol inside the capsule or ad sorbed on anhydrous sodium phosphate .
Various strengths are ava ilable, up to 100 mCi (3700 MBq) per capsule.

Ora l solutions of 131I-sodium iodide are manufac tured to ma intain their stability aga inst
oxidat ion. Products may contain disod ium phosphate to adjust pH to 7.5 to 9.0, sod ium
bisulfite as an antioxid ant, and d isodium EDTA. These stabilizers will not interfere with
clinical use for thy roid studies, bu t such solutions cannot be used in rad ioiod ina tion
reactions because of the antioxidant. Solutions are available in several concentrations up
to 25 mCi (925 MBq)/ mL and 150 mCi (5550 MBq) per vial. Solut ions of I31I-sod ium iodide
may turn an amber color with age because of radiation-induced chromophores. This is a
normal process and does not affect the qua lity of the radio pharmaceutical.

1231-sod ium iod ide is ava ilable as dia gnostic capsules in 100 IlCi (3.7 MBq) and 200 !lCi
(7.4 MBq) strengths adsorbed on sucrose. I23I-sodium iodide is not sold as a radiophar­
maceutical.

12..11_, 1251_, and 13lI-sodium iodid e in sodium hyd roxide sol ution without stabilizers are
available as radiochernicals for use in radioiodi na tions ,

Iodinated I 125 Albumin Injection

Iodinated I 125 albumin (l25I-HSA) injection is prepared by mild iodination of normal
human albumin to introduce not more than one atom of iodine per molecule of albumin
to minimize dena turation of the protein . The iodine is firm ly bound and released only by
metabolism of the protein in vivo . Radi olytic decomposition is minimal wi th the 1251 labe l,
and the product has a long shelf life. Its radiochemical p urity is no t less than 97%. Being
a biologic product, it is stored at 2°C to 8°C. The product is available in 100 !lCi (3.7 MBq)
multidose vials of 10 mL. I25I-HSA is indicated primarily for measuring p lasma volume.
The usual adult administered activity for plasma volume measurement is 5 to 10 !lCi (185
to 370 kBq). The critical organ is the total bod y, wi th a radiation absorbed dose of 0.0006
rad(cGY)/!lCi l 7<)

lobenguane I 123 or I 131 Injection

Iobenguane sulfate (MIBG) has the chemical structu re shown in Figure 9-43. It is labeled
either with 1231(prepared on site) or with 1311, available as a commercially prepared product.
The 1311 product ('31I-MIBG) is supplied to the end user as a frozen solution in a concen­
tration of 2.3 mCi(85.1 MBq) / mL. The product sho uld be kept frozen until use and should
be use d w ithin 6 hours after thawing. 13l1-MIBG received FDA approva l for marketing in
1994.

The radioiodinated prod uct is labeled by the solid-phase isotope-exchan ge meth od .
123[_or 1311-sodium iodi de in dilute sodium hydroxide and 1 mL of MIBG exchange solution,
containing 2 mg MIBG sulfate and 10 mg ammonium sulfate , is heated at 155°C for 30
minutes. The d ried product is redissolved in 1 mL wa ter and rehea ted for an ad d itional
30 minutes.' ?' The final product is redissolved in wa ter or salin e and sterile-filtered before
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use. Labeling yields are typically 98% or high er, requ iring no purification step to remove
unbound iodide. During the solid-phase exchange reaction, thermal decomposition of
ammonium sulfate drives off ammonia and lowers the pH. The mildly acid ic, oxidizing
conditions ensure that I' w ill be formed to effect the electrophilic exchange reaction . High
labeling yields require an absence of chlor ide ion; therefore, saline should not be used
duri ng the heating step."? Once the pro duct is labeled, it can be reconstituted in no rmal
saline for injection. The rad iochemical purity of m l_and 1311-MIBG is no t less than 90%."

1311_ or 1231-MIBG is indicated for the localization of primary or metastatic pheoch ro­
mocytomas, neuroblastomas, and carcinoids. The usual intravenous adult administered
activity of 1311-MIBG is 0.5 mCi (18.5 MBq). In patients who weigh more th an 65 kg, the
dose is 0.3 mCi(I1.1 MBq)/m' up to a maximum of 1 mCi (37 MBq). Children's doses of
13'I-MIBG are based on 0.3 mCi (I1.1 MBq)/m' to a maximum d osage of 0.5 mCi (18.5
MBq). Dosing of 1231-MIBG is based on 0.14 mCi / kg, with a suggested ma ximum dose of
10 mCi (370 MBq) in adults.173•m A thyroid-blocking dose of potassium iodide (KI) should
be administered 1 day before and 7 days after dosing wi th I3II-MIBG.I75 The FDA-recom­
mended thyroid- protective doses of KI daily are as follows: infants less than 1 month old,
16 mg; children age 1 month to 3 yea rs, 32 mg; child ren age 3 yea rs to 18 years, 65 mg;
adults, 130 mg.

The critic al organs for 131I-MIBG in the adult are the u rinary bladder wa ll and the liver,
each with a radiation absorbed dose of 3 rad(cGy)/ mC LI75 For m l-MIBG the critical organ
is the urinary bladder wa ll, with a radiation absorbed dose of 0.35 rad(cGy) / mCi.

lodohippurate Sodium I 131 Injection

lodohippurate sodium I 131 injection (13I1-iodohippurate or 1311-0IH; hippuran) has been
essentially suppla nted by <J<JmTc-mertiat ide (99mTc-MAG3). A brief descrip tion is included
here because for more than 30 years OIH was the major agent for evaluating renal function.
Its only disad vantage is that it canno t be labeled with """'Tc. The chemical structu re of
OIH is shown in Figure 9-43. It is prepared by isotope exchange. Its radiochemical puri ty
is not less than 97%, with the major radiochemical impurity being radioiodide. The high
purity limits are necessary because OIH's ab ility to measure renal function is based on its
high renal extra ction and elimina tion in the urine. Too much free radioiodide prolong s
renal clearance because of rad ioiodide's high degree of reabsorption (approximately 70%)
by the tubular cells. OIH's principal rou te of elimination is tubular secretion, and it has
played a prime role in assess ing global renal function via the renogram. It is the "gold
standard" to which other renal function agents are compared. A typical d osage for renal
function assessment is 75 ~Ci (2.775 MBq) for one kidney and 200 ~Ci (7.4 MBq) for two
kidneys. The critical organ is the urinary bladder wall, with a radiation absorbed dose of
5.7 mrad/~CL l7h

lothalamate Sodium I 125 Injection

lothalamate sod ium 1 125 injection (" ' l-iothalamate; Glofil-125, Cypros Ph armaceutical)
is prepared by isotope exchange. Its chemical structure is shown in Figure 9-43. It is no t
used for renal imaging beca use of the 1251 label. Its ren al clearance after intravenous
injection closely ap proxima tes that of inulin, and its primary indication is the assessment
of GFR. It is supplied in a multidose vial with a rad ioactivity concentration of 250 to
300 ~Ci/mL (9.25 to 11.1 MBq/mL) in a 4 mL volume. Its rad iochemical purity is not less
than 98%.99 The product should be stored at 2' C to 8°C. Dosage varie s with the method used
to assess GFR. A single--dose technique requ ires a dosage of 10 to 30 ~Ci (370 to 1110 kBq),
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TAB LE 9-17 Physica l Properties of Galli um and Indiu m Radionu clides

Nu clide Half-li fe Decay Mo de Photons (MeV) % Abundance

/17Ga 3.26 da ys EC 0.093 37

0.185 20
0.300 17
0.394 5

""Go 67.8 min Positron 0.511 178
IIIIn 2.80 da ys EC 0.171 90

0.245 94
lDmIn 1.66 hr Isom eric transition 0.392 64
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and a conli nu ous infusion technique requires 20 to 100 !lei (740 to 3700 kBq). The critical
organ is the thyroid gland, with a radiat ion absorbed dose of 7.8 mrad /jrCi."?

GALLIUM AND INDIUM CHEMISTRY

The chemistry of gall ium and indium is similar. In some instance s the radiopharrnaceu­
ticals of these nuclides have been used for similar purposes, such as tumor and abscess
localization. The most frequently used radionuclides are ·'Ga and 1IIIn. Both are cyclotron
produced, have simil ar half-lives, and decay by EC to yield pho tons with useful imaging
properties. Other radi oisotopes of gallium and indium, such as ""Ga and 1I3mIn, have been
used in nuclear medicine over the years but are less frequ entl y used today. The decay
properties of gallium and indium isotopes are summarized in Table 9-17.

Gallium and ind ium are members of the group III metals in the periodic tab le. The
electron configuration for gallium is [Ar]3d W4s24p' and for indium is [Kr]4d105s'5 p l Each
readily loses one, two, or three electrons bu t typically assumes the 3+ oxidation state in
aqueous solution, which is the most relevant state for radiopharmaceuticals. In acidic
aqueous solution be low pH 3, galliu m and indium likely exist in the ionic form as the
hexaaqua complexes [Ga(H,o).I:l+ and [In(H,O). l:l+. When pH is higher than 3, these metals
hydrolyze and form insoluble hydroxides, Ga(OH), and In(OH)" which prec ipitate from
solut ion. At tracer quantities, these hydroxides disperse as rad iocolloids. Gallium is
amphoteric, acting as a metal at low pH and forming the hydroxide as pH is raised toward
neutrality. At high pH, gallium acts as a nonmetal, and the hydroxide dissolves in excess
base to form the soluble gallate ion Ga(OH),. The formation of coordination complexes
with indium and gallium usu ally occurs by ligand exchange from weak complexes such
as acetate, citrate, or tartrate, which prevent hyd rolysis while the higher-stability coordi­
nation complex forms. Chelating agents commonly used to stabilize indium and gallium
at higher pH in vitro include citrate, EDTA, DTPA, and 8-hydroxyquinoline (exine) . Ga:l+
and In'+ will und ergo ligand exchange from the weaker complexes (oxine or citrate) to
transferrin in plasma because of the large formation constant (K) for the transferrin com­
plexes (Ga-t ransferrin, log K = 20.3; In-t ransferrin, log K = 18.7)1711 The DTPA complexes
of indium and gallium, being hexadentate, are more stable and tend to be inert to in vivo
ligand exchange with transferrin .

Production of Gallium and Indium

Gallium and indium are p rod uced in a cyclotron. " Ga is most commonly produced by
the nuclear react ion (~Zn(p,2n)"7Ga, and III [n by the nuclear reaction IIlCd(p,n)1IIIn. The
targets are processed by ion exchange and solvent extraction techniques, evaporated to
dryness from isopropyl ether, and redi ssolved in 0.05 M hydrochlor ic acid l 7'J,IOO
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FIGURE 9-45 Decay scheme for "Ga . (Reprinted
w ith permission from reference 149.)

FIGURE 9-46 Decay scheme for ' uln. (Reprinted
w ith permission from reference 149.)

The " Ga nucleus decays by EC w ith a half-life of 3.26 days .to stable 67Zn:

fl6512822 AMU tiO.92715AMU

The transition energy for this decay is 0.997 MeV, which is dissipated by several ava ilable
EC trans itions (Figure 9-45). Several gamma photons are emi tted that are used for imaging ,
the principal ones being 0.093 MeV (y,) with 37% abundance, 0.185 MeV (Y3) with 20%
abundance, 0.300 MeV (y,) with 17% abu ndance, and 0.394 MeV (Y6) with 5% ab undance.':'?

"'Ga is produced from the "'Ge- ''''Ga generator. "'Ga has a 68 minute half- life an d "'Ge
a 280 day half-life, which gives this secu lar equilibrium generator a long useful shelf life.
68Ga is a positron emitter that is not used in routine nucl ear medicine practice. It is used,
however, as a transmission source for attenuation correction in PET cameras.

The III In nu cleus decays by EC wi th a half- life of 2.83 days to stable IIICd:

110.9055 AMU llO.'llHlRA MU

The transition energy for this decay is 1.230 MeV, which is dissipated by a neutrino at
0.814 MeV, one gamma ray at 0.171 MeV (y,) with 90% abundance, and another gamma
ray at 0.245 MeV (Y3) with 94% abundance (Figure 9_46)149

IBmln is produced from the lI'Sn-IBmln generator. This isotope of indium preceded tha t
of 11IIn in nuclear medicine. This is anothe r example of a long-lived secular equilibrium
generator syste m: 11,e IBSn parent has a half-life of 115 days and the 113mln da ug hter's
half-life is 1.66 hours. This gen erator is no longer used .

Gallium Citrate Ga 67 Injection

Although many potential radio pharmaceuticals can be made with gallium, the only com­
pound that has achieved major usc in nuclear medicine is '7Ga-gallium citrate. It is
available as a ster ile aqueous solution in mu ltidose vials (2 mCi [74 MBq]/ mL, 3 to 12
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mCi (111 to 444 MBq) from several manufacturers. It is prepared by neutralizing acid ic
NCA "Ga-gallium chloride wi th sodium hydroxide in the presence of 4% sodium citrate,
producing a 1:1 " Ga:citrate complex. Depending on the pH, several protonated species
are possible. The species at around pH 4 is [C3H40Ga(OH),(COO)(COOH),]- and at pH
higher than 8 it is [C,H40Ga(OH),(COO)'1'-181 The injection has a pH between 5.5 and
8.0 and is preserved with 0.9% benzyl alcohol. It is stored at room temperature
(20'C-25°C). Its rad iochem ical purity is not less than 97%.'" At the time of calibration, it
contains not more than 0.02% 66Ga and 0.2% 65Zn radionuclidic impurities.

"Ga-gallium citrate is indicated for diagnostic imaging of Hodgkin's disease, lym­
phoma, bronchogenic carcinoma, and inflammatory lesions to identify fevers of unknow n
origin. The standard adult dosage is 3 to 8 mCi (111 to 296 MBq), administered intrave­
nously. The critical organ is the lower large intestine, with a radiation absorbed dose of
0.9 rad(cGy)/mCil 82

Indium In 111 Chloride Solution

Indium In 111 chloride injection is available as a sterile aq ueous solution of NCA lllIn­
indium chloride in 0.05 M hydrochloric acid, pH 1.1 to 1.4 (Mallinckrodt) and in 0.04 M
hydrochloric acid, pH approximately 1.4, as Indichlor (Amersham). Both products are
available as 5 mCi (185 MBq) in 0.5 mL volume single-use vials, to be stored at room
temperature (20'C to 25°C). The radiochemical purity is no t less than 95% as ionic 3· In .
Radionuclidic purity at the time of calibration is not less than 99.925% l11ln, with not mo re
than 0.075% 114mIn and 65Zn, combined, as radionuclidic impurities. lllIn-indium chlor ide
is intended for use in labeling antibodies such as capromab pendetide (lllIn-capromab
penditide; ProstaSclnt, Cytogen) .

Indium In 111 Oxyquinoline Solut ion

Indium In 111 oxyquinoline solution is a sterile aqueous solution of NCA mIn'· complexed
to 8-hydroxyguinoline (oxine). The complex is a 3:1 ratio of oxine:indium (Figure 9-47).
The product is available as a single-use vial at a pH range of 6.5 to 7.5. Each mL contains
at calibration time 1 mCi (37 MBg) mIn, 50 ug ex ine, 100 ug polysorbate 80 (deterge nt
stabilizer) , and 6 mg N-2-hydroxyethyl-piperazine-N'-2-ethane sulfonic acid (HEPES)
buffer in 0.75% sodium chloride solution. It is stored at room temperature. Its radiochem­
ical purity is not less than 90%.~) The product contains no t more than 1 ~Ci (37 kBg) 114mIn
impurity per 1 mCi (37 MBg) lllIn at the time of calibration. At the time of expira tion, it
contains not less than 99.75% mIn and not more than 0.25% of I1J-rn/114In impurities.

111 In-ind ium oxine is indicated for radiolabeling autologous leukocytes (see below).
The usual ad ult dosage of lllln-labeled leukocytes is 200 to 500 ~Ci (7.4 to 18.5 MBq)
intravenously. The critical organ is the spleen, with a radiation absorbed dose of 20
rad(cGy)/500 ~Ci (7.4 MBq) (at the expiration date of the productj .l'"

Indium In 111 Pentetate Injection

Indium In 111pentetate injection (111In-pentetateor lllln-DTPA) is a sterile agueous solution
of NCA lllln'· complexed to disodium pentetate in a 1:1 molar ratio. The eight-coordinate
structure for the complex is shown in Figure 9-471114 The single-use product, availab le in
a 1.5 mL vial, contains in each mL of isotonic solution at the time of calibration 1 mCi (37
MBg) 11lIn, 20 to 50 ~g pentetic acid, and sodium bicarbonate with the pH adjusted to 7
to 8. It is sto red at 5°C to 30°C. The radiochemical purity is not less than 90%.99 The
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FIGURE 9-47 Chemical structures of " tln-labeled DTPA, oxine, and pentetrcotide.

radionuclidic purity at calibration time is not less than 99.88% 11lln and less than 0.06%
1l4mIn and 6.o;Zn combined.

11lIn-DTPA is ind icated for use in radionuclide cisternography. The usual intrathecal
adult dosage is 500 !lCi (18.4 MBq) (maximum dosage). The critical organ is the spinal
cord surface, with a radiation absorbed dose of 5 rad(cGy) /500 !lCi.""

Indium In 111 Pentetreotide Injection

Indium In 111 pentetreotide injection (11lIn-pen tetreotide; OctreoScan, Mallinckrodt) is
prepared from a kit that con tains a lyophilized mixture of 10 ug of pentetreot ide, 2.0 mg
gentisic acid , 4.9 mg anhydrous trisod ium citrate, 0.37 mg anhydrous citric acid , and 10
mg inositol. The kit also contains a vial of indium In 111 chloride injection that contains,
at the calibration date, 1.1 mL of 11lIn(Cl), at 3 mCi(I11 MBq)/mL in 0.02 M hydrochloric
acid and 3.5 ug /rnl, ferric chloride . The presence of ferric chloride increases the labeling
yield. The kit is stored at refrigerated temperature (2°C to 8°C) before labeling. The p roduct
is labeled by adding the 111ln-indium chloride to the lyophilized mixture and incubat ing
at room temperatu re for 30 minutes. Once formed, the product is stored at or below 25°C
and must be used within 6 hours of preparation. A proposed chemical structure is shown
in Figu re 9-47. The prod uct may be d iluted with up to 3 mL of normal saline immediately
befo re injection . The radiochemical purity must be checked before patient administra tion
and should be not less than 90%.'1'1,11'"

11lln-pente treo tide is indicated for localization of pr imary and metastatic neuroendo­
crine tumors bearing somatostatin receptors. The usual adult intravenous dosage for
planar imaging is 3 mCi (111 MBq); for SPECT imaging the dose is 6 mCi (222 MBq). The
kit is made ava ilable a few days before the calibration da te to provide sufficient activity
for SPECT imaging. The critical organ is the spleen, with a radiation absorbed dose of
14.77 rad(cGy)/6 mCi.'86
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Indium-111 is used to labe l antibodies for radioimmunodiagnosis in nuclear med icine .
Labeling is mad e possible by covalent attachment of a linker molecule to the antibody
away from the antigen binding site. The linker molecule contains a che la ting group to
complex indi um. Antibody labeling is generally accomplished by first mixing 1I1In-indium
chloride with an acetate buffer and then mixing this with the antibody to effect che la tion
of IIlln to the antibody. The antibodies in current use are indium In 111 capromab pendetide
(ProstaScint) for imaging prostate cancer metastases and indium In 111 ibritu momab
tiuxetan (In-111 Zevalin, IDEC Pharmaceuticals) for use in conjunction with Y-90 Zeva lin
(IDEC Pharmaceut icals) in the treatment of patients wi th relapsed or refractory follicular
non-Ho dgkin 's lymphoma. These and other radiolabeled antibodies are discussed in more
deta il in Chapter 21.

Indium 111 -Labeled White Blood Cells

Several methods exist for labeling leukocytes wi th 11I1n. The basie process, illustrated in
Figure 9-38, is as follows:

1. Collect 43 mL whole blood in 7 mL of ACD in a 60 mL syringe through a 19
gauge winged set.

2. Add 10 mL 6% hetastarch, mix well, and let syringe sit with needle end upright
until the red cells separate to the bottom (approximately 45 minutes).

3. Transfer the LRP layer to a ste rile 50 mL centrifuge tube.
4. Centrifuge at 450g for 5 minu tes to pellet the leukocytes. Draw off all but 0.5 to

1.0 mL of LPP. Save LPP.
5. Gen tly resuspend the leukocyte button in 2.5 mL saline.
6. Draw up IIlIn-oxi ne solution into a 3 mL syringe. Rinse the vial with 0.5 mL of

ster ile no rmal saline and draw this up into the syringe. Add this 1I1In-oxine
solution dropwise to the leukocytes with gentle swirling.

7. Incubate the cells for 15 to 20 minutes. Swirl gently every 5 minutes.
8. At end of incubation, add 15 mL LPP (from step 4) and spin cells at 450g for 5

minutes. Remove the supernatant to a new tube and save.
9. Resuspend the labe led cells in 10 mL LPP. Observe closely that no cell clumping

is present.
10. Assay the supernatant from step 8 and the labe led cells from step 9 in a dose

calibrator. Determine the labe ling efficiency.
11. Inject adult patient with 0.5 mCi (18.4 MBq) 1I1In-labeled leukocytes within 1

hour of labeling.

THALLIUM CHEMISTRY

Tha llium is a me mber of the group III metals, along with gallium and indium . Its electron
configuration is [Xe]5d 106s' 6p' , and it exists typically in the 1+ (thallous) or 3+ (tha llie)
oxidation states in its compounds. nOH resembles alkali-metal hydroxides in being a
soluble, strong base; however TI(OH), is quite insoluble.

WITI is produced by bombarding a target of pure na tural th allium metal w ith p roton s.t' "
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FIGURE 9-48 Decay scheme for 201TI. (Reprinted with
permission from reference 149.)
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After irradiation, the target is dissolved in mineral acid and the 201Pb is separated by
ion-exchange chromatography. Afte r decay of the 2lJ'pb, 2lJITl is isolated by ion-exchange
chromatography and the chloride salt is formed by dissolution in hydrochloric acid and
evaporated to dryness. The 2lJ'TlCl is dissolved in sod ium hydroxide and adjus ted to pH
7.0, sterilized, and tested to de tect any carrier thallium present. Rad iochromatography is
done to differentiate Tl· and T]3·. Rad iochemical purity is no t less than 95%. Gamma
spectroscopy is performed to assess radionuclidic purity.

201Tl decays by EC with a half-life of 73.1 hours to stable 2111 Hg:

200.9700 AMU 200.97031 AMU

The transition energy for this decay is 0.456 MeV, which is dissip ated by one of three EC
routes to excited levels of mercury (Figure 9-48). The principal photons are 0.135 MeV (y,)
at 2.7%, 0.167 MeV (y,) at 10%, and 0.0689 to 0.0803 MeV mercury x-rays at 94.4% abun­
dance.!"

Thallous Chloride TI 201 Injection

Thallous chloride Tl 201 injection is a sterile aqueou s solution that contains at the time
of calibration 1 mCi(37 MBq)/mL of 201TI-thallous chloride in 0.9% sodium chlor ide solu­
tion, pH adjus ted to 4.5 to 7.0 and preserved wi th 0.9% benzyl alcohol. l'" Multidose vials
in 2, 4, 8, and 9 mG (74, 148, 296, and 333 MBq) sizes are available at different calibration
times throughout the week. Its radiochemical purity is not less than 95%.9'1 At the time of
calibration, it contains no more than 1.0% each of 'IXYTl and 2112Tl and not mo re tha n 0.25%
203P b as radionuclidic impurities, and no less than 98% 20111 as the desired radionuclide.
The product is stored at room temperature.

201Tl-thallous chloride is indicated for evaluation of myocardial perfusion in the diagnosis
and localization of myoca rd ial infarction and ischemic heart disease. Its oth er ap proved
indication is the localization of parathyroid hyperactivity (adenoma) in pa tients with elevated
serum calcium and parathyroid hormone levels. Thallium has also been used as a tumor
marker in brain, breast, and lung cancer. Its mechanism of tumor localiza tion is believed to
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FIGURE 9-49 Decay scheme for I33Xe. (Reprinted
with permission from reference 149.)

FIGURE 9-50 Decay scheme for"Cr. (Reprinted
w ith permiss ion from reference 149.)

SlCr is produced by neutron activation of stable chromium metal or chromium oxide
enr iched in "'Cr by the react ion ·"'Cr(n,y)" Cr.l42 The irradiated material is dis solved in
hydrochloric acid and the chromic chloride is oxidized to chromate. " Cr decays by EC
with a half-life of 27.7 days to stable "Vas follows:

p~ + (' -s n - v

5O.'N47 1\l1 AMU 5O.94:l978 ,\M U

The transition ene rgy for this decay is 0.753 MeV, which is dissipated by one of two EC
routes. In the case of EC" all of the energy is taken away by the neut rino. The EC, route
decays to the excited level of vanadium (Figure 9-50).'4' In this route, the neutrino carries
away 0.433 MeV, and a 0.320 MeV gamma ray is emitted from the excited nuclear state
of vanadium. The 0.320 MeV photon has only a 10% abundance, making SlCr unsatisfac­
tory for imaging. However, it is quite suitable for studies that involve in vitro scintillation
counting procedures.

Sodium chroma te Cr 51 injection ("Cr-sod ium chromate) is a clea r, colorless ste rile
solution. It is available in 250 ~Ci (9.25 MBq) vials at a concentration of 100 ~Ci (3.7
MBq)/ mL at the time of calibra tion . Its pH is between 7.5 and 8.5, and its specific activity
is not less than 10 mCi (370 MBq)/mg Na,CrO, at cxpiration.?" The limit on specific activity
is to prevent potential chromium toxicity of red blood cells. The radiochemical purity is
not less than 90% as sodium chromate, which is determined by paper chromatography"?
The presence of excess chromic impurity, "Cr' +, must be limited because it does not label
erythrocytes. The prod uct is stored at room temperature.

SlCr-sodium chromate is indicated for determination of red blood cell volu me or mass,
study of red cell survival, and evaluation of blood loss. For determina tion of red cell
volume, the dosage ranges from 10 to 30 ~Ci (370 to 1110 kBq); red cell survival studies
utilize a dosage of 150 ~Ci (5.55 MBq). The critical organ is the sp leen, with a radiation
absorbed dose of 2.64 rad(cGy)/200 ~Ci. 19'

SlCr is also ava ilable as the radiochemical chromic chlor ide, " CrCl" for other labeling
purposes and is sometimes used to label plasma proteins for assessing gastrointestinal
protein loss. As "Cr-EDTA, it has been used to determine GFR
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TABLE 9-18 Physical Properties of Xenon Radioisotopes

Nu clide Half-li fe Decay Mode Photons (Me V) % Ab undance

'''X c 36.4 days EC 0.172 26
0.203 68
0.375 17

m Xe 5.24 days Ncgatron 0.081 37
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be related to tumor blood flow an d permeability and act ive uptake via the Na -K ATPase
pump as a thallium ana logue . The usual ad ult do sage for myocardial imaging is 2 to 4
mCi (74 to 148 MBq) intravenously. The critical organ in ma les is the testes, with a radia tion
absorbed dose of 3 rad(cGy) / mCi; in fema les it is the thyroid gland, with a dose of 2.3
rad(cGy)/mCi. 'BS

XENON XE 133 GAS

Xenon is an inert gas, and it is used in nuclear medicine in its na tive elemental state. Its
electron configuration is [Kr]4d '05s' 5p" Two isotopes of xenon have been used clinically
in nuclear medicine: I27Xe and 133Xe (Table 9-18). I27Xe is cyclo tron produced and was used
for lun g ventilation stud ies for several years, but it is no longer available. The p rincipal
isotope used currently is "'Xe. It is produced as a fission byproduct in a nuclear reactor
as follows: 235U(n,f)"'Xe. The product is availab le in unit dose via ls ready for pa tien t use
in amounts of 10 mCi (370 MBq) and 20 mCi (740 MBq) from various suppliers. (The
properti es descr ibed here pertain to vials supplied by Mallinckrodt.) It may contain small
amoun ts of other radioactive gas impurities, namely, l:l:'lmXe, 131mXe, and ""-"Kr, in add ition
to 13111'" It should be stored at roo m temperature. Xenon Xe 133 gas (l"Xe-xenon) is
indicated for inhalation studies to evaluate lung function and for the assessment of ce rebra l
blood flow. The usual adult dosage is 10 mCi (370 MBq) by inhalation . The cri tical organ
is the lung. The radiation absorbed dose depends on the vo lume of the spirometer used
to perform the study; for a 5 L sp irometer it is 0.11 rad / lO mCi and for a 10 L spirometer
it is 0.065 rad /l0 mCil R9

"'Xe undergoes negatron (beta minus) decay with a half-life of 5.25 days to stable
cesium:

132.Q055 AMU 132.90.51A~U

The principal photon used for imaging is 0.081 MeV (y,), 37% abundance (Figure 9-49)' "

SODI UM CHROMATE CR 51 INJECTION

Chromium is another transition element. Transition elements owe their separate classifi­
cation in the periodic tab le to belated filling of the next-to-outermost electron energy leve l.
Chromium's electron con figuration is [Ar]3d54sl . Chromium can exist in seve ral oxidation
states, the mo st common on e in nuclear medicine bei ng 6+ as sodium chroma te, Nal ICrO.J.
Sodium chromate is an oxidizing agent and can be readily reduced to the 3+ oxidation
state. From the biologic perspective, chromate ion (5ICrOi-) readily diffuses through the
erythrocy te membrane, and it is used to label red blood cells. Chromate is reduced
intracellularly to chromic ion (SlCr" ), which binds to hemoglobin in the red cell' '''',191
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TABLE 9-19 Physical Properties of Cobalt Radioisotopes

Nuclide Half-life Decay Mode Photons (MeV) % Abundance

57C O 271.8 days EC 0.122 86
0.137 10

"'Co 70.88 days EC, positron 0.511 30
0.811 99

·Co 5.27 yr Negatron 1.173 100
1.333 100

CYANOCOBALAMIN CO 57 CAPSULES
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37 hr

Cobalt is a transition metal whose chemistry is similar to that of iron and nickel. Its electron
configuration is [Ar]3d'4s'- Coba lt shows oxidation states of 2+ (cobaltous) and 3+ (cobal­
tic); however, unlike ferrous iron, the 2+ oxidation state is guite stable to oxidation, and
its solutions can be kep t indefinite ly exposed to air. Cobalt is hexacoordinate. In solution
Co> is likely to exist as the hydrated ion Co(H,o)~+.

The primary radioisotopes of cobalt are "Co, "'Co, and "'Co. Their physical properties
are shown in Table 9-19. The most frequently used isotopes in nuclear medicine are "Co
and "Co. 6OCO has the longest half-life and the most energetic photons and prod uces the
highest radiation dose. It is no longer used as a tracer. "Co is generally prepa red by
neutron irradi ation of a nickel target by the reaction " Ni(n,p)"'Co. The irradiated targe t
materials (nickel metal , oxides, or carbonate) are dissolved in concentrated acids, and the
' 'Co nuclide is isolated by ion-exchange and solvent extraction methods.l' " " Co is pro­
duced in a cyclo tron by four simultaneous proton-induced reactions on a nickel-58 target
electroplated on a copper target holder,'?' The reactions are

"' Ni(p,2p) " Co

"Ni(p, pn ) "Ni

" Ni(p, 2n )" Cu - - ->, " Ni 37 '" , " Co

After bombard ment the nicke l target is stripped from the copper with concentrated hydro­
chloric acid, isolated on an ion-exchange resin, and eluted with 6 M hy drochlor ic acid .

"Co decays wi th a half-life of 271.8 days by EC to stab le " Fe as follows:

56.93629 AMU ~.93.S:'l9 AMU

The transition energy for this decay is 0.838MeV, which is released by either of two EC routes,
each to an excited level of " Fe followed by emission of gamma rays (Figure 9-51).'" The
mos t abun dant gamma rays are 0.122 MeV (Y2) at 86% and 0.137 MeV (y,) at 10%.

Cyanocobalamin is a water-soluble compound that crystallizes as small red needles.
Its solutions are a cherry red color. Cyanocobalamin is a coba lt coordination complex in
which the cobalt is trivalent and has a coordination number of six. The complex is neutral;
its structure is shown in Figure 9-52. The cyanide group coordinated to the cobalt is no t
part of the natural vitamin bu t rather is an artifact caused by isolation of the vitamin on
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FIGURE 9-51 Decayscheme for "Co. (Reprinted
with permission from reference 149.)
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charcoal. Vitam in Bl2 stored in the liver has a 5'-deoxyadenosyl an ion ligand instead of
cyanide.!" By strict organic chemical de finition, however, because cyanide was the first
form of the vitamin to be isolated, cyanocoba lamin is vitamin B12-

Cyanocobalam in labeled with cobalt radionuclides is prepared biosynthe tically. The
radiol abeled coba lamins are isolated from a fermentation of the microorganism Strepto­
myces griseus grown in a nutrient med ium containing the app ropriate cobalt nuclide salt. !"

Cyanocobalamin Co 57 capsules for oral administration contain ap proximately 0.5 to
1.011Ci (18.5 to 37 kBq) in each capsul e, with a specific activity not less than 0.5 11Ci (18.5
kBq)/llg of cyanocobalamin.'" The radiochemical purity is not less than 95%.'" "Co­
cyanocoba lamin is indicated for the diagnosis of pernicious anemia and of other defects
of intestinal absorption of vitamin B12. The usual adult dosage is one capsule of 0.5 to
1.011Ci (18.5 to 37 kBq). The capsules are typically used in the Schill ing urinary excretion
test of vitamin B12 absorption. The p roduct is ava ilable from Bracco Diagnostics as 57CO­
cyanocobalamin capsules alone or as a diagnostic kit tha t con tains the capsules, a "Co
reference standard, intrinsic factor capsules (for Schilling test 2), and a 1000 llg syringe of
"cold" vitamin B12• Either prod uct should be stored at room temperature. The critical organ
is the liver, wi th a radiation absorbed d ose of 0.13 rad(cGY)/IlCi in norma l subjects
(without a flushing dose of "cold" B12) and 0.026 rad(cGY)/IlCi in patients with pernicious
anemia."?

PHOSPHORUS CHEMISTRY

Phosphorus is a member of the group V elements. Members of this group have properties
ranging from nonme tallic (nitrogen and phosphorus) to semimetallic (argon and antimony)
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to metallic (bismuth}!" Each of these elements has five valence electrons in its outermost
energy level. The electron configurat ion of phosphorus is [Ne]3s' 3p3 Phosphoru s can
assume valences from 3- (by acquiring three electrons) to 5+ (by losing five electrons). It
is most commonly known in pharmacy in its acid form, orthophospho ric acid (H3PO,).
As a triprotic acid, it dissociates into three possible conjugate base forms depending on
the pH of the solution. The predominan t forms of phosphate present in the pH range of
pharm aceutical injections are the monobasic (H,PO;) and the dibasic (HPO~-) an ions. The
ionic equilibrium equatio n for these forms is

At a pH higher than 7.2, the dibasic form predominates, and the presence of excess Ca?
ions in solution may cause the precipitat ion of dibasic calcium phosphate (CaHPO,)
because of its low solubility (approximately 30 mg/dL). This can be prevented by keeping
the pH below 7. If AP' ions are present in a solution with phosphate, alu minum phosphate
will preci pi tate because it is insoluble. When this is a possibility, a che lating agent such
as EDTAis often used to sequester the aluminum away from the phosphate. EDTA is use d
in 99mTc-sulfur colloid kits for this purpose.

Among the other phosphoric acids are pyrophosphoric acid, H,P,O" and metaphos­
phoric acid, HPO,. While pyrophosphoric acid, like orthophosphoric acid, is a discrete
molecule, me taphosphoric acid is polymeric. Solutions of these acids are not stable and
on standing ove r time will convert to orthophosphoric acid. The sodium salts of these
acids are useful age nts in chemistry because they will complex metal ions. Sodi um tri­
metaphosphate (Na3P,Oy) is prepared by heating NaH,PO, for several hours at 550°C. It
forms soluble chelates with cations, no tably Ca'", and has been used extensively as a
water-softening agent under the trade name Calgon. Sodium pyrophosphate, Na ,P,O"
and sodium trimetaphosp hate are used extensively in nuclear medicine as the stannous
chelates in kits used for bone imaging and for tagging red blood cells. These include the
stannous pyrophosphate kits (TechneScan PYP, Mallinckrodt; Phosphatee, Bracco; CIS­
PYRO, CIS-US) and the stannous trimetaphosphate kit (Pyrolite, CIS-US). See Figure 9-8
for the chemical structures of these phosphates.

The radioisotope of phosphorus used in nuclear medicine is 32P. It is prepared in a
nuclear reactor by the capture of a fast neutron by stable sulfur according to the reaction
32S(n,p)32P' 32p decays by negatron emission with a half-life of 14.26 days to stable 32S as
follows:

:H .973908 I\M U 31.972 047 AM U

3'p is considered to be a pure beta emitter because no gamma photons are emitted during
its decay (Figure 9-53). The transition energy for this decay is 1.73 MeV, which is split
between the beta particle and the neutrino. Bremsstrahlung radiation is produced during
the decay of 32p, but this is secondary to the de cay process and is caused by the interaction
of the high-speed beta particle with matter. Because it lacks any principal photon, 32p is
used only in therapeutic applications. The pr incipal radiopharmaceuticals available that
are labeled wi th 32p are chromic phosphate P 32 suspension and sodium phosphate P 32
soluti on.
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0.0
32
16S(stable)

FIGURE 9-53 Decay schemes for S'lSr, 32p, and 'l()y' (Reprinted with permission from reference 149.)

Chromic Phosphate P 32 Suspension

Chromic phosph ate P 32 suspens ion (" P-chromic phosphate) is a grayish-green insoluble
colloidal chromic phosphate (CI'12PO,). It is produced by mixing chromic nitrate solu tion
with radiophosphoric acid . The resulting precipitate of chromic phosphate is dried in an
oven and redu ced to a particle size of about 1 11m in a ba ll mill.I ,s.!99 A commercial product
is ava ilable (Phosphocol P-32, Mallinckrodt) that is a sterile aqueous suspension in 30%
dextrose and 0.1% sodium acetate, preserved with 2% benzyl alcohol. Its particle size
dist ribution is as follows: less than 0.6 11m, 0.7%; 0.7 to 1.3 11m, 74.4%; 1.4 to 2.0 11m, 16.6%;
2.1 to 4.0 11m, 7%; more than 4.0 11m, 2.9%. Its radiochemical purity is not less than 95%
and it has a pH range of 3.0 to 5.0'" The prod uct is stored at room temperature. It is
ava ilable in 15 mCi (555 MBq) multid ose vials at a concentration of 5 mCi (185 MBq)/ mL,
with a specific activity of 3.3 mCi (122.1 MBq)/mg of chromic phosphate at calibration.W

" P-chromic phosphate is ad min istered by intracavitary instillation for the treatment
of peritoneal or pleural effusions caused by metastatic dis ease . It has also been used in
the interstitial treatment of cancer. An off-label application is radiation synovectomy in
diseases involving inflamed synovial lining, such as rheumatoid ar thr itis. Typical adult
dosage for intraperitonea l instillation is 10 to 20 mCi (370 to 740 MBq); for intrapleural
instillation it is 6 to 12 mCi (222 to 444 MBg). Inters titial tumor dose is based on estimated
tumor mass and is in the range of 0.1 to 0.5 mCi (3.7 to 18.5 MBq)/gram. The radiat ion
absorbed dose depends on the tissue surface area exposed and depth; calcula tions for an
average (70 kg) pa tient with 90% reten tion are shown in Table 9-20.200

Sodium Phosphate P 32 Solution

Sod ium phosphate P 32 solution (32P-sodium phosphate) is a clear, colorless sterile solu tion
of sodium phosphate at pH 5.0 to 6.0. It is suitable for ora l or intravenous adminis tra tion.
USP 24 states that the product is dibasic sodium phosphate, but at the final pH range
listed in the product monograph it is mostly the monobasic form becau se the pKa for the
equilibrium of these two forms is 7.2 (see first reac tion und er Phospho rus Chemistry). The
commercial prod uct is available with a radioactive concen tra tion of 0.67 mCi (24.79
MBq)/mL in 5 mCi (185 MBq) vials at the time of calibration. Its radiochemical purity
must be 100%.99 It is stored at room temperature.
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Dose Rate
(rad lh r)

TABLE 9-20 Radiation Dose Estimates for Chromic Phosphate P 32 Suspension'

TIss ue Absorbed Dose (rad) per 20 m Ci (740 MBq)

Pleural Peritoneal Prostat e
(4000 em!) (5000 em") U6 grams)

TIss ue Depth
(em)

0.004

0.OD8

0.012

0.016

0.020

0.10
0.20

10.2

8.58

7.61

6.91
6.36

2.41

0.94

23,ODO

19,OOD

17,000

l S,OOO
14,000

5.400
2,I OD

18,ODO

IS,OOD

14,000

12,000

II,ODO
4,300

1,7OD

910,000

.. For 70 kg pa tient with 90'10 retention.

Sou rce: Phosphocol P-32 package insert (Mallinckrod t; November 2000).

32P-sodium phospha te is indicated for the treatment of polycythemia vera, chronic
myelocytic leu kemia, and chronic lymphocytic leukemia. It has also been used as a pal­
liative trea tment for skeletal metastases in the treatment of bone pain. The ad ult dosage
for polycythemia vera, established by the Polycythemia Vera Study Gro up, recommends
an initial intravenous do se of 2 to 3 mCi (74 to 111 MBq)/m2 of body surface area, not to
exceed 5 mCi (185 MBq)201 The radiation absorbed dose to the bone marrow has been
estimated to be 24 rad(cGy)/mCi, d ivided among marrow, 13 rad(cGy); trabecular bone,
10rad(cGy); and cortical bone, 1 rad (cGy).202

STRO NTIUM CHEMISTRY

Strontium is a member of the group II (alkaline-earth) elements, which include beryllium,
magnesium, calciu m, barium, and radium. Strontium's electron configuration is [Kr]5s' .
Alkaline-earth metals are so named because alchemists referred to any nonmetallic sub­
stance that was insolub le and unchanged by fire as an "ea rth," and the earths of grou p II
give an alkaline reaction.l'" They are moderately st rong red ucing agents, and their com­
pounds have an oxida tion state of 2+. In vivo these elements have a propensity to localize
in bone. Several radioisotopes of strontium have been used in nuclear medicine over the
years, notably "'Sr and 87mSr for bone imaging and "'Sr for thera py.

Strontium Chlo ride Sr 89 Injection

"'Sr is the isotope currently used in nu clear medicine . It is produced by neutron activa tion
of enriched "'Sr by the reaction "'Sr(n,y)""Sr. The target is processed into its final form as
strontium chloride, "'SrCl, . 80Sr decays by beta emission with a 50.5 day half-life to stabl e
soy as follows:

~.90697 AMU 88.Y054 AMU

The transit ion ene rgy for this decay is 1.463 MeV, which is the max imum ene rgy of the
beta particle. The average energy of the beta particle is 0.583 MeV, wi th the remainder
carried off by the neutrino . Strontium decays by one of two beta tran sitions, one go ing to
the excited level of 80y (Figure 9-53). This path resuIts in a gamma ray emission of 0.091
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Dose Rate
(rad/hrl

TABLE 9-20 Radiation Dose Estimates for Chromic Phosphate P 32 Suspension'

TIssue Ab so rbed Dose (rad) per 20 mO (740 MBq)

Ple ural Peritoneal Pros tate
(4000 cm l ) (SOOO cm l ) (16 grams)

Tissue Dept h
(em)

0.004

0.008

0.012

0.016
0.020

0.10

0.20

10.2

8.58

7.61

6.91
6.36

2.41

0.94

23,000

19,000

17,000

15,000
14,000

5,400

2,100

18,000

15,000

14,000

12,000
11,000

4,300

1,700

910,000

• For 70 kg patient wit h 90% retention.

Source: Phosphocol P-32 package insert (Mallinckrodt ; November 2000).

32P-sodium phosphate is indicated for the trea tment of polycythemia vera, chronic
myelocytic leu kemi a, an d chronic lymphocytic leukem ia. It has also been used as a pal­
liative treatment for skeletal metastases in the treatment of bone pa in, The ad ult dosage
for polycythemia vera, established by the Polycythemia Vera Study Gro up, recommends
an initial intravenous dose of 2 to 3 mCi (74 to 111 MBq)/m' of body surface area, not to
exceed 5 mCi (185 MBq)20l The radi ation absorbed dose to the bone ma rrow has been
estimated to be 24 rad (cGy)/mCi, divided among marrow, 13 rad(cGy); tr abecular bone,
10 rad(cGy); and cortical bon e, 1 rad(cGy).202

STRONTIUM CHEMISTRY

Strontium is a member of the group II (alkaline-earth) elements, which include beryllium,
magnesium, calcium, barium, and rad ium. Strontium's electron configuration is [Kr]5s2

Alkaline-earth metals are so named because alchemists referred to any nonmetallic sub­
stance tha t wa s inso lubl e and unchanged by fire as an "earth," and the earths of group II
give an alkaline reaction .l'" They are modera tely strong reducing agents, and their com­
pounds have an oxidation state of 2+. In vivo these elements have a propensity to localize
in bone. Several rad ioisotopes of strontium have been used in nuclear medicine ove r the
years, notabl y &'Sr and 87mSr for bone imaging and 80Sr for therapy.

Strontium Chloride Sr 89 Injection

"Sr is the isotope currently used in nuclear med icine. It is produced by neutron activation
of enr iched ""Sr by the reactio n 88Sr(n,y)895r, The target is processed into its fina l form as
strontium chloride, " SrCI" 895r decays by beta emission with a 50.5 day half-life to stable
80y as follows:

M .906'J7 AMU tIS.90.'i4AMU

The transition energy for this decay is 1.463 MeV, which is the maximum energy of the
beta particle. The average energy of the beta part icle is 0.583 MeV, with the rema inder
carried off by the neutrino. Strontium decays by one of two beta transitions, one go ing to
the excited level of ' ''I' (Figure 9-53), Th is path results in a gamma ray emission of 0.091

- ~-----
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MeV (y,), but with a very low abundance (0.009%) that is not su fficient for imaging or
mea suring 895r activi ty in a do se calibrator. How ever, because the manufacturer assays its
product with scintillation methods traceable to the Na tional Institute of Standards and
Technology, the product itself can be used as a source to determine a dose calibra tor setting
for measuring dosages after appropriate decay correction of the product.s"

Strontium chlor ide Sr 89 injection ("'Sr-strontium chloride; Metastron, Med i-Physics/
Amersham) is a ste rile aqueous soluti on at pH 4.0 to 7.5. It is supplied in 4 mCi (148 MBq)
vials at a concentration of 1 mCi (37 MBq)/mL, with a specific activity of 80 to 167 ~Ci

(2.96 to 6.18 MBq)/mg at the time of calibration. The product is stored at room tempe rature
(l5°-25°C) and expires 28 days after calibra tion .

"'Sr-strontium ch loride is indicated for the pa lliative treatment of bone pa in in pa tients
with skeletal metastases. The usual adult dosage is 4 mCi intraveno usly, and it can be
dosed by weight at 40 to 60 ~Ci (1.48 to 2.22 MBq)/kg. The critical organ is the bone
surface, with a radia tion absorbed dose of 63 rad (cGy)/ mCi.204

YTTRI UM CHEMISTRY

Yttrium is a member of the gro up I1IB tran sition elemen ts. Its electron configura tion is
[Kr]4d'5s'. It is qu ite rare naturally, but as a metal it reac ts well to p roduce compounds
in wh ich its oxidation state is 3+. Yttrium hy drolyzes below pH 7 and thus requires
buffering with sodium acetate during labeling reactions, similar to indium. To be an
effective label for an tibodies, yttrium must be chelated firm ly with a derivatized DTPA
ligand; otherw ise, it will dissociate and localize in bone, where it can delive r a high
rad iation dose to the bone marrow.

'lOy is the daughter product of 905r decay. 'lOy itself decays by beta emissi on wi th a half­
life of 64.0 hours to stable zirconium 9OZr, as follows:

89.9067 AMU 89.90426 Al\tU

The transition ene rgy for this decay is 2.27 MeV. which can be carried away by one of two
possible beta transitions, bu t essentially the ~2 route occurs 100% to the ground state of
90Zr (Figure 9-53). The maximum beta-particle energy is 2.27 MeV,and the average particle
energy is 0.935 MeV, with the remainder carried off by the neutrino.

Yttrium Y 90 Chloride Solution

Yttrium Y 90 chloride is a sterile aqueous solution of yttrium chloride in 0.05 M hydro­
chloric acid. It is produced by solvent extraction of 'lOy from a 905r generator solution and
pu rified into the chloride form, 9OYCl3. '"Y-yttr ium chloride is available from MDS No rd ion
(Ontario, Cana da) in 5, 10, 20, and 50 mCi (185, 370, 740, and 1850 MBq) amounts per vial
with no more than 20 ~Ci of 905r radionuclide imp urity per Ci of 90Y at expira tion. The
product is used for labeling monoclonal antibodies for radioimmunotherapy. A no table
example is ibritumomab tiuxetan (90Y-ibritumomab tiuxe tan; Zevalin, IDEC Pha rmaceu­
ticals) for the treatment of patients with relapsed or refrac tory low-grade, follicu lar, or
transformed B-cell no n-Hodgkin's lymphoma. Details of this an tibody are disc ussed in
Chapte r 23.
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SAMARIUM CHEMISTRY

EDTMP

l!>3Sm_EDTMP- Pentasod ium

FIGURE 9-54 Chemical structures of
EDlMP ligand and its '''Sm coordina­
tion complex.
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Samarium is a member of the lanthanide transition
elements known as the rare ear ths . Its elect ron con­
figuration is [Xe]4f65d"6s' , and it forms com plexes
in the 3+ oxidation state. 1~'Sm has useful prope rties
for therapeutic applicat ion in pa lliat ion of painful
bonemetas tases. It forms coordination comp lexes of
high thermodynamic stability with phosphonate
and aminocarboxylate ligands.2l15 153Sm is prod uced
in high yield and purity by neutron irradiation of
isotopically enriched '''Sm oxide (I"Sm,O,) by the
reaction I52Sm(n,y)'''Sm. The oxide ta rget is di s­
solved in 1.0 M hyd rochloric acid, dilu ted to 0.1 M
hydrochloric acid , added to a lyoph ilized kit of
ethyle ne d iami n e te tra me th y Ien e p h osphonic
acid (EDTMP) for complexation, and brough t to pH
7.0 to 8.5 with sod ium hydroxide.w The ionic for­
mula fo r the co m p lex is 153Sm3+[CH,N(CH ,
POi-]" and it has a molecular we ight of 581.1. The
chemical structure of the pentasod ium salt is shown in Figure 9-54.

"'Sm decays by beta emission with a 46.7 hour half-life to stable I53Eu accord ing to
the following decay equat ion:

1.'>2.9217 AMU 1.'>2.920H3 AMU

The transition energy for this decay is 0.810 MeV, which is d issipated by several beta­
decay routes (Figure 9-55). The most abundant rou tes are J315 (20%),0.810 MeV; J3 13 (50%),
0.710 MeV; and J3Il (30%), 0.640 MeV. The mos t abundant gamma ray is Yll (29%) at 0.103
MeV. The average energy released as beta pa rticles per decay of "'Sm is 0.233 MeV. This
is computed by mu ltip lying each maximum beta-pa rticle energy listed above by its abun­
dance and by 0.33 (the ave rage fraction of transition energy pe r decay dissipated by beta
particles) and then slimming the ind ivid ual average beta energies. Thus, we have (0.810
MeV) (0.20) (0.33) + (0.710 MeV) (0.50) (0.33) + (0.640 MeV) (0.30) (0.33) = 0.233 MeV.

Samarium Sm 15 3 Lexidronam Injection

Samarium Sm 153 1exidronam injection (I"Sm-lexidronam; Qu adr amet, DuPont Merck) is
a sterile, aqueous, clear to light amber solution for intravenous administration . Each
milliliter of solution contains, at calibration, 35 mg EDTMP· 2H,O; 5.3 mg Ca as Ca(OH),;
14.1 mg Na as NaOH, equivalent to 44 mg Ca/Na EDTMP (anhydrous); and 50 mCi (1850
MBq) '53Sm, at a specific activity of 1.0 to 11.0 mCi (37 to 407 MBq)/llg Sm. The solution
pH is 7.0 to 8.5. The prod uct is available as a frozen solution at a concentration of 50 mCi
(1 850 MBq)/ mL in vial sizes of 100 mCi (3700 MBq) and 150 mCi (5550 MBq). The d rug
expires 48 hours after the calibration time or within 8 hours of thawing.

Although the thermodynamic stability constant of 1~'Sm-EDTMP is quite high, the com­
plex in not kinetically inert in plasma. Therefore, '~'Sm-lexidronam has a ligand-to-metal ratio
of approximately 250:1 to 300:1. The excess ligand prevents any samarium that dissociates
from the EDTMP from forming insoluble "'Sm-hyd roxyl species that localize in the liver.2U5



330 Radiopharmaceuticals in Nuclear Pharmacy and Nuclear M edicine

FIGURE 9-55 Decay scheme for 15·'Sm.
(Reprinted with permission from refer­
ence 149.)
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1~'Sm-lexidronam is indicated for relief of pa in in patients with confi rmed osteoblastic
metastatic bone lesions that enhance on radionuclide bone scan2 07 Neoplastic bone disease
associated with lytic-type bony metastases such as multiple myeloma may not be treatable
with 153Sm-lexidronam.21l6 The recommended dosage is 1 mG (37 MBq)/kg intravenously.
The critical organ is the bone surface, w ith a radiation absorbed dose of 25
rad(cGy)/mCi2 07
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10 Radiopharmaceuticals for
Positron Emission Tomography

Stephen M. Moerlein

Clinical applications of positron emission tomography (PET) have grown remarkably in
recent years. Like other nuclear medicine procedures, PET imaging detects the d istribution
of tracers within the body. Whereas magnetic resonance imaging (MRI) and computed
tomography (CT) imaging me thods provide structural or anatomic informat ion, PET
imaging is int rinsically linked to fun ction because the biologic fate of PET radiotracers is
determined by the in vivo rate of the physiologic processes of the organism.

PET differs from conventional single-photon emission com puted tomography (SPECT)
imaging in tha t short- lived positron-emitting radionu clides are used as radio labels. This
has several important implications. First, because of the physics of positron decay, coin­
cidence circuitry can be used, which facilitates acquisition of high-resolution images with
accurate attenuation correction. Additionally, most of the elements used as positron­
emitting labels (Table 10-1) are attached via covalent bonds and are commonly found in
several biochemical and drug structures. This leads to much greater versatility in the
developm ent of novel PET radiopharmaceuticals, compared with the application of 9'JrnTc
(attached via bulky chelating linker groups) or "'I (which forms a biologically unstable
bond with carbon) as rad iopharmaceutical labels.

PET imaging has unique applications that have proven useful for rou tine procedures
in nuclear medicine. Given the special characteristics of PET methods and the wide range
of tracer design and production, further growth in this area of nuclear medicine is antic­
ipated, despite its higher costs . This chapter discusses the current status of PET radio­
pharmaceuticals used routinely for clinical imaging procedures and presents examples of
clinical resea rch applications of this powerful imaging technique.

POSITRON EMISSION TOMOGRAPHY

Positron Decay

Proton-rich nuclei decay eit her by positron emission or by electron capt ure (EC)' EC is a
prevalent decay process for nuclides used in conventional nuclear medicine, since it
generates photons that are we ll su ited for imaging by Anger-type tha llium-activated
sodium iodide [NaI(T1)] cameras. Examples of such clinically useful radiopharmaceutical
labels are 123[ and mIn. The photons em itted by these nuclides are collimated by lead
collimators to determine the directiona lity of the photons detected by Nal(TI) crystals
used for image reconstruct ion.

Positron decay tran sforms proton-rich nucle i close r to the line of beta stability by
converting the unstable nucleus to a da ughter nuclide with one less proton an d one more
neutron, together with the emission of a pos itron and a neutrino . The elementary process
can be written as follows:
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TABLE 10-1 Radionuclides Used
in Positron Emission Tomography

Nuclide Half-life Em~~ (M eV)

"0 2 min 1.7

"N 10 min 1.2
He 20 min 1.0

"F 110 min 0.7
82Rb 76 sec 3.4
"'Ga 68 min 1.9

t

FIGURE 10-1 Positron decay with pro­
duction of annihilation radiation.

Emission of a neu trino (v) is necessary in th is decay p rocess to conserve momentum and
angular momen tum.' The emitted neu trino has very little interaction with ma tter and is
of impor tan ce to PET imaging only in that, because of conservation laws, it influences the
energy of the corresponding positron. Unlike the photons imaged in conventional nuclear
medicine, which are monoenergetic with disc rete energy groups, pos itrons are emitted
wi th a conti nu ous energy sp ectrum and have a median energy equal to approximately
one-third of the maximum positron energy.' As discussed late r, the range of the emitted
positrons has practical impact in that it degrades image resolution in PET.

An emitted positron will lose energy through ionization and excitation of atoms along
its pathway until it reaches thermal velocities and combines with an orbital electron in an
annihilation reaction.' Th is elementary process is written as follows:

A positron is an antiparticle of an ordi nary electron, so the annihilation reaction converts
the entire mass of each particl e into energy.

Momen tum co nservation in this process
demands that two gamma quan ta be produced
with equal and opposite momenta. The two quanta
are emitted almost exactly 1800 apart; any devia­
tion from colinearity derives from residual
momentum in the posit ron at the time of ann ihila­
tion (Figu re 10-1). Because the rest mass of the
positron and of the electron is 511 keV, the annihi­
lation photons each have an energy of 511 keY. It
is important to no te that it is these annihilation
photons (and not the positrons them selves) that are
detected by PET imaging devices.

Coincidence Detection

The directionality of the annihilat ion photons after positron de tection allows the unique
PET imaging method to be achieved . The key unit of PET de tection is the coincidence
circuit, shown in Figure 10-2, which provides for the colinearity of the two annihilation
photons to be discrimina ted. In this me thod, only simultaneous events detec ted within
the cornmon field of v iew of the two detectors are registered as an annihilation event, and
hence as a positron emission.
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Coincidence
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FIGURE 10·2 Coincidence circuitry for de tec­
tion of ann ihilation rad iati on.

TA BLE 10-2

Property

Propert ies of Scintillator Crystals for PET

NalmJ BGO LSO GSO

Efficiency (%, 12.5 mm) 34 68 64 57

Relative emission intensity 100 15 75 30
Light decay constant (nsec) 230 300 40 6()
Ene rgy resol ut ion 8 12 12 8

This technique is based on the fact that the annihilation photons always esca pe at
approximately 1800 from one anothe r and arrive at opposing detectors nearly simulta­
neously. Detection of an event at only a single detector wo uld not be registered as a
coincidence, so singles or randoms are excluded from the data collection process. This
electronic collimation is a unique ad vantage of PET imaging; there is no need for the heavy
lead shielding with collima ting septa requ ired for image definition in single-photon imaging.

Another major differe nce be tween de tection in PET and in con ventional nuclear med­
icine cameras is the type of scintillation crystals used. Whereas relatively thin (three­
eighths inch standard) Nal(Tl) cry stals are widely used in single-photon nuclear medicine
cameras, these are inadequ ate for efficient stopp ing of the 511 keY annihi lation photons
imaged in PET. The crystals used for PET scanners are listed in Table 10-2. Note that
although NaI(Tl) scintillators have very high light output, for applicat ion wi th PET these
crystals have poor efficiency for detecting annihilation photons, slow response (large decay
constant), and relat ively poor energy resol ution. The large scin tillator decay cons tant of
NaI(Tl) leads to increased dead time with high count ra tes, and the poor energy resolution
of this crystal lead s to an increased scatter component in coincidence detection .

Most commercial PET scanners util ize bismuth germanate (BGO) de tectors . BGO scin­
tillators are especially useful for PET imaging beca use of their efficiency in detecting 511
keY photons and their relat ively high-energy reso luti on. BGO scintillators have two ma in
disadvantages: a large decay cons tant, and thu s limited capacity with high coun t ra tes;
and poor light emission, w hich increases noise.

The future development of PET instrumentation may involve the application of lu te­
tium oxyorthosilicate (LSO) or gadolinium orthosilicate (GSa) as detector ma ter ials.
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FIGURE 10-3 PET scanner des ign consisting of circular banks of coincide nce circui ts.

TABLE 10-3 Factors that Degrade PET Images

Problem

Scatte r
Atten uat ion
Random even ts
Dead tim e

Noise
Spatial resolution

Correction

Increase energy resolution
Transm ission scan
Fast scintillators and electronics
Fast scin tillarors and electronics
increase signal counts
Decrease detector size

Although the efficiency for detection of 511 keY photons by these scintillators is less than
that of BGO, LSO and GSa have small decay constants. Thus, these detectors should be
mo re useful for PET imaging at high count rates than Nal(Tl) or BGO, which because of
dead tim e are more easi ly paralyzed by high count ra tes . This characteristic is especia lly
valuable for three-dimensional (3-D) data acquisition in PET.

PET Scanner Design

Ded icated PET scanners cons ist of a ser ies of coincidence circuits assembled into a ring
shape to enclose all the angles around the subject to be imaged (Figure 10-3).' Several
rings of detectors are mounted next to one another in the transaxial direction, so that
multislice image acquisition can occur simultaneously.

The PET scanner is based on coincidence detection; if a pho ton is de tected at two
detectors within the ring simultaneously, the interaction is recorded as a coincidence event.
The number of coincidences for a particu lar line of response is thus directly proportional
to the amo unt of positron -em itting radioactivity wi thin the field of view of the two
detectors.

The recorded coincidence counts between de tectors can be expressed as sinograms,
which are the collection of coincidence data exp ressed as an angular function. Sinograms
are reconstructed from raw da ta in to cross-sectional images using comp uter algorithms
similar to those used in SPECT or CT.

This simplified description of PET sys tem design is complicated by several factors that
act in concert to degrade image quali ty.' These factors are summarized in Table 10-3.

Scatter is an important effect in PET, especially because electronic collima tion is used
instead of lead collimation. As sho wn in Figure 10-4, scatter can be in-plane or out-of­
plane and acts to artificially increase counts within a line of response, even though no
positron decay occurred there. Scatter can be decreased by usi ng lead sep ta around
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FIGURE 10 M 4 Factors leading to degradation
of PET image resolution. (a) True coincidence;
(b) tissue absorption; (c) in-plane scatter; (d)
ou t-of-plane scatter.

scintillators to reduce access to scattered photons, by increasing energy resolution of the
detectors, and by applying scatter correction algorithms.

Attenuation is another paramete r tha t strongly influences PET image quality. Attenu­
ation results in the loss of true counts, resulting in increased noise and inaccurate quan­
tification in reconstructed ima ges. The 511 keY photons detected by PET are individually
attenuated to a lesser exten t than the lower-energy photons used in conventional SPECT
imaging, because two attenuated photons must be de tected in coincidence detection, bu t
theoverall impact of attenuation is actually more important in PET imaging than in single­
photon imagi ng.

Attenuation is proportional to tissue d ensity and is accounted for by a measured
transmission attenuation correction. The attenuation correction is determined using a
transmission measurement similar to that used in CT imaging. This approach entails the
use of a moving line source, with a photon energy similar to that of annihilation radiation.
Acommon line source is a bar of " Ge, which decays to "Ga, which decays by positron
emission and release of annihilation photons. The line source projects photons through
the patient perpend icular to the detectors as it rotates around the ring of scintillators. The
resulting transmission scan accurately measures the attenuation of photons for each detec­
tor and is used to correct the emission data for this effect . The transmission attenuation
correction measurement is ideally made before administration of the PET rad iopharma­
ceutical.

Random events degrade PET image quality because they are not true coincidences.
Thescintillator and its associated electronics require a finite time to detect true annihilation
photons and record a coincidence; therefore, a minimum time window is required for
operation of the coincidence circuits of the PET scanner. Thus, the time interval for the
scanner must be optimized so that there is a window large enough to efficien tly detect
annihilation photons but not large enough to allow a high proportion of random events
to occur. Rando m events can be decreased by the use of fast scintillators that have small
decay constants.

Dead time is another parameter affecting PET image quality, especially with high
count-rate imaging procedures. When an excessive number of even ts imp inge upon a
scintillator, the response of the scintillator may become saturated and detection efficiency
may decrease. This effect is minimized with the use of faster scintilla tors and electronics,
which permit higher levels of annihilation radiation to be accurate ly de tected.

PET scanne r noise d iminishes image quality because it increases the level of back­
ground counts and thereby decreases the signal-to-background contrast. To increase the
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signal counts in relation to random noise counts, higher radiopharmaceutical dosages or
longer scan intervals can be used. Increasing the efficiency of the scanner for detection of
annihilation radiation also increases the signal-to-noise ratio.

The spa tial resolut ion of PET images is affected by several factors, some of which can
be controlled through scanner design. Spatial resolution is affected by positron range,
which is related to the positron ene rgy, as well as by the slight noncolinearity of the two
511 keY photons from positron annihilation . Resolution is also inversely proportional to
de tector size; the smaller the de tector, the greater the resolution. Note that this relati onshi p
is opposite that of detector efficiency, which decreases as the crystal dimensions decrease.
The design of scanners with smaller detectors is ultimately limited by physical constraints,
since the photomultipli er tube (PMT) and related electronics attached to scintillators are
relatively bulky. To circumvent this effect, PET scanners often use de tector blocks that
have seve ral detecto r elements etched onto a single scintillator crys tal to give a sma ller
effective de tector size. In this way, the effect ive detector element dimensions are decreased
with no cha nge in the actual detector crystal-to-photomultip lier tube ratio.

Two-Dimensional versus Three-Dimensional Data Acquisition

Emission da ta from PET can be collected in either two-dimensional (2-D) or 3-D mode. A
simplified illustrati on of the difference between these data-acquisition modes is shown in
Figure 10-5. In the 2-D mode, coincidences are collected in the direct plane or in simple
cross-plane orientation in which coincidences between scintillators immediately adjacent
to the direct plane are included in the database for image reconstruction . In 2-D d ata
acquisition, lead sep ta are used to surround the sides of the detector elements to redu ce
the solid angle of detection and thereby minimize counts from sca ttered photons an d
randoms arriving from directions outside of the line of response for the specific d etectors.

In the 3-D mode, the shield ing sep ta are removed, and all possible configurations of
detector elements are used as coincidence circuits for image reconstruction. The total
number of coincidences ana lyzed in 3-D mode is clearly much larger than that in 2-D PET
imaging. The ad vantage of applying the 3-D mode for PET data acquisition is that sensi­
tivity is greatly increased . A disad vantage is that because the detector elements are
unshielded, scatter is more prevalent and more sophisticated algorithms are needed for
image reconstru ction. In addition, 3-D PET imaging is especially prone to detector satu­
ration caused by the high number of coincidence and random events that are detected.
For this reason, it has been suggested that NaI(TI) crystals may be more appropriate for
3-D mode than BGO, since the higher-energy reso lution of the latter reduces the scatter

2·D

FIGURE 10-5 Two- and three-dimensional data acquisi­
tion modes in PET. With 2-D imaging, septa are extended,
and only in-plane or simple cross-plane coincidences are
detected. With 3-D imaging, septa are retracted, and the
number of coincidences is dramatically increased . Septa Extended

3-D

Septa Retracted
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component of data. The shor ter scin tillation decay time of GSO and LSO (Table 10-2) may
also prove to be useful in improving the count rate performance of PET systems acquiring
data in 3-D mode.

Hybrid PET Systems

The ideal manner in which to accomplish PET imaging is to use dedicated PET scanners
designed as described above. Alternative techn ology has been examined, how ever, for
acquiring PET data in a less expensive manner than with dedicated PET systems. The
motivation behind these effor ts is to promote clinical app lication of PET radiopharma ceu­
ticals by lowering the capital investment required for the imaging device. These less
expensive ima ging devices are referred to as hybrid PET scann ers.

One hybrid approach is to adap t conventional d ual-head Nal(TI) de tectors to collect
coincidence da ta as they rotate about the patien t. A major modificat ion to trad itional
gamma-imaging devices tha t is necessary to enable acquisition of PET data is that the
Nal(Tl) crystal th ickness must be increased from the standard three-eigh ths inch to
between one-half and 1 inch in order to attain adequate stopping power for the 511 keY
annihilation photons . In addition, coincidence triggering mus t be installed in the imaging
equipment. Other changes include removal of lead collimators, which are no t needed for
the electronic collimation of PET, as well as modifications that increase the coun t rate
capab ility of the scanner.

An alternative low-cost hybrid PET approach is to mount multip le gamma cameras
in a ring around the pat ien t to enable data acquisition in a coincidence mode. The same
modifications apply to this system as for the conversion of a rotating gamma cam era into
a hybrid PET system. With this scanner design, increasing the crystal thickness for opti­
mized detection of annihilation radiation is easier to accomplish, since the scintillators are
stationary and do not have to rotate. As with the rotating-head NaI (Tl) hybrid scanner,
this system has the drawb ack of poor detection efficiency (due to the low stopping power
of the scintillator) . The system also saturates easily when exposed to high count rates (due
to the large decay cons tant of Nall'Tll).

Ano ther ap proach to reducing the cost of PET imaging tracers is the use of a pa rtial­
ring, multicrystal PET scanner. In this system design, the same technology is used as in
dedicated PET scanners, but only a portion of the ring is constructed . The complete set
of emission da ta is acquired by stepwise rotation of the pa rtial ring around the patient.
Costs are less because only a fraction of the detector elements tha t are used in a dedicated
scanner are needed for the partial ring of these sys tems. Compared with dedicated PET
systems, however, an obvious disadvan tage of this hybrid sys tem is poor detection effi­
ciency as a result of no t having a full ring of de tectors.

PETICT Scanners

To anatomically locate areas of increased tracer localization in PET images, it is necessary
to coregister em ission (PET) and transm ission (CT) images. Such coreg istration facilitates
the mapping of functional changes (detected by PET) onto their anatomic sites (de tected
by CT). When the CT and PET data are obtained on individual scanners, increased sched­
uling time is required, causing greater patient inconvenience. Moreover, substantial tech­
nical d ifficulties are involved in realigning tomographic images crea ted from noniden tical
patient imaging do ne on two d ifferent machines .

A solution to these problems is to combine CT and PET imaging into a single scanner'
Such fused PETICT devices are commercially ava ilable, and they facilitate increased
patient throughput in busy imaging clinics, improving pa tien t convenience . The fused
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devices allow technical improvements in precise positioning of imaging subjects. These
devices do not use the same de tection instrumentation but consist of a dedicated PET
scanner mounted next to a CT scanner. Although different imaging detection rings are
used, they are physically mounted in close proximity, so the patient reclines on a bed that
can be slid into position for imaging by each portion of the device.

Although the high-resolution CT images generated by th is fused device exceed the
requirements for attenuation correction and scatter correction of PET images, the clinical­
quality anatomic images obtained with the CT component of the scanner are of the caliber
that radio logists normally use. This has the benefit of providing radiologists, surgeons,
and oncologists with the type of anatomic information they routinely apply in practice,
combined wi th coregistered PET images, data they may not have used in the past. The
combined PETICT delivers precise information about the location and exte nt of tracer
localization to experienced practitioners of PET and also has the valuable effect of intro­
ducing nonspecialist clinicians to the role of PET in provid ing information that supp le­
ments more established testing methods for patient care and disease ma nagement.'

IMAGING APPLICATIONS

Since its beginnings as a research tool, PET has been used over the years to study the in
vivo distribution of numerous positron-emitting tracers. Studies with these trace rs have
prov ided valu able insight into the pathophysiology of diseases and the in vivo action of
pharmacologic agents . However, onl y a few of the tracers have come into routine clinical
use, partially because the field of PET imaging is new and has not yet fully developed.
The pri mary limiting factor, however, is the stri ngent requirements a PET protocol mu st
meet in ord er to be implemented in routine pa tient care . These requirements include
diagnostic efficacy, imaging p rotocol simplicity, and radiopharmaceutical compounding
efficiency. These specific clinical requirements supplement the general safety restrictions
for all PET tracers administered to humans, such as limits on absorbed radiation dose and
quality assurance for purity, sterility, and apyrogenicity. Its abili ty to meet the more
stringent requirements determines whether a tracer is suitable as a radiopharmaceutical
for routine patient care or is appropriate only for specialized clinica l research applications.

An important criter ion for clinical u tility is that the radiopharmaceu tical must be used
in PET imaging procedures tha t have valida ted diagnostic efficacy. If a PET procedure
will give clinical information that is not achievable by other, less expensive means, the
cost of PET is justified within the overall scope of health care expenses.

Another requirement for rou tine clinical utility is that the PET imaging protocol be
relatively simple. Simple p rocedures streamline clinical operations, facilitate rapid dis­
semination of answe rs to clinical questions, reduce costs, and minimize patient inconve­
nience.

Finally, clinica lly useful PET tracers must be prepared in an efficient, reliable manner.
This ens ures timely delivery of the rad iopharmaceutical in quantities adequate for sched­
uled studies as well as for potential emergency ad ditions to the workday schedule. Effi­
ciency is important in preparing rad iopharmaceutical dosages for unscheduled studies,
which may become more prevalent as PET imaging becomes as common as other diag­
nostic tests used in the hospital setting.

To date, d esp ite the many PET tracers that have been developed, only a few radio­
pharmaceuticals satisfy all three requirements for clinical utility. Although multisite studies
over time may show the diagnostic efficacy of several trace rs, other rad iopharmaceuti cals
(especially metabolic tracers or receptor ligands) utilize complicated tracer kinetic models
that are time consuming and unsuitable for rapid tu rnaround in the clinica l setting. Such
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TABLE 10-4 Radiopharmaceuticals for Clinical PET
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Radiopharmaceutical

Cardictascular Tracers
Wate r 0 15 injection
Ammo nia N 13 injection
Rub id ium chlo ride Rb 82 inject ion
Ca rbon mono xide C 11

Metabolic Tracers
Pludeoxyglucose F 18 injection
Sod ium acetate C 11 injection

Neurotransmissian Tracers
Pluorodopa F 18 injection
Raclopr idc C 11 injection
Plumazenil C 11 injection

Physical Half-Life

2 min

10 min
76 sec
20 min

110 min
20 min

110 min
20 min
20 min

Ph ysi ologic Parameter

Perfusion
Perfusion
Perfusion
Blood volume

Glucose utili zation
Metabolic oxidation

Dopa decarboxylase
O2 receptors
BZD receptors

PET tracers will probably be limited to clinica l research projects un less simplified image
analysis techniques can be developed and validated.

PET tracers that satisfy the stringent requirements for routine clin ical use are listed in
Table 104. Both cyclotron-based and generator-available radiopharmaceu ticals are listed .
The physiologic basis for the localization of these tracers is discussed here; the radiosyn­
thesis of individual rad iolab eled drugs is detailed in a later section.

Table 10-4 lists several physiologic functions that can be assessed noninvasively with
PET. These are categorized as cardio vascular param eters, metabolic processes, and neu ­
rotransmission measurements. Cardiovascular parameters include perfusi on and blood
volume. These processes affect the delivery of nutrients and other tracers to the tissues
under study. Metabolic processes assess the ut ilization of nutrients on a regional basis and
include glycolytic and oxidative pathways. Metabolic changes occu r as a di rect conse­
quence of human pathology. Neurotransmission is a complicated physiologic process that
involves the synthesis and release of neurotransmitters as well as their binding to neuronal
receptor sites. Changes in the subtle equil ibrium of any of these components of neurotrans­
mission can lead to disease. Pathophysiologic processes often involve changes in more
than one of these categori es of parameters, so multiple PET measurements are often
warranted to fully evaluate patient status.

Table 10-4 lists the appropriate radiopharmaceuticals indicated for measurement of
each of these physiologic processes by PET. All of these tracers and applications ha ve
evolved to a sufficient level of clinical acceptance that monographs for each are found in
The United States Pharmacopeia, 26th Retnsion, and The National Formulary 21st Edition (USP
26/NF 21).' The following section discuss es details of these clinical PET radiopharmaceu­
ticals, including the mechanism of localization of each radiotracer and its specific clinical
imaging indication.

Cardiovascular Parameters

The major cardiovascular parameter is tissue per fusion, and several PET tracers are indi­
cated for clinical use. Blood flow can be measured using the PET rad iopharmaceu ticals
wate r 015 injection, ammonia N 13 injection, and rubidium chlorid e Rb 82 injection . Each
of these tracers has its individua l adv antages for measuring tissue perfusion by PET. Blood
volume is another cardiovascular parameter that can be determined by PET imaging, with
carbon monoxide C 11.
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Tissue perfusion was the first PET measurement to be instituted for routine clinical use.
The impetus for this application is the high-resolution images and sensitivity of PET
together wi th the p revalence of ischemic conditions in the heart and brain. Blood flow is
essent ial for ma inten ance of adequ ate tissue oxygenation and nutri tion, and subo ptimal
pe rfusion is a major cause of pathology and therapeutic failure. From the imaging per­
spective, perfusion is of fundamental importance because it affects delivery of tracer to
the reg ion of interest. Ind ications for PET perfusion measurements include evalua tion of
coronary artery disease, cerebrovascular defects, and organ perfusion in conjunction with
PET measurement of other parameters.

Necessary characteristics of a PET perfusion tracer are that the radiopharmaceu tical
be deposited in tissues in proportion to blood flow and that the localized radioactivity
within the reg ion be retained for the d uration of the scan. Tissue accumulation of the flow
tracer can be caused by diverse mechanisms, including passive diffusion and active trans­
port, and retention of rad ioactiv ity may be caused by dilut ion al effects or binding to
intracellul ar constituents .

150 -water is the most versa tile perfusion tracer available. This radiopharmaceu tical is
freely d iffusible, and tissue extrac tion does not substantially decrease at high flow ra tes.
Tissue perfusion in the brain and heart can be quantified by using tracer kinetic modeling
of PET data derived with 'SO-water. Since the physical half-life of this tracer is only 2
minutes and the turnaround time for radiopharmaceutical production is short, multiple
PET measurements can be made on a single patient during a single imaging session . This
is a great adva ntage when repeat studies are required, such as in the eva luation of resting
and stressed myocardial blood flow or measurement of cerebral acti vation. "a-water has
fou nd widesp read applicat ion in PET measurement of cerebral perfusion and is the only
trac er that quantitatively measures myocardial blood flow. A disadvantage of this tra cer
for clinical perfus ion studies of the heart is that clea rance of activity from the blood is
slow compared with the half-life of 150 . For this reason, when myocardial perfusion
measurements are undertaken, it is necessary to correct for acti vity in the heart chambers.
Although this is readily accomplished using ISO-carbon monoxide, it is an inconvenience
because it necessitates the administration of a second PET tracer, and the subtraction
images used to delineate myocardium tend to be statistically noisy. For this reason, alter­
na tive PET tracers may be preferred for clinical assessment of myocardial ischemia.

Ammonia N 13 injection (13N-ammonia) is favored as a tracer for PET measurement
of myoca rdial perfusion . This tracer is partially extracted, meaning that the extraction
fraction decreases at high pe rfusion ra tes. The trapping mechanism for 13N-ammonia
involves incorporation of the radionuclide into glutamine because of the enzymatic action
of glu tamine syn the tase. Myocardial perfusion is difficult to qu antify with this tracer
because of the tracer's variable extraction. However, since most clinical measurements of
myocardial perfusion require only a qu alitative assessment of heart perfusion, in which
an ischemic zone is compared with heal thy myocardium, absolu te qu antification of myo­
cardial perfusion is not a prerequisite for clinical utility. A major ad vantage of 13N-ammo­
nia in PET imaging of myocardial perfusion is that the relatively long physical ha lf-life
(10 minutes) of the radionucli de facilitates clearance of blood background, and very high
qua lity PET perfusion images are attained wi thout need for an image subtraction proce­
d ure. On the other hand, the half-life of 13N also creates difficulties for clin ical scheduling,
since repeated studies (as in rest- stress perfusion protocols) are not possible in rapid
succession, in cont ras t to the use of perfusion tracers that have shorter ha lf-lives.

82Rb-ru bidium ch loride was the first rad iopharmaceutical applied for clinical PET and
is the only PET tracer used clin ically th at is available from a generator system . Rubidium
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ion is an analogue of potassium and accumu lates in myocardium via active transport. As
with ISO-water, rapid sequential perfusion measurements can be made, and imaging
protocols that involve rest-stress condi tions can be sched uled with minimal difficulty.
Like I3N-ammonia, " Rb-rubid ium chlor ide is pa rtially extracted, which means that quan­
tification of myocardial perfusion is d ifficult. In addition, the short physical half-life of
the nuclide (76 seconds) is inadequa te for sufficien t clearance of blood background activity
from the hear t chambers. Attempts have been made to correct for blood background
activity for continuous-infus ion or bolus-injection p rotocols, bu t the resulting data are not
as easy to ana lyze as for longer-lived tra cers. Despi te these limitations, a major attraction
of " Rb-rubidium chloride for clinical application is that it can be used in the absence of
a cyclotron and capital investment costs are thus lower than for cyclotron-p roduced PET
radiopharmaceut icals.

Blood Volume

Assessment of blood volume with PET is often useful because it facilitates correction of
other PET data for regiona l disparities in blood volume. This adjunctive PET measurement
can be applied to the raw data for tracers that localize via other mechanisms, providing
a cleaner sign al for the process of interest. A good example is correction for blood volume
in flow or metabolic measurements of the heart, since the heart chambers occupy such a
large fraction of the total myoc ardial volume .

Radio labeled carbon monoxide is the tra cer of choice for accomplishing PET blood ­
volume measurement. The positron-emitting gas is inhaled through a filtered mouthpiece,
and the tracer rap idly binds in vivo to hemoglobin to form carboxyhemoglobin. Carboxy­
hemoglobin remains trapped with in the plasma compartment, so the radi oac tivity
detected by PET wi thin a region of interest represents the blood volume for that region.
Carbon monoxide C 11 can be used as a PET tra cer for the measurement of blood volume.
Although not listed in USP 26/NF 21, "O-carbon monoxide may be a more appropriate
tracer for measurement of blood volume in the clinical setting. The shorter half-life of the
150 label facilitates rapid PET measurement of bloo d volume, creates minimal scheduling
difficulty, and results in a dec reased rad iation burden to the patient. It is thus more p rudent
to use I'O-earbon monoxide as an adjunctive PET measurement when imaging other PET
tracers than to ad d the longer-lived carbon monoxide C 11 to an imaging protocol.

Metabolic Processes

The rad iopharmaceuticals indicated for clinical measu rement of metabolic processes are
fludeoxyglucose F 18 injection (I'F-FDG) and sodium aceta te C 11 injection (IIC-acetate).
The first is widely used for assessment of glucose utili zation, and the second ha s found
predominant applicat ion for evaluation of tissue oxida tive metabolism, especially in the
myocardium.

Glucose Utilization

The predominant rad iopharmaceutical for clinica l PET is the metabolic tracer IRF-FDG.
Several favorable characteristics promo te its widespread use for noninvasive assessment
of human pathology. These include multiple and di verse ind ications for use in PET
imaging, the facile manner of drug preparation, and the convenient half-life of the
rad iolabel.
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FI GURE 10-6 Metabol ic trapping of 1IlF-FDG. The tracer is phosphorylated by hexokinase but is not
further metabolize d and does not redistribute.

Glucose is a nutrient used by most tissues of the body, so eva luation of region al glucose
utilization in vivo by PET is clinically important for assessing the vitality of organs as
well as for moni toring therapeu tic respons e to interventions. 18F-FDG is thus indicated
for several d ifferent applications, including PET imaging of the brain, heart, and various
neoplasms.

As shown in Figure 10-6, the unique biologic property of 18F-FDG that promotes its
use as a radiopharm aceutical is its metabolic trapping in vivo. The radiolabeled glucose
derivative participates in the initial steps of glucose metabolism (carrier-mediated trans ­
port and phosphoryla tion at the 6 position by the en zyme hexokinase), so the radiophar­
maceutical faithfully traces aerobic or anaerob ic flux. However, after these initial biochem­
ical steps, the phosphorylated intermed iate does not undergo further metabolism to
glycogen or to carbon dioxide, nor is it effectively degraded by glucose 6-phosphatase.
Thus, tissues accumulate radioactivity in proportion to their glucose utilization rate, and
there is no complicating redis tribution of radiometa boli tes tha t would weaken the image
contrast of tracer accumulation . In clinica l PET, ima ges of glucose utilization are typically
acquired 45 to 60 minutes after the in travenous injection of 18F-FDG.

Oxidative Metabolism

Another im portant metabolic measurement made by PET is oxidative metabolism, This
is especially pertinent in card iology, because oxidative metabolism is the major nutritional
pathway for myocardium under ae rob ic conditions. Under these conditions, the primary
source of en ergy for the healthy myocyte derives from fat ty acids that enter the Krebs
cycle and subsequently undergo be ta-oxidation .

Sodium ace tate C 11 injection is the PET radiopharmaceutical used to clinically assess
oxidative metabolism in the heart. HC-acetate is the smallest fatty acid, and it enters the
Krebs cycle in a substrate-independent ma nner to be me tabolized to HC-earbon d ioxide
at a rate dependen t on the oxida tive capab ility of the heart (Figure 10-7). The viability of
heart tissue can therefore be measured by PET determination of the clearance half-life of
HC-acetate from myocard ium after bolus injection of the radiopharmaceutical.

PET measurement of myocard ial viability using HC-sodium acetate has clinical value .
It is frequently used in concert w ith myocardial perfusion measurements to discriminate
infarction (dead myocardium) from ischemia (underperfused tissue that may be rescued
through ap propriate medical in tervention).
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FIGURE 10-7 Oxida tive metabolism of t'C.
acetate. In viable myocardial tissue, the tracer
enters the Krebs (TCA) cycle, is converted to
carbon dio xide, and clears from the heart.

TABLE 10-5 Off-Label Applications of PET Tracers

Radiopharmaceutical Application

Sodium acetate C 11 Injec tion Prostate cancer
Hepatocellular carcinoma
Myocardial perfusion

Fluorodopa F 18 injection Melanoma
Thyroid cancer

More sophisticated viability stu d ies sometimes combine PET measuremen t of IIC­
acetate with a flow measurement as well as with PET measurement of glucose utilization
using 18F-FDG. In these studies, ischemic zones (flow tracer) are compared with dec reases
in oxidative metabolism (II C-sodium acetate) or increases in glucose utilization (lRF-FDG),
the latter of which is up-regulated as anaerobic glycolysis becomes a more important
source of energy for the ischemic myocytes. Note that infarcted myocardium will metab­
olize neither IIC-acetate nor 18F-FDG.

In ad d ition to the p rima ry indication for IIC-sod ium acetate in clinical PET my ocardial
viability measurements, there are off-label uses for this PET radiop ha rmaceutical (Table
10-5). These uses were identified through serendipity, and their d iscov ery sugges ts tha t
there may be other indications for alternative PET rad iopharmaceuticals that have no t
been identified and exploited .

He-sodium acetate has also proven useful as a myocardial perfusion tracer.7,$ Soon
after bolus injection, the tracer has kinetics similar to that of a partially extracted perfusion
tracer. It may streamline clinical PET protocols if the same tracer (IIC-sodium acetate) is
used for both flow and viability measurements in patients scheduled for myocardial
viability studies, rather than ad ding a second flow tracer to the imaging session. An added
benefit of using one tracer for two measurements is that the patient is spared the additional
radiation dose from a second tracer.

IIC-sodium acetate is also useful for PET imaging of p rostate cancer and hepatocellular
carcinorna.v'" The development of PET radiopharmaccu ticals for assessment of prostate
cancer has proven to be challenging; the location of the gland near the bladder makes
discr imination difficult for tracers that clear through the kidneys and urinary tract. For
similar reasons, tracers that clear by the hepatic route are difficult to use for discrimination
of liver tumors. "Cvacetate is eliminated as IIC-carbon dioxide from the lungs, so there is
neither bladder nor liver accumulat ion of activity, in contrast to the use of IRF-FDG.
Localization of IIC-acetate within tumor sites is believed to be due to pa rticipa tion in lipid
synthesis within lesions.

---- - - --
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FIGURE 10-8 In vivo localization of 6-Il:\F-fluorodopa (I'~F-FD) wi thin dopaminergic neurons. The
tracer is decarboxylated by cellular aromatic amino acid decarboxylase (AAAD) to form fluoro­
dopamine (I8F-FDA), which remains wi thin the neuron.

Neurotransmission Imaging

The third broad ca tegory of clinical PET applications is the noninvasive assessment of
neurotransmission. Neuronal communication is a complicated process that involves the
synthesis and relea se of neu rotran smitters that d iffuse across the synaptic cleft to bind to
and activa te specific receptors on postsynap tic nerve cells. Myriad neurotransmitter pa th­
ways in the brain intera ct in an inhibi tory or excitatory fashion. Intensive worldwide
resea rch is devoted to gaining insight into the complicated manner in which these path­
ways interact in health and disease.

Some of the results of PET neuroscience research ha ve been translated to clinical
nucl ear me dici ne. Three PET radiopharmaceuticals have demonstrat ed clinical utility
(Table 10-4). Tw o of these, fluorodopa F 18 injection (18F-FO) and raclopride C 11 injection
(IIC-RAC), are used in the assessment of the dopaminergic nervous system. Dopamine
neu rotransmission is affected in degenerati ve diseases like Parkinson's and Hunting ton 's,
and dopamine receptors are the site of action of antipsychotic drugs.

The third PET tracer used for neurotransmission imaging is flumazenil C 11 injection
(IIC-FMZ). Flumazenil binds to benz odiazepine (BZO) receptors in the brain. Although
these d rug-binding sites are not bona fide neurotransmitter receptors, BZO receptors are
allos terically linked to receptors for the inhibitor neurotransmitter gamma aminobutyric
acid (GABA). PET tracers for imaging GABA receptor activity are not currently available,
but rad iopharmaceuticals that bind to BZO receptors give in vivo data that are ind icative
of GABA activity.

Enzyme Activity

18F-FO is useful for PET assessment of a number of cereb ral dopamine neurons . As illus­
trated in Figure 10-8, the tracer follows the enzymatic pa thway that converts levodopa to
dopamine. 18F_FD is used rather than an 18F-labeled derivative of dopamine because
dopamine is a charged species that does not partit ion across the blood- brain barrier to
gain access to dopamine neurons in the brain. With in the bra in, 18F-FO is acted upon by
aro matic amino acid decarboxylase to form 18F-fluorodopamine and accumulates w ithin
dopaminergic neurons . There is selective localiza tion within the basal ganglia of the brain,
the area that controls movement. In degenerative diseases like Parkinson's disease, there
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FIGURE 10-9 In vivo localiza tion of radioligands to receptor sites. The radio ligand (L") must pass
the blood-brain barrier (BBB) and have high affinity for binding to the receptor (R) and relatively
low nonspecific binding.

is loss of dopaminergic neurons, so the level of accumulation of activity in the basal ganglia
is less than in healthy, age-matched con trols . The decrease in 18F-FO localization in dopa­
mine-rich areas of the brain has been shown to correlate wi th disease severity.

Like sodium acetate C 11 injection, 18F-FO has an off-label application (Table 10- 5). It
has been found to accumulate in vivo within tumors and has proven useful for PET
evaluation of melanoma and thyroid carcinoma.I v'? The localization mechanism is believed
to be due to increased amino acid utilization by the cancerous lesions.

Neuroreceptor Binding

Both BC-RAC and BC-FMZ are examples of recep tor-binding radiophar maceuticals.
Receptor-bind ing PET radiopharrnaceuticals have high affinity and high specific activity
so that primarily receptor-bound localization is detected in the PET image (Figure 10-9).

The in vivo localization of IIC-RAC is anatomically similar to that of 18F-FO, but the
lwo tracers measure two different aspects of the same neurotransmitter system. IIC-RAC
binds to postsynaptic dopamine 0 , receptors with moderately high affinity. There are few
0, receptors, so BC-RAC must be of very high specific activity (>500 Ci/mmo l) to ens ure
that only a sma ll pe rcen tage of the binding sites arc occupied. Generally, 0, receptors are
up-regulated when d opamine levels in the synapse are low (as in Par kinson's disease)
and down-regu lated by high levels of the neurotransmitter (as in psychosis), but this
relationship can be altered by recep tor dysfunction. The major application of BC-RAC
stems from the fact that the radio ligand is displaceable by endogenous dopamine. IIC­
RAC binding is measured before and after an intervention that induces do pamine release,
and the decrease in 0, binding after the intervention is an index of the functional capability
of the dopaminergic system. These receptor-displacement studies have been used to eval­
uate drug potency in vivo and to measure the effect of stimuli on dopamine release, as
well as to assess the residual func tion of dopaminergic neurons in degenerative sta tes.

IIC-FMZ binds with high affinity to BZO recep tors in the brain, which are ubiquitous
in cerebral tissue bu t are especially concentrated in the cortex . The link between the
inhibitory neurotransmitter GABA and BZO binding underlies the clinical utility of BC­
FMZ. Because there is decreased inhibitory GABA innervation in ep ileptic foci, binding
of IIC-FMZ is also reduced at these tissue sites. This has clinical utility in imaging the foci
of intractable seizures, for which surgical intervention may be considered. Although the re
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is also decreased glucose utilizat ion and thus decreased accumulat ion of IRF-FDG in the
region of the epilep tic focus during the interictal period, the size of the region of decreased
glucose utilization exceeds the more discrimina tory area of decreased "C-FMZ binding.
Thus, the application of "C-FMZ in PET can identify tissue that is possibly healthy,
permitting a more conservative approach to removal of brain tissue.

REIMBURSABLE PET PROCEDURES

Reimbursement for imaging procedures is a very important issue in the advancement of
PET as a clinical tool. Only when PET procedures are reimbursed is it financially feas ible
to apply them on a widespread basis for patient care . The key decision ma ker about
reimbursement is the federal gov ernment's Centers for Medicare and Medicaid Services
(CMS), since most third-party payers follow CMS reimbursement decisions. Although
CMS uses private companies as local contractors to process and pay Medicare claims, its
coverage decisi ons apply nationwide and specify coverage instruction, billing codes, and
effective dates for payment.

Of the PET imaging procedures that have been used in research, on ly a select few have
been approved for CMS reimbursement. This approva l is an impor tant step in technology
transfer, because procedures are approved only after careful scrutiny of the scientific
evidence that evaluates the effectiveness and clinical benefit of the particular imaging
procedure. Professional organizations such as the Society of Nuclear Medicine (SNM) and
the Academy of Molecular Imaging (AMI) play an important role by lobbying and pro­
viding expert informa tion to CMS for approva l of new PET procedures . Once a proced ure
is deemed wor thy of CMS reimbursement, it can move from the specialized realm of
medical research, with its limited number of subjects fun ded by a granting agency for a
specific study, to the health care arena, wh ere PET imaging can be performed rou tinely
to benefit the pop ulat ion at large. Only thos e PET procedures that have been shown to
have advan tages over existing clinical test methods are granted CMS reimbursemen t.
CMS-reimbursed PET procedures are used in oncology, neurology, an d cardiology. Tables
10-6 through 10-8 list indications for which CMS has approved coverage of PET p roce­
dures. These tables reflect the influence CMS restrictions on reimbursement have had on
the emergence of PET as a clinica l too l.

The first PET studies approved for reimb ursement by CMS we re myocardial pe rfusi on
studies with 82Rb-rubidium chloride (Table 10-8), in 1995. Several years later (in 2001), five
indications for PET imaging with 18F-FDG gained CMS approval (Table 10-7). The devices
used in these approved procedures included both dedicated (full- or partial-ring) PET
scanners and hybrid (coincidence) gamma cameras, because the data revi ewed for
approval were acquired using either type of scann er. The more recent expansion of clinical
PET into furt her indications for imaging with lRF-FDG and 13N-ammonia is based on
regional or whole-body imaging data acquired on ly with dedicated PET scanners (Table
10-6). The data show the superiority of these devices for the specific clinical applications
and reflect the tendency of contemporary clinical PET facilities to use dedicated PET
instrumentation rather than hybrid devices that give poorer image quality. Thus, the most
recent CMS-reimbursed PET procedures require imaging with d edicated PET scanners,
and on ly the earlier CMS authorizations (which remain in effect) allow hybrid scanners
to be used for clinical imaging stud ies.

Oncology

The field of onco logy is the biggest beneficiary of CMS reimbursement. PET studies are
ind icated for breast cancer, colorectal cancer, esophageal cancer, head and neck cancer,
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Pathology

Oncology
Breas t cancer

Colorect al cancer
Esop hageal cancer
Head and neck cancer!'
Lung cancer (non-smal l-cell)

Lymphoma
Melanoma
Single pulmonary nodule"
Thyroid cance r

Neurology
Refractory seiz ures"

Cardiology
Myocardial viability!

Myocardial perfusion ''

Tracer

11IF_FOC

Il\F-FOG
ll\F_FDG
ll\F_FOC
11IF_FDG

l llF-FOG

'lIF-FOG

'lIF-FD G
lllF_FOC

IIIF_FOC

ll\F-FOC

I3N-ammonia

Indicati on

Initial d iagnosis or surgical planning
Staging / restaging after therapy
Evalua tion of therapy response
Diagnosis / in itial stag ing /restaging
Diagnosis / initial stag ing/ rest aging
Diagnosis/ in itial stagmgZres taging
Diag nosis/in itial stag ing /res taging
Diagn osis/ initial staging/restaging
Diagnosis / initial staging/ restaging
Charac ter iza tion
Restaging, negative 1311scan, eleva ted or rising thyroglob ulin level

Presurgical eva lua tion

Following inconclusive SPECT stud y
Primary or initial diagnostic stud y prior to revascularization
In place of, or after inconclusive, SPECT exam

~ Unless othe rvvise noted , procedures are who le-bod y PET imaging.
b Regional or whole-body imaging.
C Regiona l brain imagi ng .
d Regional heart imagin g.

TABLE 10-7 CMS-Approved PET Procedures (Hybr id Scanners)'

Pathology

Oncology
Colorecta l cancer
Lung cancer (non....small-cell)"

Lymphoma
Melanoma
Single pulmo nary nodule"

Tracer

18F_FOC
Il\F_FOC
Il\F_FDG

l"F-FOC
I"F-FOC

Indication

Recurrence of colore ctal cance r or metastatic d isease
Ini tial s taging
Staging and characterization
Recurrence of melanoma or me tas tatic disease
Solitary pulmonary nodule following Cf

• Unless othe rwise noted , studies are whole-bod y PErf imaging.
b Regional or whole-body imaging .

TABLE 10-8 CMS-Approved Indications
for PET Myocardial Perfusion Imaging
Using 82Rb-Rubidium Chloride-

Following pre vious PET
Follow ing res t or st ress SPECf
Following coronary angiography
Followi ng stress planar myocardial perfus ion
Follow ing stress echoca rdiogr am
Follow ing stress nucl ear ventriculogram
Following res t or stress ECG

~ Singl e study or mu ltip le studies, rest or
stress (exercise o r pharmacologic).

--
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lymphoma, melanoma, and thyroid cancer. All of these oncologic PET studies use "F­
FOG, imaged with eithe r ded icated (Table 10-6) or hybrid (Table 10-7) scanners.

In breast cancer, whole-body 18F-FOG PET scans are indicated for initial diagnosis and
surgical planning, for staging or restaging of disease after pr ior treatment, an d for eva l­
ua ting the response of the patient to a given therapy (Table 10-6). PET can also be used
to identi fy axillary nodes or distant metastatic disease, to exclude recurrence of d isease,
and to monitor individual patient response to medical treatment.

Another important oncologic application of PET approved by CMS is the dia gnosis,
initial staging, and restaging of colorecta l cancer. For this indication, either dedicated
(Table 10-6) or hybrid (Table 10-7) scanners can be used to image "F-FOG. Such procedures
include ruling ou t d istant metastases during preoperative evaluation of patients with
po tentially resectable liver or lung metastasis. I' F-FOG PET imaging is also authorized for
detection of locally recurren t or distant metastatic d isease in patien ts with eleva ted or
increasing carcinoembryonic antigen who may be candidates for surgical re-exc ision,
Detecting regional spread to aid in staging malignancy and distinguishing cancer from
scar tissue after surgical or radiation the rapy are other important applications of PET in
onco logy.

The diagnosis, initi al staging, and restaging of esophageal cancer with I'F-FOG an d
dedicated PET scanners has also reached the level of clinical significance (Table 10-6). PET
can be used to detect regional and d istant spread of this malignancy and thereby facilitate
medical decisions regard ing surgery, su rgery plus chernorad iation, or palliative therapy.

Another indication for PET imaging in oncology is head and neck cancer, for which
CMS reimburses diagnosis, initial staging, and restaging (Table 10-6). In particular, 18F_
FOG and dedi cated PET scanners can be applied for detection of the primary lesion or
ident ification of the op timum biopsy site for squamous cell carcinoma wi th nodal metasta­
sis and unknown primary source. It is also used for the detection of recurrent or residual
tumor after defini tive therapy and to determine the extent of local, reg ional, and distan t
disease.

PET procedures us ing I'F-FDG are approved by CMS for the diagnosis, initial staging,
and restaging of lung cancer patients. Dedicated PET can be used to characterize solitary
pulmona ry nodules, to distinguish malignant from benign pulmonary nodules, and to
stage mediastina l or distant me tastatic d isease as a component of radiotherapy trea tment
plann ing (Table 10-6). It is also beneficial for detection of recurrent or residual tumors
after medical therapy. Studies to evaluate single pu lmonary nodules us ing I'F-FOG and
hybrid I'ET scanners are also reimbur sable after CT exam ination (Table 10-7).

CMS has approved PET imaging for the diagnosis, initial staging, and res taging of
lymphoma (Tables 10-6 and 10-7). I'F-FDG PET has clinical value for determining the
extent of disease and measuring treatment response in patients with Hodgkin's lymphoma
and intermediate-grade non-Hodgkin's lymphoma.

The diagnosis, initial staging, and restaging of melanomas is another important area
of oncology in which CMS has judg ed PET imaging as beneficial. Applications for "F­
FOG PET imaging in this area are characterization of the exte nt of local and regional
sp read in patients with high-risk melan oma and evaluation of suspected recurrence of the
malignancy afte r p rior med ical treatment. Both dedicated (Table 10-6) and hybrid (Table
10-7) scanner devices have been authorized for PET melanoma imaging procedures.

18F-FOG imaging of thyroid cancer using dedicated PET scanners is the most recently
approved PET procedure in oncology (Table 10-6). It is indicated for restaging previous ly
treated metastatic or locally recurrent disease in patients who have had prior treatment,
have a negative t:ltI whole-body scan, and have elevated or rising serum thyroglobulin
levels.
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Neurology

The sole CMS-approved PET procedure in neurology is for presurgical eval ua tion of
epilepsy. In th is application, PET imaging of I' F-FDG is used to localize seizure foci in
patients with intractable complex seizure disorders. As with other recently approved
indications, only imaging procedures that are performed with dedicated PET scanners are
authorized for reimbursement.

Cardiology

CMS has concl uded that PET has clinical value in the area of card iology as well (Tables
10-6 and 10-8). PET assessment of myocardial viability us ing 18F-FDG is one such appli­
cation. PET imaging with dedicated scanners is used to d istinguish viab le myocardium
from infarcted heart tissue in patients with suspected hibernating or stunned myocardium
(Table 10-6). I' F-FDG PET is also indicated for further eva lua tion of patients with incon­
clusive SPECT scan results .

Dedicated PET scanner procedures are also authorized by CMS for preoperative prog­
nostic assessment of cardiology patients. In particular, PET imaging of "F-FDG can be
used to eva luate the extent of myocardial disease in patients being considered for inter­
ventional procedures such as revasculariza tion or heart transplantation (Table 10-6).

CMS has approved reimbu rsement for the use of 13N-ammonia in myocardial perfusion
measurements (Table 10-6). For this indication, only imaging by ded icated PET scanners
is authorized . 13N-ammonia is imaged in the stressed or resting state to evaluate myocar­
dial blood flow only in place of SPECT scann ing or after an inconclusive SPECT scan.
CMS approval is more restrictive here than for the " Rb-rubidium chloride PET imaging
procedure approved earlier (Table 10-8), the only other CMS-app rove d procedure for PET
assessment of myocardial perfusion. Despit e its restrictiv eness, the approval of 13N-ammo­
nia PET is beneficial for imaging centers with access to cyclotrons, beca use it means tha t
PETstudies of both myocardial viability and perfusion can be performed using cyclotron­
produced radiopharmaceu ticals only, and the addi tional capital expense of generator
technology for " Rb-rubidium chloride PET perfusion measurements can be avoided .

Authorized indications for PET myocard ial pe rfus ion measurements us ing "Rb-rubid­
ium chloride are numerous; this was the first PET imaging procedure to be approved by
CMS for reimbursement (Table 10-8). PET perfus ion measurements with R2Rb-rubid ium
chloride in both the rest ing and stressed (exercise or pharmacolog ic) states are approved.
As shown in Table 10-8, these procedures are reimbursable when performed after other
procedures usin g PET, SPECT, and other means. Comparison of 82Rb-rubidium chloride
PET myocardial perfusion measurements and PET estimates of myocardial viabil ity deter­
mined by "F-FDG are especially valuable in viability-perfusion analysis . Although cyclo­
tron-prod uced 13N-ammonia is also approved for myocardial perfusi on measurements
(Table 10-6), the indications are much more limited than those au thorized for R2Rb-rubid­
ium chloride.

RADIONUCLIDE PRODUCTION

Positron-emitting radionuclides lie on the proton-rich side of the line of be ta stability.' For
this reason, they are usually produced by accelera tors that bombard targets with charged
particles, rather than by using nuclear reactors as a source of neutrons to irradiate targets.
The positron-em itting nuclides commonly used as radiolabels in clinical PET are listed in
Table 10-1. Four of these cyclotron-prod uced radionuclides are isotopes of elements (oxy­
gen, nitrogen, carbon, fluorine) that are frequently found in biochemical and drug structures,
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TABLE 10-9 Generator-Produced PET Radionuclides

Nuclide Half-life E"",~ (Me V) Parent Isotope (Half-life)

KlRb 76 sec

t>!iGa 68 min

3.35 "'Sr (25.6 days)
1.90 "'Ge (271 da ys)

have useful half- lives that range from 2 minutes (I'D) to 110 min utes ("F), and are incor­
porated into radiopharmaceutical structures via covalent bonds. These physicochemical
characteristics explain the widespread use of cyclotron-produced nuclides for labeling
PET radiopharmaceuticals.

Two of the positron-em itting nu clides available from generator systems, 82Rb and ''''Ga,
do not require a cyclo tron for production. Compared with the cyclotron-produced
nuclides, however, the properties of these nuclides are much less versatile for labeling
drug structures for PET imaging. R2Rb is used solely as a perfusion tracer, and "'Ga is most
often used in clinical PET simply as a source of photons for transmission scans.

Radionuclide Generators

Compa red with cyclotron-prepared radiopharmaceuticals, PET radiopharmaceuticals
available from gen erators (Table 10-9) are much less commonly used in clinical practice.
However, for the sake of completeness, their use in clinical PET imaging will be discussed
briefly.

The " Rb generator was the first system authorized for reimbursement for clinical
PET imaging (Table 10-8). The commercially available gen erato r system consists of the
parent isotope "Sr bound to a hydrous stannic oxide column and is eluted w ith 0.9%
sodium chlor ide injection to isolate the " Rb daughter (Figure 10-lO).B The versatility of
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FIGURE 10-10 Diagram of the 82S r_82Rb genera tor sys tem . This is the on ly generator system used
for clinical PET imaging.
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the genera tor system is limited by the short physical half-lives of the pa ren t nuclide and
the daughter rad ioisotope (Table 10-9). " Sr decays by EC wi th a half-life of 25.6 days,
which limits the usefu l lifetime of the generator system to only a few weeks. The very
short 76 second ha lf-life of the rubidium daughter, although useful for repeat studies in
PET, prevents any coordination che mistry from being pe rformed with the nuclide prior
to patient administration.

The gen erator sys tem is thus limited to the role of a source of " Rb infusate for patients
undergoing card iovascular PET measurements. The generator eluate is passed through a
dosimete r and sterilizing filter and directly into the patient for myoc ardial blood flow
measurements (Figure 10-10). A microprocessor-controlled syringe pump determ ines the
elution profile so that either bolus or continuo us infusion can be used." Because of the
short half-li fe of the radi oisotope, the actual batch of "Rb injection used does not undergo
any quality control testing before administrat ion to the patient. However, the generator
elution performance is carefully assessed immediately before the PET study to confirm
proper fun ctioning of the device; the total radioacti vity that is eluted , the elu tion profile,
and potential breakthrough of " Sr are mea sured.

Although the physical cha racteristics of the 68Ge-""Ga generator appear to be ideally
suited for clinica l ap plications, to date the use of ""Gain PET ima ging has been limi ted to
research. Nevertheless, there is great potential for futu re development of this generator
as a source of positron-emitting rad iopharmaceuticals. ""Ge decays by EC with a half- life
of 271 days, which translates to a useful lifetime of ap proximatel y 1 year for the generator.
In addition, the 68 minute half-life of the dau gh ter confers substantial versa tility to rad io­
pharmaceutical labeling or PET imaging procedures with ""Ga. A commercially avai lable
68Ga generator system consists of the ""Ge parent bound to a column of stannous oxide
and is eluted wi th 1 N hydrochloric acid.!" The generator is characterized by high recovery
of ""Ga daughter and low breakthrough of " Ge parent.

The most common applicat ion of the ""Ge-""Ga decay system is not for radiopharma­
ceutical production but for instrumentation use. The generator system is often used in
PET devices as a source of 511 keY photons needed for transmission measurements and
atten uation correction of em ission scans. In this case, the daughter ""Gais not elu ted from
the generator column but instead is merely allowed to decay on the rods in situ . The long
half-life of the ""Ge parent is a major advantage for this application, because the source
rods have to be replaced infrequently.

Charged Particle Accele rators

Most PET radio nuclides are produced with cyclotrons, devices designed by physicists to
accelerate cha rged pa rticles. As illustrated in schematic form in Figu re 10-11, the operation
of the cyclotron is based on the concept tha t repeated application of sma ll accelera ting
voltages to ions will accelerate those ions to high velocities. These accelerated particles
will be constrained to circular pa thways by the pre sence of a magnetic field induced by
magnetic poles situated above and below the accelerating electrodes. As the particles pass
the interface between the hollow electrodes (called "dees" becau se of their shape ), the
difference in electrical potential (controlled by a radiofrequency oscillator) imparts ad di­
tional kinetic energy to the ion . As the ions increase in velocity, their radius of rotation
increases until they achieve the ir terminal velocity, which is determined by the engineering
parameters designed into the cyclotron. The beam of high-energy charged particles is then
deflected aw ay from the magnetically constrained pathway of the cyclotron to impinge
upon the target. The irradiation of the targ et material by the cyclotron beam produces, by
nuclear reaction, the radionuclides used for labeling PET radiopharmaceuticals.
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FIGURE 10-11 Diagram of cyclotron acceleration of particle beams forPET radionucl ide produ ction .
Accelerated particles can be either positive or nega tive ions.

TABLE 10-10 Classification of Particle Acce lerators

Level I Single particle (usually p or d)
z, s;10 MeV

Level II Single or multiple particle (usually P and/or d)
z, ::;20 MeV

Level III Single or multiple particle (usually p)
s, 550 MeV

Level IV Single or multiple particle (usually p)
E" 70-500 MeV

Clear ly, more details are involved in actua l radionuclide production than are included
in this simp listic description; readers are referred to more comprehensive info rmation.'>' ?
Cyclotrons are designed to many different specifications depending on their nuclear
applicatio ns, and those used for medical radioisotope production generally ha ve lower
beam energy and higher beam current than corresponding machines used for physics
research. Higher beam currents are desirable because the amount of radionuclide pro­
duced is proportional to the number of nuclear reactions tha t are induced by the beam.
Also, the threshold energies for the nuclear reactions used to produce positron-emitting
nuclides are relatively low compared with those used in particle physics research.

Accelerators for the product ion of radionuclides have been 'classified into four leve ls
(Table 10-10) based on the par ticles accelera ted and their energies.'? The higher the energy
of the accelerator, the more expensive are capital ins talla tion and subsequent operating
costs. For mos t in-hospital production of PET rad ionuclid es, either level I or level II
mac hines are used; the energies of these cyclotrons are adequate for the production of
needed quantities of positron emitters for PET. Level III or IV accelerator s are used to
produce less common radionuclides used in nuclear medicine procedures, but the radio­
nuclides used routinely for labeling PET radiopharm aceuticals (Table 10-1) do not require
the use of such large devices.

Most modem PET-based cyclotrons use negative-ion acceleration technology, although
several older positive-ion machines are still in current use in the PET community. The
advantage of negative-ion machines is that substantially less radiation shielding is
required, so installation costs are reduced. In addition, beam extraction is greatly simplified
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TABLE 10-1 1 Cyclotron Production of PET Radionuclides
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Nuclide Half-life Reaction Target Target Product Batch Yields

1'0 2min l ~N(d,n) I.'{) 0.1% 0 2/N2 ['''010, 1000 mCi
t5N(p ,n)15() 1000 mCi

nN 10 m in 16()(p,a )13N "Oc water I nNINH~ [" NINO" InNI NO, 200 mCi
HC 20 min 14N(p,a )llC 0.5% 0 2/ N2 IHq c o , 1000-2000 mCi

"F 110 min IKO(p,n)l 8F" ISO-water ["FIF"~, 500-2(xIO mCi
2lJNe(d, a)18Fb 0.5% F2/20Ne (lIlF]F2 250 mCi

• I"'F p rod uced as high spec ific activity fluoride ion (F-).
b 18F produced as moderate specific activity fluorine gas (F2) .

with negative-ion machines. With negative-ion cyclotrons, a thin graphite foil is place in
the beam pathway, so the ions are stripped of their negative charge and converted to
positive ions. According to the laws of electromagnetism, the positively charged pa rticles
will rotate in the d irection opposite that of the or iginal beam of negative ions, so they will
impinge upon targets mounted on appropriately situated exit ports. By p lacing the graph­
ite foils at different radii of the cyclotron, the energy of the beam hitting the target can be
selected. Also, by adjusting the depth of foil insertion, either a fraction or the entire beam
can be str ipped, enabling adjustment of beam inte nsity so that it hits a single target or
irradiates multiple targets simultaneously. This type of flexibility is a great asset when
radionuclide production is scheduled for busy PET clin ics.

Cyclotron Targetry

The selection of targets to be irradiated in cyclotrons for isotope production is an area that
has undergone intensive research and optimization.l'v'" Cyclotron targets can be gaseous,
liquid, or solid, bu t those used for producing routine PET radionuclides are gaseous or
liquid, and their loading or unloading can be achieved by application of a pressure
differential. A caution concern ing the irradiation of liquid targets is that free radicals may
be generated in situ. Such radicals can potentially interfere with the reactivity of the
product radionuclide by creating sp ecies that interfere with subsequent radiopharmaceu­
tical labeling reactions . However, by careful control of beam and target conditions during
cyclotron irradiation, such deleterious effects can be minimized.

The nuclear reactions commonly used for radionuclide production in clinical PET
centers are listed in Table 10-11. These reactions use incid ent particles of either protons or
deuterons, which are accelerated to adequate energies in moderate beam intensities by
level I or level II cyclotrons. The selection of the nuclear reaction to be used for radioisotope
production is determined by the capability of the particle accelerator. More expensive
multiparticle machines accelerate both deuterons and protons and have the advantage
that inexpensive targ ets of naturally abundant nuclei can be used for radioisotope pro­
duction. An exception to this generalization is the production of 18F-fluor ide, which
requires isotopically enriched ISO-water as a target, regardless of whether level I or level
II accelerators are used .

Single-particle machines that produce only proton beams are less expensive than level
II cyclotrons but have the disadvantage tha t they requi re expensive isotopically enr iched
target materials for the production of 15(), since the 14N(d,n)l5() nuclear reaction is not an
option. However, for clinical PET centers that do not require heavy production of 15()
tracers, single-pa rticle (level I) cyclotrons offer a relatively inexpensive means of radionu­
elide production.

I,
;
i,.
"
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TABLE 10-12 Radioactive Precursors
for labeling PET Radiopharmaceuticals

Rad ionuclide

"0
"N
"e

"F

Labeling Precursor

"Ocoxygen
I3N-nitrate, t3N-nitrite

"Cecarbon dio xide
" O methyl iodide
Reactive " Ffluoride
IIlF-f111orine

labeling Precursors

It is important to consider the chemical form of the radionuclide as it leaves the target ,
because this dictates the chemical reactivity and hence the synthetic reactions that can be
used for radiopharmaceutical preparation. In some cases, target products can be immedi­
ately applied for radiopharmaceutical synthesis. However, it is more usual for the target
product to be purified, either to remove chemicals that interfere with the labeling proce­
d ure or to convert the target product to alternative chemica l forms that can be more eas ily
incorporated into the molecular struc tu re of the desired radiopharmaceutical. The degree
of chemical manipu lation is thus dictated by the spectrum of radiochemicals and chemicals
present in the irradiated target and is further constrained by the half-life of the product
radionuclide. The p redominant labeling precursors for synthesis of PET radiopharmaceu­
ticals are listed in Table 10-12.

Gaseous 150-0xygen

As shown in Table 10-12, the target product for "0 (which has a 2 minute half-life) is
gaseous ''a-oxygen ([''0]02) , Although ''a-oxygen can be used as a PET radiopharma­
ceutical for measuring tissue oxygen consumption, it is more commonly used to synthesize
alternative radiop harmaceutical structures, such as ISO-water or 150 -carbon monoxide , for
imaging use. Thus, it is appropriate to cons ider "a-oxygen a labeling precur sor for these
more popular I' O-labeled PET radioph armaceuticals . Because of the short half-li fe of 150 ,
the target product must be rap idly converted to desired chemical forms usin g on-line
techniques. These production techniques are described below.

Oxo Anions of UN-Nitrogen

The 10 minute hal f-life of UN also limits the number of radiosynthetic ste ps that can be
used to incorporate the nuclide into a labeled drug, and to date 13N-ammonia is the sale
" N-labeled radiopharmaceutical of clin ical sign ificance. 13N is produced in the irrad iated
targe t in a spectrum of chemica l forms including UN -ammonia, 13N -nitrate, and 13N -nitrite.
Instead of purifying the relatively modest fraction that is produced in the form of 13N_
ammonia, it is more efficient to convert all of the chemical forms of I3N produced in the
target to I3N-ammonia. In this regard, I3N-nitrate and 13N-nitrite can be considered labe ling
precursors for 13N-ammonia. Techniques have been developed for the rap id reduction of
nitrogen oxides in the targe t mi xture to 13N-ammonia for radiop harmaceu tical use , as
well as for minim iza tion of their production in the target during irr adiation; these are
desc ribed below.
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FIGURE 10-12 Radiosynthesis of the labeling pre­
cursor lie-methyl iodide. (a) Liquid-phase method;
(b) gas-phase method.

Jle-Methyl iodide

The relati vely long 20 minute half-life of "C facilitates much greater lat itude in chemical
manipulation, both for prepara tion of the labeling precursor and during radiopharmaceu­
tical synthesis. The target product for "C is " C-carbon dioxide, which can either be used
directly as a labeling reagent or converted to a large number of synthetic precursors.w-"
Of these d iverse "C labeling reagents, "C-methyl iodide is especially valuable because of
the large nu mbe r of drug structures that can be labeled by N- or a -methylation."

There are liquid-phase and gas-phase methods for preparing "C-methyl iod ide. liq­
uid-phase me thods were the first to be developed.22- 24 Thi s synthe tic approach involves
the reduction of "C-carbon dioxide target to "C-me tha nol using lith ium aluminum
hydride and subsequent treatment of the "C-methanol intermediate with hyd riod ic acid
to form lIC-methyl iodide (Figure 10-12). The second step of this procedure can take place
either by addition of hy driod ic ac id to the reduction vessel ("o ne_pot" synthesis) or after
distillation of lIC-methanol into a seco nd vessel that contains hydriodic acid ("two-pot"
synthesis). With either synthetic approach, the final "C-methyl iodide mus t be passed
through purifying columns of soda lime and phosphorus pentoxide in to a separate reac­
tion vessel for radiopharmaceutical labeling. This purification step is necessary in order
to remove any traces of hyd rogen iod ide or wa ter, which would quench "C-methylation
reactions.

Although recommendations have bee n proposed for standardi zing p roduction condi­
tions for lIC-methyl iodide prepared by liquid -phase methods." the labeling technique is
cumbersome and the radiochemical yield and specific activity are extremely sensitive to
environmental conditions and reagents. Moreover, the turnaround time for production of
lie -labeled PET radiopharmaceu ticals in thi s manner is unwieldy because of the time
needed for apparatus repla cement and se tup. This is a ma jor impediment to the efficien t
operation of a clin ical produc tion center at a busy PET clinic, especially when repea ted
imaging scans are required in the same patient.

Gas-phase me thods provide a better means of preparing "C-methyl iodide.252 6 As
shown in Figure 10-12, in this syn thet ic approach lIC-carbon dioxide is firs t reduced to
"C-me thane by heating in the p resence of hydrogen gas w ith nickel catalysis. The lIC­
methane intermedi ate is then converted to lIC-methyl iodide by recircula tion th rough a
heated quartz tube that contains iodine crystals. The "C-methyl iodide is then trapp ed on
a porous polymer support and subsequently released as a gas for radiopharmaceuti cal
labeling applications.

The gas-phase approach to making lIC-me thy l iodide has several advantages. The
system is eas ily automa ted, and commercial sources supply microprocessor-controlled
de vices that accomplish this radiochemistry over a 12 minute period, completely without
operator intervention. The system is also capabl e of synthesizing multipl e batches of the
labeling precursor withou t the need for apparatus replacement or se tup. Thus, seq uent ial

-
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batches of HC-methylated radiopharmaceuticals can be prepared without excessive radi­
ation bu rden to production personnel. Moreover, the turnaround time between successive
batches of HC-methyl iodide is only 20 to 30 minutes, which enables scheduling flexibility.
The gas-phase synt hesis of "Csmethyl iod ide also yields a higher spe cific activity product
than the liquid phase approach, and the product ion sequence promotes greater consistency
of precursor quality, which is importan t for radiopharmaceutical quality assurance.

Reactive '8F-Fluoride

The 110 minute half-life of l'F is very convenient for radiopharmaceu tical synthesis . The
radionuclide can be prod uced in two chemical forms, high specific activity l' F-fluoride
ion ([18F]F-) and moderate specific activity gaseous 18F-fluorine (P8F]F,).

The preferred form of l8F for rad iopharmaceutical labeling is reactive I8F-fluor ide,
which is used in nucleophilic substitution react ions. Aqueous l8F-fluoride is produced
with high specific activi ty in multicurie batc hes by proton irradiation of ISO-water. Because
of the high ba tch yields for cyclot ron prod uction of "F-fluo ride, large quantities of PET
radiopharmaceuticals can be synthesized from this precursor for use in the imaging clinic
throughout the workday. In other situat ions, these high radiopharmaceutical p roduction
yields can be used to advantage because they facilitate distribution of PET tracers to off-site
remote imaging locations . An ad ditiona l advantage of l"F-fluoride as a labeling precursor is
its high specific activity, which makes possible the syn thesis of PET radiopharmaceuticals
for receptor-bind ing studies. It also minimizes the potential for pharmacologic or toxico­
logic effects of l8F-labeled tracers, whether recep tor-b inding or no t.

The irrad iated lBO-water target that contains I8F-fluoride can be either used d irectly
for nucleophilic fluorination reactions or purified by passage through a resin that separates
the aqueous l8F-fluoride from byproducts in the irradiated solution (Figure 10-13).27 Heat
generation during target irrad iation causes byproducts to be d issol ved in the target solu­
tion that can potenti ally inte rfere with subsequent labeling reactions . For this reason, resin
purification has the dual advantages of facilitatin g recovery of expens ive irradiated 1'0_
wa ter for reuse, as well as removing chemicals that may impede rad iopharmaceutical
labeling reactions with lBF-fluoride.

Nucl eop hilic fluorination reactions are inh ibited by water, so it is essential that the
aqueous solution of lBF-fluoride be completely dri ed prior to the substitution react ion that
incorporates IRF into the molecular structure of the rad iop ha rmaceu tical. Such che mical

FIGURE 10-13 Resi n purifica tion o f " Pcfluoride and
recovery of irradiated "Owater. (1) Loading of target
water and " P-fluorlde, with recovery of "Ocwater for
reuse; (2) elution of purified IIlF-fluoride with aqueous
potassium carbonate.
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transformation of aqueous I8F-fluor ide into reacti ve '"F-fluoride is a key aspect of radio­
pharmaceutical synthesis, and the major steps have been reviewed. 211·28 There are three
major steps to this process . First, a cation such as po tassium, complexed to an aminopoly­
ether cryptand such as Kryptofix 2.2.2 (Sigma-Aldrich) or a tetraalkylammonium salt, is
added to the aqu eous solution to serve as a counterion to the fluoride anion. Second, all
traces of wa ter are removed from the solution by azeotropic distillation with aceto nitrile.
Finally, a dipolar, aprotic organic solvent such as dimeth ylsulfoxide, dimethylformamide,
or acetonitrile is ad ded to resolub ilize the dried complex of I8F-fluor ide. The resulting
anhydrous solution of radioactivity contains reactive 18F-fluo ride and is added to the
appropriate subs trate to facilitate the nucleophilic subs titution reaction necessary for
radiopharmaceutical labeling.

Electrophilic !OF-fluorine

Although nucleophilic reactions may give high radiochemical yields for some "F-labeled
PET tracers, this is not always the case. Some drug structures cannot be fluo rinated in
useful quantities with nucleophilic reactions because of the electronic nature (electron-rich
rather than electron-poor aromatic rings) of the labeling substrate. An example of such a
PET radiopharmaceutical is I8F-fluorodopa (I8F-FD).

For these select ap plications, electro philic ISF-fluorine is used as a labeling precursor.
Several electrophilic I8F-fluorination reagents, including I8F-labeled acetyl hypofluorite
and xenon d ifluor ide, have been developed over the years,211 but lSF-fluorine is the elec­
trophilic fluorina tion precursor of cho ice from the pers pective of simplicity and efficiency
of labeling proced ures.

I8F-fluorine is produced in hundred-millicurie quantities by the irradiation of a 2llNe
gas target with deu terons. It is necessary for the neon target to contain 0.1% to 2% F2 as
a carr ier," so the radionuclide is produced in only moderate specific act ivi ty «12
Ci/rnmol)." Both the batch yield and the specific activity of I8F-fluorine are much lower
than for " F-fluoride. Nevertheless, I8F-fluor ine is an extremely valuable precursor for that
special category of PET radiopharmaceutical that cannot be labeled via I8F-fluor ide and
does not require high specific activity to be effective .

RADIOPHARMACEUTICAL SYNTHESIS

The preparation of a short-lived positron-emi tting radiopharmaceutical has stringent
requirements because of the shor t half-lives of the relevant radionuclides . Rad iosyntheses
must be rapid an d must produce the desired radiopharmaceutical in high radiochemical
yield and purity. Although not always essential, high specifie activity is often ad vanta­
geous, either to avoid saturation of the biologic process under study or to minimize
potential pharmacologic and toxicolog ic effects.

To accomplish this, facile labeling techniques using substrates that direct the radionu­
elide to a specific molecular site are needed. The preparation of these substrates often
requires substantial synthetic expertise, and various commercial sources sp ecialize in
supplying these labeling reagents. As exp lained above, rapid, efficient conversion of the
target product (the chemical bearing the product radionuclide ) into a labeling prec ur sor
(or reactive chemical reagent form) of the radionuclide is frequently used to facilitate
radiopharmaceutical labeling efficiency.

150 and I'N have short ha lf-lives that preclude tim e-consuming radiosynthetic or ima g­
ing procedures. Radiopharmaceuticals labeled with these nuclides are rapidly produced
on line, with minimal chemical manipulation. By contrast, the longer-lived lie and 18F
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FIG URE 10-14 On-line synthesis of "Ocar­
bon monoxide and "Occarbon dioxide from
target product "Ocoxygen.

FIG URE 10-15 Radiosynthcsis of ISO-water. (a)
Isotopic exchange method; (b) chemical reduc­
tion method.

labels allow more flexibili ty with radiopharmaceuticals that have more lengthy prepara­
tion or imaging requirements. Generally speaking, however, clin ically used PET nuclides
have short half -lives and, with the except ion of IRF, must be pre pared on site to satisfy the
needs of the PET imaging su ite.

"O-Labeled Gases

Because of the short half-life of 150 , PET radiopharmaceuticals that are labe led with this
nuclide are produced on line with little operator intervention. As illustrated in Figure 10-14,
target product ISO-oxygen is converted to eithe r I'D-carbon monoxide or 150-carbon d iox­
ide by recircula tion through a charcoal furnace heated to 1000°C or 400°C, respective ly.v-"
For production of ISO-carbon monoxide, careful con trol of beam and target con ditions is
necessary to minimize the amount of toxic nonradioactive carbon monoxide present in
the radiopharmaceutical product."

ISO-oxygen is commonly used in PET research protocols for measuring the cerebral
metabolic rate of oxygen, whereas ISO-carbon monoxide is used in assessing reg ional
cerebral blood volume. Both of these rad ioactive gases are administered to the subject by
direct inha lation of the target gas through a dis posable mouthpiece wi th a 0.2 11m filter.

Water 0 15 Injection

'SO-labeled water is produced for perfusion measurements by isotopic exchange or reduc­
tion reactions. In the exchange method, 'SO-carbon diox ide is used as a labeling precursor
tha t is converted to 150-water, as shown in Figure 10-15. During cyclotron bomba rdment
of the target, the "Ovcarbon dioxide that is produ ced on line is bubbled though a sterile
bag of water for injection mounted in an ionization chamber." The entire apparatus is
mounted within a shielded "ho t" cell. When adequ ate exchange labeling has occurred, as
monitored by the ioniza tion chamber reading at the cyclo tron con trol console, some of
the bag contents is remotely transferred to a 12 mL sterile syringe, which is pneumatically
sent to the PET su ite for bolus injection into the subject. Routinely, 50 to 125 mCi is
produced in this manner, wi th a turnaround time of only 10 to 12 minutes."

"a-water can also be produced by red uction of "Osoxygen, as shown in Figure 10-15.
Using this production route, conversion of the target product I'O-oxygen into the labeling
intermediate " a-carbon dioxide is unnecessary. Hydrogen gas is instead admixed with
the target stream of I'O-oxygen, and the mix ture is passed over pa lladi um or pla tinum
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FIGURE 10-16 Radiosynthesis
of uN-ammonia. Oxo anions of
13N can be reduced either after
irradiation or in situ during irra­
diation by the addition of reduc­
tants to the "Owater target.

catalyst heated to 450°C.3>.." The reduced !SO-water that results is trapped by bubbling
though sterile wa ter.

The reliab le yield and short production tu rnaround time for preparation of 'SO-water
makethis radiopharmaceutical ideally suited for application in cerebral activation studies,
in which rapidly repeated PET measurements of bra in perfusion in the resting and acti­
vated state are performed.v-" In addition, the ease of production of this short-lived PET
tracer also facilitates ancillary measurement of tissue perfusion to supplement PET imag­
ing protocols that involve longer-lived radiopharmaceuticals.

Ammonia N 13 Injection

As shown in Table 10-11, the proton irradiation of "a-water results in "N in a variety of
chemical forrns." - " The desired form, J3N-ammonia, represents only a fract ion of the total
13Nradioactivity that is produced. " N-ammonia ("NH3) is formed when " N atoms abs tract
hydrogen atoms from water. However, radi olytic oxida tion also occurs during cyclotron
irradiation of water, and 13N-ammonia is converted to a large extent to oxo anions such
as I3N-nitrate or "N-nitrite. These radiolytically produced oxo anions can account for up
to 85% of the tota l PN radioactivity.'?

The oxo anions of I3N can be removed from the desired " N-ammonia to yield a
radiochemically pure product, but this is an inefficient use of the I3N activity that is
produced . Thus, most production sequences for I3N-ammonia involve chemical reduction
of the oxo anions to 13N-ammonia (Figure 10-16). This is accomplished by us ing red ucing
agents such as DeVarda's alloy in aqueous sodium hydroxide"! or titanium (III) sa lts,"
followed by distillation of the 13N-ammonia into a slightly acid ic ~queous solution for
product reformulation.

An alterna tive to chemically reducing oxidized target products from the target solution
is to prevent their form ation during irradiation (Figure 10-15). This is achieved by ad ding
radical scavengers such as ethanol, acetic acid, me thane, or hydrogen to the target mi xture,
and results in !3N-ammonia on ly, and no oxo anions, being produced.v" This slight
alteration in production simplifies the overall radiopharmaceutical production p rocess for
I3N-ammonia .

Sodium Acetate C 11 Injection

The preparation of sodium acetate C 11 injection for PET studies of myocardial viability
involves radiosynthesis of " C-acetate from target product "C-carbon dioxide.'? As shown
in Figure 10-17, the radiosynthetic pathway is to first carbonate methylmagnesium Grig­
nard reagent with "C-earbon d ioxide, followed by acid hydrolysis to form "C-acetic acid .
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"CO,1CH3MgBr/Et,O

FIGURE 10-17 Radiosynthesis of lIe-acetate from " Cccarbon dioxide
gas. This is a three-step procedure involving carbonation of a Grignard
reagent, hydrolysis of the intermediate, and pur ification by solid phase
extraction (SPE).

CH3"CO,M g Br

11) HCI

2) SPE

This two-step reaction has been adapted for several radiopharmaceutical production sys­
tems. The reaction conditions vary only slightly for these different devices; the main
d ifference between these production systems lies in how the labeled drug is purified.

Sodium acetate C 11 injection can be purified by using solid-phase extraction .w"
liquid-liquid extractio n.v-" or d istilla tion .v'<v Solid-phase extraction is preferred for clin­
ical p roduction, since it facilitates automated production of th e PET radiopharmaceutical
via robotics or other dedicated systems. A flexible robotic system has been described tha t
reliab ly pro duces the labeled drug in batch yields of 220 to 300 mCi within 25 minu tes .>'
Similar production results are accomplished in the clinical setting with alternative dedi­
cated systems, and many of these production devices are available from commercial
supp liers.

Fludeoxyglucose F 18 Injection

The workhorse of clinical PET imaging is 1RF-FDG . This radiopharmaceutical has several
clinical indications an d can be produced as a multidose batch suitable for u se throughout
the workday or for distribution to imaging sites remote from the production location.
Although this radiopharmaceutical can be synthesized via electrophilic as well as nucleo­
philic reactions, the nucleophilic approach is preferred because of the higher production
yields and the enantiomeric purity of the drug product?

For clini cal application, the universal method for production of this PET radiophar­
maceutical is nucleophilic 18F-fluoride d isplacement of a triflate (-OS,CF3) leaving group
on a mannose precursor, followed by hydrolysis of protecting groups (Figure 10-18). Since
the original description of this radiosynthetic method," automat ion of d rug production
has been accomplished with only mi nor alteratio n of the origin al nucleophilic substitution
p athway. Some of these automated systems are based on aminopolyether- or te trabu tyl­
ammonium-mediated nucleophilic fluorination.v/" whereas other sys tems utilize resin­
supported 18F-fluor ide for the nucleophilic substitution reaction." Severa l commercially
av ailable automated systems have been developed for routine production of the tracer
and yield severa l curies of 1'F-FDG.

Recent synthetic refinements use basic rather than acidic hydrolysis to deprotect the
fluorinated intermediate. The practical adv antages of this change are shorter drug prep­
aration times and avoidance of the formation of 2-chloro-2-d exoxyglucose as a chemical
contamina nt in the rad iopharmaceu tical product." Studies have shown that 2_1RF-fluoro­
deoxy-o-glucose does not undergo epimerization under these alkaline conditions."

18F-FDG prepared in the above devices is purified via solid-phase extraction and ion
exchange in a st ra ightforward manner. The neutralized hydrolysis mixture is simply
p assed through cartridges bearing exchange resins that efficiently remove any traces of
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FIGURE 10-18 Radiosynthesis of 2-1sF-fluoro-2-deoxy-o-glucose (lsF-FDG) from " Pcflu oride ion.
This is a three-step procedure involving fluorina tion of a mannose triflate precursor, deprotection
of the intermediate, and purification by solid phase extraction (SPE).

potential chemical and radiochemical byproducts from the final drug solution. The sim­
plicity of these procedures enhances the reliability of automated production systems for
clinical PET centers.

Fluorodopa F 18 Injection

18F-fluorodopa is an example of a useful PET radiopharmaceutical that is prepared in
moderate specific activity using 18F-fluorine as a labeling precursor. The reaction pathway,
shown in Figure 10-19, involves the region-specific electrophilic 18F-fluorodemetallation
ofan organometallic precursor by 18F-fluorine gas." The fluorine displaces the metal from
the aromatic site of the labe ling substrate in an electrophilic substitution reaction, so only
the 6-18F-fluoro isomer of fluorodopa is produced. Mercuric 65,66 or stannylated 67,68 labeling
precursors are used because they give high fluorodemetallation yields.

Following the fluorination step, the labeled in termediate is deprotected via acidic
hydrolysis and the drug is purified using preparative reverse-phase high-pe rformance
liquid chromatography (HPLC). The purification of this radiop harmaceutical, as well as
of the other tracers of neurotransmission (Table 10-4), requires HPLC, which ad ds an
element of complexity to the overall drug production sequence that is not necessary for
the other radiopharmaceuticals used in clinical PET. In the case of 18F-FO, dilute acetic
acid is used as the HPLC mobile phase for the purification, which simplifies product
reformulation. The isolated HPLC product peak is collected and sterilized by ter minal
filtration into the final product containe r, since the HPLC solvent and its pH range are
already physiologically compatible.

F1umazenil C 11 Injection and Raclopride C 11 Injection

llC-FMZ and llC-RAC receptor-binding radiop harmaceuticals are examples of high spe­
cific activity tracers synthesized using "Cvmethyl iodide as a labeling precursor. llC-FMZ
is synthesized via N-llC-methylation,'9-72 whereas llC-RAC is prepared via O-llC-methy­
lation. 73--75
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FIGURE 10-19 Radiosynthesis of 6-18F-f1 uoro-L-dopa ("F-FD) from I8F_
fluorine gas. This is a three-step procedure invo lving fluorodemetallation
of an organotin- or mercury-leaving group (M), deprotection of the inter­
mediate, and purificationby HPLC.
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FIGURE 10-20 Radiosynthesis of "Ccflumazenil ("C-FMZ) and "C-radopride ("C-RAe) from "C­
methyl iodide. These are two-step procedures involving N- or Ocmethylation, followed by purifi­
cation using HPLC.

The basic procedure used for the preparation of both of these receptor ligands is the
same (Figure 10-20). "C-methyl iodide is bubbled through a solution of the respective nor­
methyl substrate and the " C-methylation reaction is promoted by heating the reaction
mixture for 1 to 3 minutes. The product is then purified by HPLC, which separates the
" C-labe led ligand from the unlabeled substrate and other contaminants. The typical prep­
aration time (including HPLC purification) is 30 to 40 minutes from delivery of "C-methyl
iodide to the reaction solution. This time frame is practical for use with " C, which has a
20 minute half-life .
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Preparation of radiopharmaceuticals in multimillicurie quantities in a routine manner
requires special production systems to avoid unduly hazardous conditions for production
person nel. Special demands associated with the preparation of PET radiopharmaceuticals
include a high radiation environment, bulky lead shielding, short production intervals
due to rad ionuclidic half-lives, and a production capability that supplies the needs of the
clinical imaging schedule. In addition to these requirements, the radiosynthesis must yield
the labeled drug in a pure state on a reliable, efficient bas is. Frequently, tracer radiosyn­
theses mus t be repeated multiple times within a single workday. Finally, the production
system mus t facilitate in-process documentation of the major steps of the compounding
proced ure so that labeled drug production is in compliance with federal and state regu ­
lations.

To address these challenges, several PET radiopharmaceutica l production sys tems
have been developed over the years.76•77 Although these systems have d ifferences, they all
share certain characteristics . They all use the procedural steps of fluid flow, radioactivity
measuremen t, temperature control, solvent dispensing, and product purification, with in
a shielded hot cell. The systems uniformly emphasize proper selection of equipment,
materials, controllers, dispensing devices, extraction hardware, and radioactivity detectors
so that each of the synthetic steps is accomplished in a predictable fash ion, consistently
yielding a high-p uri ty d rug product in an efficient manner. Disposable equipment is use d
wherever possible to minimize the potential introd uction of con taminants during radi o­
pharmaceutical compound ing procedures.

The var ious designs of PET radiopharmaceutical production systems can be broad ly
categorized as remote ly operated systems, automated modular sys tems, and robotic sys­
tems. These three categories are discussed below.

Remotely Operated Systems

Remote ly operated sys tems are the most flexible and least expensive means of high­
radioactivity radiopharmaceutical syntheses, since there is no computer or microprocessor
used for radiopharmaceutical compounding. These sys tems can thus be considered an
intermediate step in the evolution of methods from low-level preclinical synthesis of
tracers to optimized high-level production procedures using robotics or automated mod­
ular designs.

Remotely operated systems are collect ions of devices that facilitate real-time operator
contro l over the various steps of radiopharmaceutical production. This control takes place
from behind lead shield ing so that radiosyntheses are carried out in a safe manner.
Components such as motor-driven needles, screw-driven capping devices, and remotely
pressurized fluid lines are custom designed to accomp lish tasks such as fluid delivery to
reaction vessels, sealing of reaction vessels, and transfer of reaction mixtures to HPLC
injectors for product purification . Use of long-handled tongs for radioactivity manipu la­
tion is also com mon with this ap proach.

These sys tems are easy to implement for rad iopharmaceutical product ion and require
a minimum number of optimization studies p rior to their application. Remotely operated
sys tems are especially valuable for the ini tial high radioactivity syntheses of PET radio­
pharmaceuticals becau se of their ease of installation. The flexibility of the system design
facilitates rapid configuration of the appropriate devices and components for a given
radiopharmaceutical within a shielded hot cell. Also, the same hot cell can accommodate
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the various component s needed for preparation of several different radiopharmac eu ticals.
After production conditions are optimized for rou tine production of a given PET tracer,
the dec ision can be made whether to con tinue wit h remotely operated production or to
make a capital investment in more expensive automated modular or robotic systems.

A major disad vantage of remotely operated sys tems is that the drug preparation
sequence relies totally on operator intervention. During routine application there is poten­
tial for great variation in production conditions, with possible variance in radiopharma­
ceutical product quality.

With appropriate adherence to process guidelines, however, remotely operated sys­
tems offer an adequate and inexpensive means for compounding PET tracers, and several
systems have been developed for the routine production of clinically used PET radio­
pharmaceuticals. Systems have been described for the "F-Iabclcd tracers 1sF_FOG'"·'" and
IRF-FO."'·81 Remotely opera ted systems are also available for preparing "C-sodium
acetate54-56,82,83 and 13N-ammonia.-lO,4t

Automated M odular Systems

Once all of the production parameters have been optimized for pre paration of a PET
rad iopharmaceu tical, it is possib le to automa te the entire drug production p rocess. This
is accomplished using modular systems in which the movement of synthetic intermed iates
through fixed-p lumbed devices and equipment is completely controlled by computer
software or timing circuits. In the mod ular approach, all the equipment necessary for the
production of a given radiopharmaceutical is mounted together, and the operation from
start to finish is preprogrammed according to optimized reaction conditions. Because all
of the compound ing steps are programmed, deviations in the preparation conditions are
minimal and the quality of the final product is thus standardized.

A major advantage of automated modular sys tems for the routine production of PET
radiopharma ceuticals is that product consistency is enhanced. Also, the fact that the system
is dedi cated to the prod uction of a single tracer simpli fies ma intena nce and troubleshoot­
ing. For these reasons, most commercially supplied PET radiopharmaceutical production
systems are of the automated modular type . In some cases, commercial systems are
marketed in which all reagents are moun ted on a single disposable car tridge for each
production batch. Use of such disposables tends to mini mize the potential for contami­
nation of the final d rug product.

A disadvantage of this d rug production approach is that it is difficult to do repetitive
batch prod uctio n on the same workday us ing the same module because of the radioactivity
remaining in the sys tem after the initial synthesis. Also, hot-cell space must be allocated
for the production of each tracer, since separate modular systems are used for the prepa­
rat ion of the individual radiopharmaceuticals. This limitation has been recognized by
some researc h groups, which have proposed application of modular systems for the
production of more than one tracer when radiosynthetic steps are similar. However, this
expanded application of automated modules is possible only with research tracers. Each
of the clinically app lied radiopharmaceut icals listed in Table 10-4 requires a separate
au tomated module for preparation, since the rad iosynthetic steps used to prepare the
di fferent tracers do not overlap.

Several automated modular systems have been described for the production of clin ical
PET radi opharmaceutical s. Various mod u lar systems are available for producing
!SF-FOG......., Automa ted production modules have also been described for "C-sodium
acetateI52,5..~ 13N-ammonia,42.AA 18F_FD,89 and llC-FMZ.72
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Robotic production systems use commercia lly available robots to move radioactive inter­
mediates between fixed workstations to accomplish radiopharmaceutical synthesis, puri­
fication, and reformulation. Because the robo t arm and gripping device are flexible, they
have capabilities similar to a hunan arm and hand. Because the action of the robot arm
is microprocessor controlled, optimized radiopharmaceutical production sequences can
be programmed into the control software. Robo tic production systems th us combine the
flexibility of remote ly controlled systems with the standardized production parameters of
automated modular production systems.

The flexibility of robotics allows synthesis of a variety of tracers with the same device.
This is especially useful in research endeavors, in wh ich the radiosynthesis of novel PET
tracers must be scaled up to the radioactivity levels necessary for performance of PET
studies. For this reaso n, the pri ma ry promoters of robo tic production sys tems have been
PET centers that emphasize clinical and preclinical imagin g research.?":"

Robotics also has spec ial advantages when applied in the routine production of radio­
pharmaceu ticals for clinical PET.The flexibility of robotic sys tems facilitates the production
of multiple PET tracers within the same shielded hot cell, which is valuable to sites with
limited space for radiopharmaceu tical production. The microprocessor con trol over pro­
duction steps increases the batch-to-batch consistency of rad iop harmaceutical quali ty and
aids in the documentation of production procedures. Moreover, robotic systems can be
programmed to move radioactive waste remaining from a production session to a shielded
area within a hot cell, so set up for subsequent radiopharmaceutical syn theses is less
problema tic in terms of the radia tion dose to personnel.

Robotics has the unique potential for simultaneous synthesis of two or mo re tracers
within a sing le hot cell. If this poten tial were realized through creative software, it would
be especially valuable for busy PET clinics . With this capability, the PET radio pha rma ceu­
tical prod uction schedule wou ld be limi ted only by the capa bility of the cyclotron to
prod uce the starting radionuclides.

Robot ic synthes is of several radiophar maceuticals for clin ical PET has been ach ieved.
Labeled d rugs prepared via robo tics include " F-FOC}""" "Cvsodtum acetate," IIC-FMZ,"
and "F-FD."

RADIOPHARMACEUTICAL FORMULATION

A major concern for nuclear pharmacists is the reformulation of PET radiopharmaceuti­
cals. A PET tra cer may be rad iochemically pure, but the isolation proc ess may yield the
tracer dissolved in a solvent inappropriate for human administration. The so lvent used
for purificat ion must then be removed and the tracer recons tituted into a physiologically
compatible solution.

Liquid chromatography is generally used for purification of radiopharmaceuticals. It
typically involves simple sol id-phase extraction cartridges or HPLC. In either case, the
basic compo nents are the same: the impure reaction so lution traverses over a stationa ry
phase through which flows the mobile phase. The eluant solution bears the purified
radiopharmaceutical dissolved in the mobile phase. These chromatographic systems are
optimized so that retention times are as low as feasible withou t compromising product purity.
This facilitates purification of the radiopharmaceutical within the temporal const raint s of the
short half-life of the positron -emitting label. In addition, the tracer is isolated in a minimum
volume of mobile phase, which makes radiopharmace utical reformu lation less problematic.
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In ideal situations, radiopharmaceutical purificat ion involves chromatographic sys­
tems in which the mobile phase is a physiologically compatible liquid. Examples are the
solid-phas e ext raction purification of " F-FDG, which uses sterile water for injection as the
mobi le phase, and the HPLC purification of "F- FD, which uses a weakly acidic (acet ic
acid, pH 5) aqueous so lution . These purification system s are possible because th e final
reaction mixture contains chemical contaminants that are easily resolve d from the radio­
pharmaceutical product.

The production of some PET radiopharmaceuticals generates byproducts that cannot
be removed from the product by chromatographic systems with aq ueous mobile phases.
Notable examples are receptor-b inding radioligands such as " C-FMZ and IIC-RAe. The
reaction mixture for these tracers includes the nonreacted, nor-me thyl labeling substrate
as well as the IIC-labeled tracer. Since these tracers differ from the labeling substrate by
only a single methyl substituent, the chromatographic characteristics of these two chem­
icals are very similar. Typically, reverse- or normal-phase HPLC is required to resolve the
radioligand from the labeling substrate. In either case, toxic organic compounds are used
in the HPLC mobile phase, so the radiochemically pure radioligand isolated in the produc t
fraction of the H PLC eluant is unsuitable for human administration .

Reformulation of the radiopharmaceutical thus involves removal of the HPLC mobile
phase from the purified ra dioligand . This can be accomplished by one of two means. The
first is to remove the solvent using a rotary evapor ator. The HPLC solvent is evap orated
by gentle heating under reduced pressure. The radiopharmaceutical, which remains on
the wall of the glass vessel after evaporation of vo latiles, is then dissolved in a physio­
logically compatible so lvent for further work-up. This approach is cumbersome, subjects
the product to heat- or vacuum-related losses, and is limited to HPLC solvents that have
relatively low bo iling points.

The second reformulation method is mo re amenable to remote operation and inv olves
solid -phase extraction . In th is approach, the product fraction from the HPLC is diluted in
a 25 to 250 mL volume of aqueous buffer an d passed across a reverse-phase Sep-Pak
(Waters) cartridge. The lipophilic radiopharmace utical is retained on the cartridge, while
the di luted organic solvents are eluted to waste. The shielded cartridge is then rinsed with
additional steri le water for injection to remove residual contaminants, and the radiophar­
maceutical product is subsequently eluted off the cartridge with a small volume of ethanol.
The ethanol can be diluted with sterile wa ter for injection or 0.9% sodium ch loride injection
to complete the reformulation procedure.

Once the radiopha rmaceutical is reformulated into an appropriate injectate, it must mee t
further requirements for suitability for human administration. In addition to radiochemical
and chemical purity, sterility is key. Because heat sterilization is impractical for these tracers,
terminal sterilization via membrane filtration is the method most commonly used. Passage
of the reformulated radiopharmaceu tical through a 0.2 11m filter into a final product container
effectively removes bacterial contamination from the reformulated tracer solution. There are
important caveats wi th this method of compounding PET tracers, however.

First, termina l steriliza tion removes bacterial contamination but not pyrogenic com­
pounds, which are capable of passing through the 0.2 11m pores of the filter . Thus, this
method ensures against bacterial contamination but does not guarantee a pyrogen-free
product. Absence of pyrogens in the radiopharmaceutical is best ensured by eliminating
pyrogens in the production procedure. If a radiopharmaceutical product is found to be
pyrogenic, it is necessary to replace any component or reage nt in the production process
that may act as a source of py rogens, since there is no filter to eliminate these fever­
inducing compounds from the drug solution.

Second, it is important to use membrane filters that have compatibility specifications
appropriate for the solu tion being sterilized. Many radiopharmaceuticals require solvents
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that have pH adjustments or solubilizing agents (such as ethanol) to facilitate the dissolution
of otherwise poorly solub le substances. Althoug h the filter membrane itself may be resis­
tant to degrad ation by these solvents, the plastic housing or the ad hes ive used to hold
the filter assemb ly togeth er may no t withstand the solvent. Commercial su ppliers of filter
assemblies can often recommend specific filter types for given applications.

Finally, it is essential after each terminal filtration to test for memb rane integrity. If a
filter has rup tured d uring the compounding procedure because of overpressurization.
there is no guaranteed that the radioph armaceutical product is sterile. The only wa y to
confirm that the filter is still intact after filtration is to perform a bubble test, in whi ch the
intact, wet membrane will create resistance to a pressurized syringe. This bubble test can
be performed manually immediately after filtration of the radiopharmaceutica l into the
final product con tainer. Alternatively, some produ ction sys tems have the membrane integ­
rity test au tomated as a pa rt of the rad iolabeled drug compounding procedures ,

QUALITY ASSURANCE

Quality assura nce of the final d rug prod uct is an importan t aspect of PET, just as it is in
conventional nuclear medicine practice. The quality of the rad ioph armaceutical mu st meet
high standards to ensure safe ty of the patient and to be an effective imaging agent that
results in useful diagnostic information.

Because of the grea ter level of sophistication of PET radi opharmaceutical compound­
ing, however, the inst rumentation used in quality con trol tes ting is more complicated than
that used in conventiona l nuclear med icine. For example, radiochemical purity testing,
which is usu ally performed on a prerelease basis, can involve gas chromatography (1'0
tracers) or HPLC (I'C or 'SF tracers). In some cases (JRF-FDG), thin-layer radiochro mato­
graphic methods have been developed to sim plify radi ochemical pur ity testing.

Because of the synthetic methods used, testing for chemical purity is also a requirement
for PET radiopharma ceu ticals. This is usually accomplished us ing gas chro mato graphy
or HPLC techniques to quantify the amount of contaminant chemicals in the final drug
product. To streamline the clinical production of PET tracers, it is sometimes po ssible to
develop simple color imetric tests to confirm that contaminant levels fall below official
limits.An example of this is the color spot test method that was developed for the detection
of Kryptofix 2.2.2 in preparations of 18F-FDG."

Product qua lity is defined in US? 26/NF 21, which is an official compendium of drug
standards." The United States Pharmacopeia (USP) publishes monographs for the major
PET radi opharmaceuticals used in clinica l p ractice. Thes e monographs define standards
of pur ity with regard to sterility, apyrogenicity, pH, radiochemical purity, radi onuclidic
purity, chemical purity, and labeling requirements . USP also se ts standards for methods
of assessing these aspects of purity, such as for sterility testing and for pyrogen tes ting
with bacterial endotoxin techniques.

USP establishes detailed guidelines for the compounding of PET trace rs. These guide­
lines define the contro l of components, ma terials, and su pp lies; verification of compound­
ing procedu res; stability testing and expiration dating; and steps to be taken d uring the
compoundi ng of PET radiopharm aceuticals for human use. Standard s for quality control,
sterilization, and sterility assurance are also given in these guidelines.

USPalso publishes guidelines for the use of automated radiochemical syn thesis apparatus
for PET radiopharmaceuticals. These guide lines add ress such important issues as equipment
quality assurance, routine quality control testing, reagent audit trail, and documentation of
apparatus parameters. The guidelines also point ou t that any changes made in the synthesis
method should be validated to confirm that there is no effect on final drug quality.

- -
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It is important to be aware that similar quality ass urance guidelines exist outside th e
United Sta tes." Many innovative PET studies are performed in fore ign PET centers, and
it is reassuring to know, when interpreting image results, that the PET tracer being image d
is of high quality.

REGULATORY ISSUES

As with radiopharmaceuticals in gene ral, the oversight of PET radiopharmaceutical pro­
duction, application, and dis posal involves several different regulatory bodies. These
include the Food and Drug Administra tion (FDA), Environmental Protection Agency, an d
Occupational Safety and He alth Administration; organiza tions responsible for the radia­
tion safety of the public; and organizat ions and agencies that promulgate the safe and
effective use of drugs. Examples are the Joint Commission on Accreditation of Healthcare
Organizations and federal agencies that imp lement laws such as the Health Ins ur ance
Portability and Accountability Act of 1996, which mandates control of protected health
information. For PET radiopharmaceuticals that are transpor ted off si te, regulations of the
Dep artment of Transportation must also be adhe red to. Product qu ality is regulated by
USP, which establishes purity standards for PET radiopharmaceuticals. Fina lly, profes­
sional licensing bodies, su ch as sta te boards of pharmacy, play key roles in regulating
activities related to PET and PET radiopharmaceuticals .

Compliance with all of these regulatory de mands is important, not only because it is
ethical and beneficial for the public at large but because failure to comply can have
unwanted legal consequences. Furthermore, adherence to the pertinent regulations is key
to financial reimbursem ent for PET procedures.

A major hurdl e to reimbursement for PET imaging procedures has been FDA approval
of the relev ant radiopharmaceuticals. CMS and third-party payers are reluctant to reim­
burse for PET procedures that involve "expe rimental" imaging of radiochemicals in
human subjects . However, as described above, reimbursement will be made for PET
imaging procedures that involve drugs with FDA-approved indications for imaging
(Tables 10-6 thro ugh 10-8). Th us, from a financial perspective, drawing a distinction
between a labe led tracer and an FDA-approved radiopharmaceutical is essent ial.

Selecting PET radiopharmaceuticals for approval from the many existing PET tra cers
was an arduous task for FDA, given that the agency had no history of reg ulating this
category of drug. Unlike conventional FDA-app roved drugs, the drugs used for PET have
no pharmacologic effect, disa ppear rapidly, and have personnel radiation safety issues
associated with their manufacture. The evolution of the current FDA involvement with
PET and its relationship to reimbursement have been reviewed elsewhere."?

The traditional route of drug approval is no t applicable to PET radiopharmaceu ticals,
but the FDA Modern ization Act of 1997 (FDAMA) allows modifications of new drug
applications (NDAs) and current good manufacturing practices (CGMPs) that are relevant
and enforceable for the PET community. The safe ty and efficacy of clinically used PET
radiopharmaceuticals were eva luated by FDA with the assistance of the PET community
in reviewing the literature. Although the process of ev aluating PET radiopharmaceuticals
and their indications is ongoing, precedent has been established for involving the PET
community at large rather than req uiring individual PET sites to prove the safety and
efficacy of tracers.

FDA ensures compliance with manufacturing standards by requiring the filin g of
NDAs, adherence to CGMPs, and inspection by FDA staff. FDAMA has streamlined these
requirements for PET, and FDA will adopt templates that can be used by various PET
production sites in a manner tha t greatly simplifies regulatory compliance and sta ndard­
izes the manufacture of PET radiopha rm aceuticals. FDA has en listed the assistance of the
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PET community in developing tem plates for NDAs and CGMPs for clinically used PET
radiopharmaceuticals. Under this regulatory model, PET sites will register as drug man­
ufac turers, submit NDAs based on available templates, follow standardized CGMPs, and
be inspected for compliance by FDA.

An alternative model for the production of PET radiopharmaceuticals is based on the
traditional right of professional pharmacists to compound drugs upon receipt of a pre­
scription written by a physician in the course of caring for a given patient. This model
requires the PET radiopharmaceutical dispensed for the patient to meet all official stan­
dards of purity, but it differs in that the site is not registered as a drug manufacturer and
an NDA has not been filed for the PET radiopharmaceutical. In this alternative model,
the professional act ivities of the compounding pharmacist are regulated by the state bo ard
of pharmacy, and the nuclear pharmacy performing PET radiopharmaceutical compound­
ing is licensed and inspected by the state board of pharmacy.

FUTURE OUTLOOK

Further research into the development, validation, and implementation of new radio­
pharmaceuticals for PET imaging is integral to the con tinued growth of this area of nuclear
medicine practice. Efforts to discover and evaluate new radiolabeled compounds for
clinical use in PET protocols are increasing our understanding of human physiology and
pathophysiology. New PET imaging techniques will undoubtedly be added to the list of
PET procedures used in health care. New PET radiopharmaceuticals and methods may
advance medical practice by promoting the longitu d inal assessment of therapy for various
disorders. Future PET techniques may also have a role in the development of new thera­
peutic agents, since PET im aging efficiently evaluates important parameters such as
dose-occupancy rela tionships and could help streamline clinical trials of new drugs.

PET imaging is especially well positione d for future growth because of its versa tility
in quantifying physiologic parameters. Substantial progress has been made in meeting
the challenges associated with the radiochemical synthesis of radiopharmaceutical struc­
tures for PET.9H Moreover, recent advances in the instrumentation of small-animal scanne rs
now permit PET imaging of improved an imal models of human disease. The capabili ty
to noninvasively validate novel radiotracers in animals yields valuable insight into new
imaging techniques for d ru g development and for clinical diagnostic applicat ions in
humans.

Examples of these exciting new developments in PET research have been presented
at meetings of the International Iso tope Society and the Academy of Molecular Imaging.
Abstracts from the International Isotope Society demonstrate the large pipeline of novel
PET tracers that have been synthesized for preclinical evaluation." Abstracts fro m the
Academy of Molecular Imaging reveal important advances in instrumentation (Institute
for Molecular Imaging), preclinical imaging in drug discovery (Society of Non-Invasive
Imaging in Drug Development), and state-of-the-art d iagnostic PET applications (Ins tit u te
of Clinical PET).'''o This research suggests that clinical PET applications will continue to
grow.
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11 The Nuclear Pharmacy

Kristina M. Wittstrom

In a nuclear pharmacy radiopharmaceuticals are procured, prepared, stored, and dis­
pensed pri marily for patient admi nistration within a nuclear medicine facility. Large
teaching and research facilities may have a complete in-house nuclear pharmacy, while
smaller institutions may have a modest space within the nuclear medicine department
for min imal hand ling procedures. It is estimated that 70% to 80% of all radiopharmaceu­
tical doses are d ispe nsed throu gh commercial centralized nuclear pharmacies1 This chap­
ter examines some of the unique asp ects of a commercial nuclea r pharmacy.

DEVELOPMENT OF NUClEAR PHARMACY

The development of nuclear pharmacy advanced with the advent of the -Tc generator
in the late 1960s.'·2With the increasing availability of reagent kits, pharmacists became
involved in the preparation and dispensing of short-lived radiopharmaceuticals. The first
educational program in nuclear pharmacy was established in 1969 at the University of
Southern Californ ia. Other early programs included those at Purd ue, Michigan, Tennessee,
and New Mexico .

The 19705 saw a tremendous grow th in nucle ar medicine, new radiopharrnaceuticals,
and nuclear pharmacy. The first com mercial centralized nuclear pharmacy was created in
1972 by Richard Keesee at the University of New Mexico College of Pha rmacy in Albu­
querqu e. Keesee is credited with the concept of unit dose radiopharmaceuticals: dispens­
ing a single patient dose of radioactive drug on the prescription orde r of a physician.
Grad ua tes of the uni versity ed uca tional programs began to establish commercial central­
ized nuclear pharmacies in 1974. Nuclear pharmacies sp read across the country, number­
ing about 50 by 1980. By 2000, an estimated 400 centralized nuclear pharmacies staffed
by about 1000 nuclear pharmacists were providing radiopharmaceuticals to hospitals and
clinics in the United States. Recently, centralized commercial radiopharmacies have been
developed in other countries. The development of positron em ission tomography (PET)
imaging and PET radiopharmaceuticals has provided a new growth area for nuclear
pharmacy.

FACILITIES AND EQUIPMENT

The Nuclear Regulatory Commission (NRC) requires that nuclear pha rmacy facilities and
equipment be adequate to protect health and minimize danger to life or property, minimize
the likelihood of con tam inati on, and keep exposures of workers and the public as low as
reaso nably achievable (ALARA). The requirements include docu mentation that the
nuclea r pharmacy has sufficient engineering con trols and ba rriers to protect the public
and employees. Speci fically, the facility and equipment must be designed to effectively
keep personnel exposures to radiation and radioactive materials ALARA, to minimize the
risks from handling radioact ive materials.'
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FIGURE 11-1 Nuclear pharmacy floor
plan. (1) Prescrip tion processing area,
(2) labeling room with laminar flow
hoods, (3) generator room, (4) radioio­
dine room w ith (a) fume hood and (b)
exha usting glove box, (5) refrigera­
tor/ freezer, (6) dose drawing station in
laminar flow hood, (7) wrapp ing area,
(8) quality control area, (9) OOT area,
(10) waste processing area, (11) waste
storage room.

There are m ultiple ways to desi gn a nuclear pharmacy to meet NRC requ irements.
Ideally, the phannacy shou ld be a free-s tanding structure or the end unit of a multitenant
building. This min imizes common walls and reduces potential exposure of the general
public. The floor plan should be arranged with areas designated for specific functions,
with "hot" storage areas located away from other work areas. The physical layout can
va ry in size and design, but most nuclear pharmacies have some common features. Figure
11-1 is a typ ical floor plan with work and storage areas.

The nuclear pharmacy is divided into two areas . The unrestricted area consists of
offices, conference room, and employee lounge. Access to this area by the general pub lic
and employees is not restricted. There are no radioactive materials in the unrestr icted area.
The restricted area consists of the storage and work areas for handling radioactive mate­
rials. Only trained radiation workers have access to this area. The.restricted area is divided
into several function-specific areas.

Restricted Area

The prescription processing area is where telep hone orders are received by the nuclear
pharmacist. These orde rs are transcribed and routinely entered into a computer system.
Electronic prescriptions, labels, and packing slips are generated in this area .

The labeling room is sequestered from general traffic and kept as clean as possible.
Open-transfer labeling processes requiring a sterile air environment are performed here.
A ver tical laminar flow hood (biologic safety hood) is used for all rad ioactive labeling
procedures an d is essential for open-container proced ures such as blood cell labeling.

The generator room is the sto rage site for the many generators received in the nuclea r
pharmacy. A nuclear pharmacy uses many large (multicur ie) generators each week.
Although the generators are stored in the manufacturer 's shield ing, additional lead shielding
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FIGURE 11- 2 Lea d -lined was te s to r­
age module. (Used with permission of
Biod ex Medica l Systems, Shir ley, NY)

Storage and Shielding for Rad ioactive Materi als
To minimize radiation exposure of employees,
radioactive materials sho uld be stored and handled
us ing protective equipment. Most such equip ment
is mad e of lead in d iffere nt configurations. Basic
shield ing equipme nt is listed in Tab le 11-1. Storage
equipme nt is ava ilab le in a variety of sizes and
designs to accommo da te specific needs. A nuclear
phar macy can purchase lead-lined fixtu res such as
those shown in Figure 11 -3.

is needed to minimize employee expos ure. This area is often one of the "hottest" within
the restricted area.

The iodine room contains an exha usting fume hood for the storage of vola tile rad io­
active ma terials, usually t31 1 and I3.:lXe. The fume hood ducting contains special traps to
monitor the release of effluen t into the atmosphere (see Chapter 5, Rad iation Safety). A
glove bo x-type unit may be used that exhausts in to the main fume hood. Manipulat ions
of vola tile substances are performed wi thin the glove box. A second tra p is located near
the glove box to mo nitor poten tial employee exposure.

Many radiopharm aceuti cal componen ts require refrigeration or freezing to main tain
product integrity. Several reconstituted rad iopharmaceuticals should be refrigerated to
retard mic robial growth and maintain sterility. No food or d rink is stored in the same
refrigerator with these products. The refrigerator and freeze r compartment temperature s
should be mo nitored an d recorded d aily.

Each nuclear ph armacy has one or mo re rad iopharmaceutical dose-drawing stations.
These consist of a laminar flow hood w ith appropria te shield ing an d calibra tors. All closed­
system compounding is performed within the se hoods. Unit dose radiopharma ceuticals
are also prepared within a laminar flow hood . After the dose s have been drawn, they are
passed to a wrapping area. Un it dose sh ields are closed and labeled. Security shrink-w rap
is often added at this poin t. The sh ields are w ipe tes ted for removable contamination
before moving to the Department of Trans por ta tion (DOT) area .

While doses are bein g wrapped, the compounded radiopharma ceutical is tested.
Although this is not required by regulation, nuclear pharm acy standards of prac tice
recommend that each radioph ar maceutical be tested for purity before its release for patient
ad ministra tion. Testing includes radionuclidic and radiochemical purity checks. A detailed
discussion of these quality cont rol tests is presen ted in Chapter 12.

Wrapped doses are moved to th e DOT area. Here doses are packed into delivery
containers. Package tes ting and mon itoring required by DOT are then per formed before
the package can be released for transport and delivery. Cha pter 5 con tains a discussion
of DOT requ irements.

As a service to unit do se users, most nuclear
ph arm acies offer a waste managemen t system.
Spen t syringes are returned in shields and DOT
packaging to the nuclear phar macy. The packages
are opened and the spent sy ringes sorted by iso­
tope half-life into cardboard con tainers stored in
lead-sh ielded ba rrels such as that shown in Figure
11-2. The waste is held for decay in the waste stor­
age are a. After 10 half-lives the waste is transferre d
to a biohazardous waste disposal service. A more
detailed d iscu ssion can be found in Cha pter 5.
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TABLE 11-1 Storage and Shielding Equipment
for Radioactive Material

Lead-lined storage areas
For radiopharmaceuti cals
For rad ioactive sealed sourc es
For radioactive waste

Lead Lblock shie lds with lead ed -glass viewing area
Lend bricks
Lead waste barrels
Vial sh ields (lead or tungsten)
Unit do se syri nge delivery sh ields (lead or tungs ten)
Dispen sin g sy ringe sh ields (leaded glass)
Lead sheeting of various size and thickness

FIGURE 11-3 Lead -lined storage modules for radi op ha rmaceuncals and miscella neo us sou rces .
(Used with permission of Biod cx Medical Systems.)

Lead bricks, usually 2 x 4 x 8 inches, are useful for providing extra shield ing in areas
where extemporaneous shielding is requ ired, such as in the fum e hood . Bricks provide
the flexibility of a movable shield tha t can be changed or moved as needed . Lead bricks
are ava ilab le from commercial suppliers.

Vial shields of either lead or tungsten can be purchased or salvaged from manufacturer
shield s supplied with radi opharm aceuti cals. Vial shields are used to shield genera lor
elu tion vials, prepared radiopharmaceuticals, and multidose vials prepa red for custome rs.
The thickness of lead shields should match the gamma energy of the source to minimize
exposure during handling and transit to the nuclear med icine facility. Ade qua te sh ield ing
is most important in the handling and tran sporting of 1311 and I'F. Their high gamma
energies require thicker lead to reduce exposure.

There are several styles of syringe shields. Some are designed for use in injecting
patien ts. These are often made of lead with a glass inset for reading syringe markings.
Figure 11-4 illustrates this type of sh ield . Unique to nuclear pharmacy is the dispensing
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FIGURE 11-4 Syringe shield with leaded-glass
viewing area. (Used wi th permission of Biodex
Medical Systems.)

FIGURE 11-5 Dispensing syringe shield used in
drawing doses from radiopharmaceutical vials.

syringe sh ield. This shield is made entirely of leaded glass, eliminating the need to
manipulate the syringe to see the markings. The needle end of the shield is threaded to
lock the syringe in place during compounding procedures. A chrome-covered lead p late
is affixed to the end of the shield to protect the pharmacist's hands from the cone of
radiation emitted from a bulk radiopharmaceutical p reparation. This type of shield is
pictured in Figure 11 -5.

A lead L-block (Figure 11-6) is an L-shaped piece of lead with an inset of leaded glass
to permit viewing of the work area. An L block is routinely used in dispensing stations
to protect the worker's body and face during manipulation of radioactive materia ls. L­
blocks are also used at the quality control station, in the glove box-type exhausting fume
hood, and in front of devices used to heat radiopharmaceuticals during compounding.

Work Surfaces and Sinks

Work surfaces throughout the pharmacy should be constructed of material resistant to the
absorption of liquid, such as stainless steel, plastic, epoxy coating, or Formica. Surfaces over
which rad ioactive materials are manipulated should be protected with plastic-backed absor­
bent sheeting. This sheeting will absorb any liquid contamination and is easy to remove. A
nuclear pharmacy may have a sink within the restricted area. A sink is usefu l for deconta m­
inating equipmen t or personnel. Sinks are most commonly used for hand washing before
exiting the restricted area. Sinks are not intended for the disposal of radioactive solutions.

Hoods

As discussed ear lier, it is desirab le to have several types of hoods within the restricted
area. Exhaust hoods are used to contain volatile radiopharmaceuticals such as iodine and
xenon preparations . A traditional chem ical exhaust hood is acceptable for processes that
do not require a sterile air env ironment.

Procedures that involve the labeling of blood cells and proteins require the sterile air
environment provided by a laminar flow hood . Figure 11-7 illustrates the two basic types
of laminar flow hoods, the horizontal flow hood and the vertical flow hood. In general,
the horizontal flow hood has no application in a nuclear pharmacy because its airflow
pattern is no t sui tab le for hazardous materials. A vertical flow biologic safety hood is
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FIGURE 11-6 Lead-shielded Lblock drawing stations with leaded-glass viewing area. (A) Standard
L-block (iJ2 inch thick lead) wi th lf4 inch thick leaded glass for single-photon-emitting radiopharma­
ceuticals (used with perm ission of Biod ex Medi ca l Systems); (B) PET 511 L-block (1 inch thi ck lead)
with 4 inch thick leade d glass for positron-emitting radi opharma ccuti cals (used with pe rm ission of
Capmtcc lnc., Ramsey, NJ).

ElIhau$t Filler

•

HEPA
Filler

Blower

A B

FIGURE 11-7 Laminar flow hoods. (A) Ho rizontal flow hood ; (B) vertical flow hood.



The Nuclear Pharmacy 387

recom mended for handli ng any po tentially biohazardous ma terial, including radioactive
materia l. Air entering the biologic safety hood is forced through a high-efficiency partic­
ulate air (HEPA) filter so that the quali ty of air is 99.9% free of particles less than 0.3 urn .
Air leaving the hood passes through a second HEPA filter to prevent the release of
particulate bioha zardous ma terial into the workspace. A Class II Type B-1 vertical flow
hood that exha usts into the room is adequate for most types of procedures except those
involving volatile radionuclides . Work with volatile agents requires a Class II Type B-2
hood tha t exhausts to the outsid e of the facility. Dispensing stations are usually placed
within a vertical laminar flow hood. Ideally, the hood sho uld be of the exha ust ing type
to ma ximiz e protection of the worker and the environment, particu larly if volatile nuclides
are handled. Hoods should remain operational throughout the workday. At the beginning
of a new workday, a hood should be allowed to run for at least 15 minutes before clean ing,
decontamination, or usc .

RADIATION DETECTION INSTRUMENTATION

The devices used to measure or detect radioactivity in a nuclear pharmacy includ e dose
calibrators, portable Geiger-Muller (GM) survey meters, ion chambers or meters with
energy-compensated probes, area monitors, and scintillation detectors wi th single-cha nnel
or multichannel analyzers. The principles of operation of these instruments are d iscussed
in Chapter 3.

Dose Calibrators

The dose calibrator is an ionization chamber that is calibrated to measure the rad ioactivi ty
of different isotopes used in radiopharmaceuticals (Figure 11-8). It is capable of measuring
a range of activities from microc uries to curies . This easy-to-use instrument is adjusted
for the rad ionuclide to be measured either by selecting a preset button or by adjusting a
potentiometer to a specific calibration number. The source of radioactivity is p laced into
the chamber well and the activity is d isplayed on a digital readout.

FIGURE 11-8 Dose calibra tor
fo r assaying rad topharma­
ceuticals. (Used with permis­
sion of Captntec Inc.)
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The user must be aware of geom etric factors that may affect the readout on a dose
calibrator. This is part icul a rly important in measuring the activity of low photon energy
nuclides, such as 1251 (27- 35 keY ) an d nuclides that p roduce abundant low-ene rgy char­
acteristic x-rays, su ch as 1231 (27- 31 keY) and II1 ln (23-26 keY) . Differen t types of containers
(e.g., plastic syringe, glass vial) May exhibit d ifferen t readings of the same amoun t of
activity as a res ult of the difference in absorption of low-energy photons by the container.
Correction factors must be applied to accurately measure certain rad ionuclides in different
configurations. For example, measurements of 1251 in glass vials may be 30 (:10 to SO<X>less
than the same amount of activity measured in a plastic syringe. The recent introduction
of the 1251product lotrex (Proxima Therapeu tics, Alpharetta, Ca.) for in situ brachytherapy
of brain tumors is a case in point. The procedure requires the accurate measurement of
multimillicurie amounts of 1251. The manufacturer of this p roduct has specified th e exac t
type and size of sy ringe and the specific dose calibrator setting to use to assay the dose
cor rectly

Nuclides such as 123[ and II1 ln emit high-energy gamma rays for imaging, but they also
emit a high abundance of low-energy x-rays in the range of 23 to 31 keY th at w ill affe ct
the dose calibrator readout w ith different types of containers. A simple device using a
copper filte r inserted into the dose calibrator eliminates this problem by absorbing the
low-ene rgy x-rays without affecting the h igh-energy gamma rays. '

Dose calibrators are quite rugged and operate satisfactorily for many years. Daily and
periodic quality contro l assessments are needed to ensure accurate operations. These
assessments are discussed further in Chapter 12.

Geiger-Miiller Survey Meters

This gas -filled detector was di scussed in Chapter 3. It is a portable device for m easuring
rad iation exp osure in counts per minute (cpm) or m illiroentgens per hour (mR/hr). Th e
meter mea sures radiation detected by a probe. The preferred probe for use in nucle ar
pha rm acies is the pancake probe. The front of the probe (Figure 11-9) has little sh ielding,
allowing for a very sensitive check for con tamination. The back of the probe is covered
wi th a metal plate. Since the meters are calibrated against the back of the probe, it can be
used to assess radiation fields. Other types of p robes include the end-window probe
su itable for contamination checks and beta probes th a t have a sl iding beta "window,"
allow ing for monitoring of both gamma and beta emissions.

Survey meters are the workhorses of a nuclear pharmacy. They are used in chec king
packages of radioactive materials, checking for contamination in work areas, monitoring
personnel, and measuring rad iation field s. However, a C lvl-type survey meter is limited
in the amount of radiation exposure it can detect accurately. Most portable survey meters
are accurate to 1 or 2 R/hr. Higher exposures require the use of a different instrument.

Ionization Chambers or Energy-Compensated Probes

High levels of radiation exposure such as those from m ulticurie 99mTc generators or high­
activ ity l:\lI shipments may require an instrument that can read above the levels of the
GM survey meter. An ionization chamber w ill accurately read high levels of radiation
exposure, but not as rapidly as a GM meter . An alternative to an ionization chamber is a
m ultip urpose survey meter that not only operates with a gas-filled probe but also has an
internal energy-compensated solid detecto r p robe. A n uclear pharmacy that does not
receive or ship packages cont aining high activity levels of radioactive materials with high
radiation exposure rates does not need th is additional equipment.
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B

FIGURE 11 ~9 Geiger-MUller survey meters with (A) pancake-type probe (used wi th permission of
Capintec Inc.) and (B) end-window-type probe (used with permission of Biodex Medical System s).

Area Monitors

Area monitors are similar to GM survey meters except that they are usually stationary
and are plugged into an electrical outlet. Area monitors are placed at the exit po ints of a
restricted area and in other areas where ambient radiation exposure is a concern. Many
monitors are equipped with an adjustable alar m that can be set to go off when a specific
radi ation level is exceeded. These device are sometimes equ ipped w ith two probes and
are used to monitor hands, feet, and clothing before personnel exit the restricted area. A
typ ical monitor is shown in Figure 11-10.

Scintillation Well Counters

A scintillation well coun ter consists of a sodium iodid e crystal de tector designed with a well
to accept test tubes. The crystal is coupled to a photomultiplier tube. This unit de tects gamma
radiation and generates voltage pulses proportional to the gamma ene rgy deposited in the
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FIGU RE 11-10 Geiger-Muller alarm rate meter for monitoring ambient radiation levels. (Used w ith
permission of Biodex Medical Systems.)

crys tal. The pulses are sent to a single-channel or multichannel analyzer (spectrometer)
that can discriminate between the ph oton energy pulses. This permits the identification
of un known rad ionuclide samples and measurement of the am ounts of radi oactivity in
samples containing one or more known nuclides. The well counter is primarily used to
count small am ounts of radio activity « 1 ~Ci) p resent in room wipes, package wipes, and
samples of biologic fluid (e.g., plasma or urine). This sensitive ins tru ment mu st be located
in a low-level backgro und counting area. An examp le of a scintillation well counter is
shown in Figure 11-11.

MISCELLANEOUS EQUIPMENT AND SUPPLI ES

A number of other items are necessary in the nuclear pharmacy. A microsco pe and
hemacytometer are used to size particulate-containing radiopha rmaceuticals such as radio­
colloids, macroaggregated albumin, and labeled cells. A centrifuge is necessary for sepa­
rating blood cells from plasma for cell-labeli ng studies. Several radiopharmaceuticals
require heating for pe riods of time . A water bath or heat block is often used to heat these
prod ucts. A refrigerator and freezer are necessary for proper storage of radiopha rmaceu­
tical components. Daily tempera ture checks should be made on both the refrigerator and
the freezer. Various typ es of chromatography materials and reagents are necessary to
perform quali ty control on prepared radioph armaceuticals. An in-depth d iscussion of
these sup plies can be found in Chapter 12.
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FIGU RE 11 -11 Sodium iodide scintillation well counter. (Used w ith permi ssion of Ludlum Mea­
surements, Inc., Sweetwater; TX.)

PE RSONNEl

A nuclear pharmacy is licensed by a sta te board of pharmacy. Accord ingly, compoun ding
and d ispensing operations must be done under the supe rvision of a registered pharmacist
and in accordance with all pharmacy statutes and regul ations. The possession, handling ,
and dispensing of radiopharmaceuticals is regulated by NRC or an agreement-state reg­
ula tory body. NRC regul ations require tha t the use and handling of radiopharmaceuticals
be under the supervision and direction of an authorized nuclear pharmacist (ANP).

Authorized Nuclear Pharmacist

All activities within a nuclear ph armacy must be perfo rmed unde r the su pervision an d
direction of an AN P. An ANP has completed a tra ditional pharmacy educa tion, is regis­
tered as a pharmacist within the state of practice, and has com pleted an accredited program
consisting of 200 contact hours of didactic education and 500 hours of exper iential training.
A handful of universities offer an undergraduate ANP prog ram. Alternatives to the uni ­
versity classroom programs include university-sponsored distance education programs
and on-site programs. Commercial nuclear pharmacy chains may offer internal courses
for the ir employees.

The primary responsibility of an ANP is to prepare sterile, efficacious radiopharma­
ceuticals and provide the right drug in the right dos e for the righ t patient at the right
time. The ANP must have a strong knowledge base in nuclear pharmacy methods and
techn iques, as well as in the scientific p rinciples that underlie the practice of pharmacy.
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TABLE 11-2 Protective and Aseptic Techniques in Nuclear Pharmacy

Wear d isposable gloves and a street-leng th lab coa t.
Work behind a lead L-block when manip ulating radioactive material.

Use syringe shields when preparing and dispensing doses.
Use the inverse square law to reduce radiation exposure. Use tongs to handle large
amounts of unshielded radioactive material.

Cover wor k areas w ith absorbent plastic -backed paper.
Plan ahead and wor k quickly and efficie ntly. Perform d ry runs for new procedures .
Work wi th on ly one radioph armaceutical at a time.
Swab vial septa with alcohol.
Maintain neg ative pressure on vials containing radiopharmaceuticals.
Use co rrect technique for needles entering via l septa to prevent coring.
Inspect all rad iopharmaceutical components, materials, devices, and so lutions
carefully for accuracy and integrity.

Do not eat or d rink in the restricted area.

Nu clear Pharmacist Technician

As specified by the state boards of pha rmacy, nonpharmacist personnel may be allowed
to perform rout ine, nonjud gmental dispensing tasks. These individuals have received in­
house training to perform specific tasks under the supervision of the ANP. Tasks commonly
delega ted to technicians include quality control testing, inventory control, packaging, and
record keeping .

Delivery Personnel

Most nuclear pharmacies maintain a staff of delivery personnel and a fleet of vehicles.
Delivery personnel are trained in the handling of packages containing radioactive material
being transported to the final user (hospital or clinic). All pe rsonnel wo rking in a nuclear
pharmacy have received training in eme rgency procedures involving packages containing
radioactive materials.

HANDLING TECHNIQUES

Nuclear pharmacy techniques can be divided into two categor ies: protective techniques
and asep tic techniques. Protective techniques prevent or minimize radioactive contami ­
nation and unnecessary radiation exposure. Aseptic techniques prevent or minimize the
chance of microbial contamination of ster ile solutions and devices. Each nuclear pharmacy
has an interna l policies and procedures manual that details the required techniques.
Common recommendations are listed in Table 11-2.

NUCLEAR PHARMACY PRACTICE

The Section on Nuclear Pharmacy of the American Pharmacists Association has developed
Nucl ear Pharmacy Practice Guidelines; these were initially established in 1978 and were
updated most recently in 1994. The guidelines cover several domains and con tain state­
ments to aid in the description and interpretation of nuclear pharmacy practice. The nine
general domains involved in nuclear pharmacy practice are procuremen t compounding,
quality assurance, d ispensing, distribu tion, hea lth and safety, provision of information
and consultation, monitoring patient outco mes, and research and developmen t.'
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The gu idelines do not consider d ifferences in practice setting, job responsibili ties, or
other considerations. They may not be ap plicab le to all nuclear pharmacists, nor are they
all-inclus ive. Phar macists should use professional judgment in interpreting the guidelines.

Procurement

Procurement of radiopharmaceuticals and the associated activities are learned from expe­
rience on the job. Some tasks, such as determining product specifications, initiating pur­
chase orders, receiving shipments, maintaining inventory, and proper storage of materials,
are very similar to those involved in other areas of pharmacy practice. The art of procure­
ment involves anticipating da ily needs for short-lived radiopharmaceuticals and obtaining
amounts that meet these needs with min imal waste. Procurement involves daily, and often
hourly, ana lysis of inventory against an ticipated next-day demands.

The ordering of radio pha rmaceu ticals req uires a thorough knowledge of calibration
and exp iration dates and tim es, as well as shipping and delivery schedules. In contras t
to trad itional pha rmaceuticals, orders for rad ioph armaceuticals are placed directly with
the manufacturer. A nuclear pharmacy may have daily standing orde rs for some products,
but these ord ers mus t be cons tantly assessed and adjusted. Most orders are sh ip ped by
air to arri ve in the early hours of the morning, often before the nuclear pha rmacy opens
for the day. The materials must be on hand in the pharma cy in time to get them to the
hospitals and clinics before the n uclear medicine department opens.

Nuclear pharmacies have a designated de livery area for sh ipments that arr ive when
the nuclear pharmacy is closed. This may be an exterior lock box or a secured foyer for
which the delivery company has a key. Package receip t involves followi ng the regulatory
procedures for opening packages . Details regarding receipt of radioactive material pack­
ages are disc ussed in Chapter 5.

Compounding

Although many rad iop harmaceu ticals are available in ready-to-use form, most must be
compounded on an as-needed basis. Compound ing activ ity can range from the rela tively
simple task of recons tituti ng reagent kits with """'Tc-sodium pertechnetate to comple x tasks
such as operating a cyclo tron and synthesizing PET radiopharmaceuticals . Nuclear phar­
macists may also perform extemporaneous compounding of commerc ially unavailable
radio pharmaceuti cals such as 1211-iobenguane sulfate (123I-MIBG). As in other pharmacy
practice settings, a valid prescription order is needed. Other considerations include appro­
priate components, supplies, and equipment; a su itab le environment for sterile do sage
forms; and appropriate record keeping, including lot-spec ific information to ensure trace­
ability and val ida tion or ver ification of the rad iop harmaceutical's compound ing proce­
dure, storage, and expiration date.

Most commonly, the nuclear ph armacy prepares technetium rad iopha rmaceuticals by
reconstituting reagent kits with sodium pertechnetate. Each nuclear pharmacy has internal
wri tten procedures for the reconstitu tion of'NmTc kits. If no written procedure has been tested
and valida ted, the manufacturer 's package insert recommendations should be followed.

The prep aration of radiopharmaceuticals labeled with technetium and other radionu­
elides is more complex than most drug compounding because rad ioactive accountability
and decay, radiation protection, and radiolabeling conditions must be considered . Each
radi opharmaceutical lot is assigned a radioactive concentration at a given time, for exam­
ple, 50 mCi (1850 MBq)/mLat 1200 hours, and a lot number. When an order for a part icular
radiopharmaceutical is phon ed in, prescriptions can be genera ted from a particular radio­
pharrnaceutical lot. A compu ter-generated report of predispensing inform ation is ava ilable
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TABLE 11-3 Predispensing Worksheet
for ....mTc-Medronale (MDP) 40 mCifmL at 0600

Rx No. Hospital Patient Orug Act ivity Cal Time Volume

12345 Memoria l Smith MOP 25mCi 0900 0.890
12350 Communi ty Jones MOP 20 mCi 11830 0.67
12371 StJo Adams MDP 25mCi 1000 1.0
12375 SIlo Brown MOP 25 mCi Hno 1.04
12376 StJo White MOP 25 olCi 1100 1.12

12390 Holy Cross Garcia MOP 15 mCi 0900 0.53

12391 Holy Cross Smith MDP 15 mCi 0930 0.50

Tota l vo lume 5.75

UNC Hospitals DivisionofNuclearMedicine
Technetium-99m Radiopharmaceuticai Compounding Record
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FIGURE 11-12 "wlc radiopharmaceutical compounding control record.

prior to the compou nding of a particular radiopharmaceu tical lot; it provides not only
prescription traceability bu t com poundi ng specifics. Table 11-3 shows a rep resentative
pred ispensing report for seven prescrip tions tota ling 5.75 mL of total volume to be com­
pounded .

Each prepared rad iopharmaceutical lot must have traceability of all components con­
tained in the final prod uct. Every nuclear pharmacy has some type of kit-compounding
worksheet or record. This record, usually generated by hand, lists traceable information
about each component used in the radiopharmaceutica l's p repara tion, such as the man­
ufacturer 's lot number, the time and activity of reconsti tution, and volumes used . These
hand-generated records are converted into an electronic format as time allows. Figure 11­
12 illustrates a kit-eompounding wo rksheet.

Nontechnetium radioph arma ceuticals are commerc ially ava ilable as app roved dru gs.
Some of these products are in ready-to-use form and simply require a decay calculation
before a patient dose is disp ensed . Examples are " Ga-gallium citrate, 20ITl-thallous chlo­
ride, 1311-sodium iodide, and lllln-pentetate. Other products are in kit form , and the ir
prepara tion requires following the instructions in the manufacturer 's package insert.
Examp les are II lln-pentetreotide (OctreoScan) and III ln -capromab pendetide (Pros taScint).
Record keeping for these products is similar to that for technetium rad iop harmaceuticals.

Upon a w ritten order from a ph ysician for a specific radioph armaceutical for a specific
patient , a nuclear pharmacist may extemporaneously compound a radiopharmaceutical
that is not com merc ially available. Standards of practice for reagent chemical p ur ity,
ster ility, and apyrogenicity become the responsibility of the nuclear pharmacist. Such
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compounding activities must be performed and documented in accordance with state
board of pharmacy an d FDA regulations.

The compound ing of PET radiopharmaceuticals requires more controls, valida tion
procedures, and record keeping than are needed for any other radiopharmaceuti cal. A
PET radiopharmaceutical may require that the ph arm acist synthesize the desired radio­
nuclide, purify it, and che mically incorporate it into a biologic tracer form, using good
manufacturing practices. Additional information on PET rad iopharmaceuticals can be
found in Chapter 10.

Quality Assurance

Quality assurance of radi opharmaceuticals involves the performance of appropriate chem­
ical. physical, and biologic tests to ensure that the product is suitable for human use.
Certain standards, such as sterility and ap yrogenicity, may be gua ranteed by the ma nu ­
facturer of commercially available reagent kits. This minimizes the qu ality assurance
demands on the nuclear pharmacist. When radiopha rmaceuticals, including PET products,
are compounded extemporan eously, verification of product specifications is the responsi­
bility of the nuclear pharmacist. This responsibility includes not on ly performing the test es)
bu t also interpretation of the results, evaluation of analytical test methods, calibration or
functional checks of equip ment and instruments used, and ap propriate record keeping.
Record keep ing is more than just ensuring component traceability; records must also
document procedure va lidation and include test resu lts and analysis. Radiopharmaceuti­
cals mu st meet all specifications described in the appropriate USP monograph. These
includ e radionuclidic purity, rad iochemical purity, chemical purity, pH, particle size, ste­
rility, apyrogenicity, and specific activ ity. Details on quality assurance testing can be found
in Chap ter 12.

Dispensing

An au thorized prescription order is ma de by a nu clear medicine ph ysician (or delegate)
in accorda nce wi th state and local requirements. The radi opha rmaceutical is dispensed to
the au thorized nu clear physician at an authorized location. Radio pha rma ceu ticals are not
dispensed directly to patien ts, but to those professionals licensed to administer radio­
pharm aceuticals. Most radi oph arm aceutical prescriptions are dispensed as unit doses
read y for administration to a particu lar patient. Multi dose vials of radiopharmaceuticals
may be de livered to nuclear medicine departments to cover eme rgency or unexpected
situations "per physician order."

Each state board of ph armacy and the radia tion safety agency has specific requirements
for the labeling of radiopharmaceuticals. The syr inge or vial that contains the radioactive
material must be tagged with speci fic information, including prescription number, pa tient
name, radiopharmaceutical name, activity dispensed, and the da te and time of calibration.
The labeled syringe or vial is placed into a lead shield that also must be labeled. The sh ield
label is larger and can accommodate additional information, su ch as directions for sto rage
or administration.

The nuclear pharmacist is responsible for ensuring that the radiopharmaceutical dos­
age is consistent with the prescription ord er and is ap propriate for a particular patient
study. Patient considerations may include prior history, age, weight, sex, an d disease state.
Oth er consi derations include adjustment for radioactive decay between preparation and
dispensing times and between dispensing and ad ministration times. For some radiophar­
ma ceuticals, stability concerns may mandate a shorter product exp iration time. The
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nuclear phar macist must have a working knowledge of prod uct chemistry and pha rma­
cokin etics to optim ize patient care.

Most radioph armaceuticals are injectable prod ucts and require the use of asep tic tech­
nique du ring compound ing and dispensing operations. The nuclear pharmacist must be
ab le to ensure maintenance of steri le con trols throughout bo th processes. This involves
the proper use of well-maintained lam inar airflow hoods for both compounding and
dispensing procedures.

Distribution

The distribu tion of rad iopharmaceuticals is a major responsibility of the nuclear pharma­
cist. After rad iopharmaceuticals have been compounded and dispensed , they must be
transported to the final site of use. Radiopharmaceuticals must ar rive in a timely ma nner
so that the flow of a nu clear medicine department's operations is not disrupted . There are
many regulatory and logis tical conside rations in the distribution p rocess.

DOT regulates pa ckaging, labeling, shipping pa pers, employee training, and actual
transport. The recipient of radioactive material mus t meet regulatory requirements regard­
ing wh ere, wh en, and how deliveries are to be made. Other regulatory groups that may
be involved include the Environmental Protection Agency (EPA) (biohazardous waste
transport), hazardous materials agencies, and state law enforcement agencies (for exampl e,
the Californi a Highway Patrol requires a special license to transport radioactive materials).
A nuclear pharmacist must be kno wledgeable abo ut the app licable local, state, and federal
regulations governing the transport of rad ioactive materials.

Nuclear pharmacies offer set deli veries at certain times throughout the day. These are
often identified with production runs: The first run is the first compou nd ing sess ion of
the day, with doses delivered prior to 0700; the second run provides doses de livered
around mid day; and the third run provides late afte rnoon products. Each run is di vided
into routes of several hospital deliveries in sequence. In addition, deliveries are made
outside these regular runs to meet same-day orders and emergency orders. The n uclear
p harmacist must have a comprehensive working knowledg e of transport regulations,
know the location and distance of each hospital, and efficiently juggle de livery personnel
and veh icles to make timely deli very of rad iopharmaceuticals. Larger nuclear pha rmacies
may util ize a dispatcher to handle de livery logist ics.

Requ ests for radiopharmaceuticals do not cease at 1700. The nuclear pharmacist is
available 24 hours a da y, 7 days a week to provide imaging materials. Afte r-hours requests
often are of an emergency nature and require expeditious delivery. Sometimes the nucl ear
ph armacist not only compounds and dispenses the prescription but also deli vers it.

Health and Safety

Rad iation safety requirements and standards have been established and are enforced by
NRC or agreement states . These requirements includ e limits for radiation doses, area leve ls
of radiation , airborne concentrations of radioactivity, waste disposal, and precautionary
proced ures to protect the health and safety of the occupationally exposed worker and the
genera l public. The AN P designation implies that a nuclear pharma cist not on ly is capable
of operat ing a nu clear pharmacy but also is qualified to fun ction as the site radiation safety
officer. Chapter 5 reviews radiation safety issu es in detail.

In addition to rad iation safety concerns, other aspec ts of health and safety are important.
The Occupational Safety and Health Administration regulates chemical safety and other
personn el hazards. EPAregulates the release of radioactivity into the air (air monitoring) and
the hand ling of biologic or bioh azardous materia ls. The federal agencies may often have a
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TABLE 11-4 Information and Consultation Topics

Biologic effects of radiation

Rad iation phy sics
Rad iopharmaceutical compo und ing
Qua lity assurance
Clin ical applications of radiopharmaceuticals
Pha rma cologic in terven tions used with radiopharmaceuticals
Drug-radiopharmaceutical interactions
Adverse react ions to rad iopharmaceuti cals
Patient-sp ecific variables th at alter rad iopha rmaceu tica l d ist ribution
Radi opharmaceutical p rod uct defects
Regulato ry issu es
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local or state equivalen t with regulations that are equa lly or more restrictive. To prevent
citations and penalties, nuclear pharmacies must be in comp liance with all safety standa rds.

Provision of Information and Consultation

A nuclear ph armacist is part of the nuclear med icine team . Nuclear pharmacists sha re
their exper t knowledge by providing the ap propriate information to physicians, technol­
ogists, patients, and others. This information ranges from regulatory requirements to
patient-specific variables . Table 11-4 su mm arizes types of information requested from a
nuclear pharmacist.

The nuclear pharmacist provides inform ation in many d ifferent settings. Educational
information may be presented to the pharmacy staff, a hospital, a local or national pro­
fessional meeting, or to regulatory agencies. Organizationa l policies and p roced ures are
often developed under the guidance of a group of nuclear pharmacists. These ma y be for
a single pharmacy or a corporate structure or for the benefit of the profession. Information
pertinent to the care of a specific patient (pharmaceutical care) is requested daily from
physicians and technologists.

Monitoring Patient Outcomes

A nuclear pharmacist does no t usually have direct con tact with patients. However, nucl ear
pharmacists contribute to patien t outcomes throug h patient prep aration , dose calculation,
develop ment of institutional standards for the use of radiopharmaceuticals, and knowl-
edge of proper interventional agents and imaging sequence. .

Research and Developmen t

Nuclear pharmacists may participa te in the development of new radiopharmaceuticals, new
compounding procedures, and quali ty control tests. Many nuclear pharmacists participate
in clinical investigations and evaluations of new uses of radiophannaceuticals. An important
contribution of the nuclear pharmacist is the dissemination of informa tion about new prod­
ucts and techniques to practicing nuclear medicin e physicians and technologists.

RECORDS IN THE NUCLEAR PHARMACY

NRC and agreement-state agencies require an accounting of all transfer, disposal, or decay
of rad ioactive material. Record s substantiating daily an d periodic testing must also be
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TABLE 11-5 Representative List of Required Records

Generator elu tion records

Compound ing records
Dispensing records

Rad iopharmaceutic al quality assurance testing
Incoming package receiving record

Outgoing package shipping papers
Room wipes and surveys

Air monitoring
Employee bioassay
Employee training documents

Employee dosimetry reports

Equipment test ing--daily and periodic
Laminar flow hood clea ning

Laminar flow in tegrity testing

Temperature checks of refrige rator/freezer

Waste disposal records--hazard ous material and radiO<lcti\'e material<;

ma intained for specific amounts of tim e. DOT requires that cop ies of shipping documents
be ma intai ned for 1 year. EPA wants "crad le to grave" traceabili ty of biohazardous waste.
Compounding and disp ensing records must also be kept. Boards of pharmacy expec t
certain records, such as temperature checks on refrigerators and freezers . Nuclear phar­
macy intern al p rotocols and procedures may require ad di tional records not mandated by
a regul atory bod y. A key concept promulgated by all regulatory agencies is that if a written
record is not ava ilable, the process or procedure did not occur. Table 11-5 provides a
represen tative list of required records for a nuclear pharmacy.
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12 Quality Control
in Nuclear Pharmacy

joseph C. Hung

The old adage that a cha in is only as strong as its weakest link is applicable to nu clear
medicine practice. The nuclear medicine physician must be sure that the informa tion
obtained from a rad iodiagnostic p rocedure is a true representation of the patient's condi­
tion. The strength and conviction of a physician's d iagnostic impression are based no t
only on his or her knowledge and experience but on trust in a n uclea r diagnostic system
in which all measures have been taken to prevent errors. There are several areas wh ere
problems can occur to weaken the system : competency of personnel, data collec tion, data
process ing and display sys tems, instrumentation, and radiopharmaceu ticals. This chapter
focuses on practical me thods used in the nuclear pharmacy to ensure high-quality radio­
pharmaceuticals and proper opera tion of the instru ments used in preparing them.

RADIOPHARMACEUTICAL QUALITY CONTROL

Becau se radio pharmaceuticals are intended for human administration, quali ty control
(QC) procedures are imperative to ensure their safety and effectiveness. QC of radiophar­
maceuticals has been defined by Briner' as "a series of tests, observations and ana lyses
that will ind icate beyond a reasonable doub t the identity, quality, and qu antity of alI
ingred ients p resent in a product and which will de monstra te that the technology employed
in its formulation or manufacture will yield a dosage form of highest safety, purity, and
efficacy." This defini tion implies that the QC program must be in operation con tinuously
throughout the radiopharmaceutical preparation process.

Radiopharrnaceuticals p repared by drug manufacturers are routinely monitored
through a series of vigo rous testing procedures. Consequently, the end user is gene rally
not required to conduct any further QC evaluation on such products, except for cer tain
mandated tests such as the ""Mo breakthrough test on a ""mTc generator eluate.' However,
for extemporaneously prepared -Tc-labeled compounds, it is the responsibility of the
preparer to ensure that the fina l p roduct meets acceptable stan d ards of qua lity an d purity.
Fortunately, the occurrence of defective or substandard radiopharmaceutical products has
reportedly been infrequent.>!"

There are three basic sources of in formation on QC meth ods for radiopha rrnaceuticals:
the United States Pharmacopeia (USP), drug product pac kage inserts, and the scientific
litera ture. USP is the official compendium of drug products manufactured in the Uni ted
States. It is recogn ized by the federal Food, Drug, and Cosmetic Act and is referenced in
numerous statutes regulating items used in medical practice." USP standards for estab­
lishing a drug's identity, st rength, qu ality, and p uri ty, an d specifications for packaging
and labe ling provide a guide for the quality of drug products prepared for medical use,

399
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including ra diopharmaceuticals. Package inserts, which must be approved by FDA, are
supplied with radioactive drug products and include preparat ion and QC infor mation for
the nuclear pharmacist preparing these products. The th ird source of information is the
scien tific literature. Al though journal articles, textbooks, and technical reports do not have
the power of statute associated with a USP method, they are sometimes used as alternative
sources for QC tes t methods in nuclear pharmacy p ractice.

The official test method for QC described in the USP monograph for a rad iopha rma­
ceutical does not preclude the use of alternative methods. P However, alternative methods
must be shown to be equivalent to the USP method, which is the reference method. It is
no t clear whether FDA has a similar policy regarding deviations from tes t procedures
described in package inserts. FDA permits physicians to use approved drug p roducts for
unapp roved or unlis ted clin ical indications.tv" Nuclear pharmacists should also be per­
mitted to use alternative QC testing methods in order to meet production capabili ties an d
constra ints, especially if the testi ng information de scribed in the package insert is incom­
plete or is listed only as a recommendation .'?

Routine radi opharmaceutical QC procedures can be broken down into four categories :
radiation considerations, chemical considerations, pharmaceutical considerations, and bio­
logic considerations.

RADIATION CONSIDERATIONS

The safe and efficacious use of radiopharmaceuticals requires that they be of the highest
purity with regard to thei r radionuclide and chemical composition. Any nuclear medicine
procedure req uires the administration of a particular radionuclide in a p articular chemical
form. The presence of impurities, such as differen t radionuclides or other chem ical forms
of the desired radionuclide, may produce undesirable information from the d iagn ostic
procedure. Therefore, it is importan t to conduc t purity tests on all radiopharmaceuticals
prior to patient adminis tra tion.

Radionuclide Identity

A radionucl ide can be identifi ed by its mode of decay, nuclear emission energ ies, and half­
life. The most practical method for radionuclide identification in nuclear pharmacy prac­
tice is gamma ray spectrometry. This can be readily accomplished with a multichannel
analyzer (MCA) equipped with a sodium iod ide [NaI(Tl)] detector or a lith iu m-d rifted
ge rmanium semiconductor detector [Ge(Li) detector ] (Figure 12-1),u, The sodium iodide
detector has a much lower energy resolution than a Ge( Li) detector but is more commonly
available.

In some situations, such as when two or more positron-emitting radionuclides need
to be identified (e.g., " F impurities in a I3N preparation), half-life determinations can be
carried out in addition to gamma spectrometry, since " F and 13N demonstra te identical
spectra . A do se calibra tor can be used to measure ha lf-life in rad ionuclide identity tests .
Half-life is determined by succes sive counting of a radioactive sample at interva ls corre­
sponding to half of the es timated ha lf-life for a time pe riod eq ua l to about three half­
Iives. I6-I' Ha lf-life determinations are not required in traditional nuclear pharmacy prac tice
but may be appropriate in certain practice settings. Such determinations are best per­
formed as part of an ongoing qua lity assurance program to va lidate methods, because of
the tim e required to conduct these tests.
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FIGURE 12-1 A multichannel analyzer with a pulse-height spectrum shown on the monitor.

Radionuclidic Purity

Radionuclidic pur ity of a radiopharmaceu tical is defined as a ratio, exp ressed as a per­
centage, of the radioactivity of the des ired rad ionuclide to the total radi oactivity in the
preparation . For example, a ]00 /lCi (3.7 MBq) "'mTc-sodiu m pertcchnetate preparation
containing 99.5 /le i (3.68 MBq) as "'mTc and 0.5 /lCi (]8.5 kBq) "'Mo wo uld have a rad io­
nuclidic purity of 99.5% wi th resp ect to 'NmTc. In this example, "'Mo act ivity would rep­
resent a 0.5% radionuclidic impur ity.

Radionuc1idic impu rities are significant because they can contribute unnecessary radi­
ation dose to the patient without ad ding to the diagnostic information ob tained . Examples
of radionucl idic impurities include 66 hour 99Mo impurity in 6 hour 99mTc, 4 day 1241
impurity in 13 hour 1231, and 12 day 2lI2TI impurity in 73 hour '!lITI. Relevant radionuclidic
imp urities and acceptable limits in rad ioph armaceuticals are usually listed in packa ge inserts
or specified in US? monographs. Some of these are given in Table 12-1. Radionuclidic purity
requ irements must be fulfilled throughou t the useful life of a radiopharmaceutical.

Radionuclidic impuri ties in radiopharmaceut icals can arise from several factors.
The se include the method of rad ion uclide production, target impurities that contribute
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TABLE 12 -1 Radionuclidic Purity of Commonly Used Radionuclides

H alf -Li fe Half-Life
Radionuclide (Prin cipal Energy ) Purity Contaminan ts (Principal Ene rgy ) Acceptable Limits

b7Ga 77.9 hours 99% tCGa

(93 keY, 1&1 keY,
296 keV,:l88 keY)

111 In 2.8 days 1IOm ln <3 lle i /mG
(173 keY, 247 keY) (<111 kBq /37M Bq) lll In

114ml n 50.0 da ys <3 JlCi/mCi
(192 keY, 558 keY, «111 kBq/37MBq) "' In
724 keY)

lo'iZn 243.9 days <3 JlCi /mC i
(1.12 Me V) « 111kBq/37MBq) " 'In

12.1} 13.3 hOUfS 85'1., \23}

(159 keY)
- Tc 6.1 hours ''''Mo 66.7 hours <0.15 llei / mG

(140 keY) (181 keV, 74OkeY, (5.55 kBq / 37MIlq) - Tc
778 keY)

:!tllTl 73.0 hours 95% 2l1l11 "'11 26.1 hou rs <2%

(60-80 keY, 135 (368 keY, 579 keY,

keY, 167 keY) 829 keV, 1.21

MeV)
211JPb 52.0 ho urs <O.3'Y..

(279 keY, 401 keY)
>UTI 12.2 days <2.7')10

(439 keY,522 keY,
961 keY)

133X e 5.3 da ys 95'X, I:nXt;>

(31 keY, 81 keY)

Source: Tile United States Pharmacopeia, 27111 reo., 01111TIlt.' National Formulary, 2211d ed.; 2QO.l.

to competing nuclear reactions, an d incomplete radionuclide sep aration during radio­
chemical processing . A change in targe t ma terial and type of nuclear reaction can red uce
the level of radionu clidic impur ities. An exampl e is the production of 1231 by the (p.Zn)
reaction on a "'Te targe t, which produces significantly more radionuclid ic impurities (i.e.,
"'I, 1251, 13°1, and 1311) than the (p,5n) reaction on an 1271 ta rget, which prod uces on ly an 1251
impurity.

Radionuclidic purity is constantly changing. If the rad ionuclidic impurity has a half-life
longer than that of the principa l rad ionuclide, the concentration of the impurity will increase
with time. Such a situation often forms the basis for establishing a radiopharmace utical's
expiration date. An example is ~12Tl (T" = 12 days) impurity in thallous chloride 2t11T! injection
(T" = 73 hours). The highly abundant (95%) 493 keY gamma ray of 2t12T! may affect image
quality when low-energy collima tion is used during "'IT! imaging. Another example is the
presence of "'Mo (T,., =66 hr) in 9'!mTc-sod ium pertechnetate (T'h=6 hr). Figure 12-2 illustra tes
the expiration time for a '1<lmTc generator eluate as a function of the Mo:Tc ratio .

Measure ment of radionucl idic purity can usu ally be accomplished us ing an MeA
equippe d with a Ge(Li) detector (Figure 12-1). The gamma-ray sp ectrum and cor resp ond­
ing half-lives can be used to iden tify the radionuclides present. The photopeak height and
area under the curve on the gamm a-ray spectru m are analyzed to assess the amount of
radionuclid ic purity present. Ge(Li) detecto rs are preferred for gamma spectrometry
because of their superior ene rgy resolution in separating gamma-ray photopeaks. When
a sodium iodide detector is used, it may be impossibl e to resolve gamma rays with close
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FIGURE 12-2 Expiration time of a
"v'Tc generator eluate based on the
ini t ia l 'NMo-Q<lmTc activity ratio. The
upper lim it for th is ratio is 0.15 Ile i
'NMo/mCi 'NmTc. For example, an
initial ratio of 0.09 will become 0.15
in about 4 hours and the eluate will
expire. The dotted line indicates the
defa ult expiration tim e for any gen­
era tor eluate (12 hour s).

energies because of photopeak overlap . Other types of detectors are required if alpha- and
beta-emitting impurities need to be detected .

Most radiopharmaceuticals used in nuclear medicine have the ir radionuclidic pur ity
tested by the manufacturer. The only routine test required in nuclear pharmacy practice is
the "Mo breakthrough test on the 9'lmTc generator eluate. When necessary, a gamma-ray
spectrum can be easily acquired and analyzed to assess radionuclidic purity prior to release
of a radiopharmaceutical preparation. If radiopharm aceu ticals are compounded extempora­
neously with radiochemicals, it is pruden t to run a gamma-ray spectrum on the radiochemical
because these sources are not sold in final-use form as radiopharmaceuticals.

Radiochemical Identity

A radiochemical is best ident ified by in vitro analytic methods. These methods may inclu de
electrop horesis, gas chromatography (GC), liquid chromatography, such as high-perfor­
mance liquid chromatography (H PLC; also called high-pressure liquid chromatography),
paper chromatography, so lid-phase ext raction, and th in-layer chromatography (TLC).
Technical descrip tions of these analytic methods are presented in USP General Chapter
621, Chromatography." Methods commonly used in rad iopharmaceutical ana lys is are
discussed briefly below.

Gas Chromatography

GC is a va lua ble technique for qualitative and quantita tive analys is of organic compounds
(Figure 12-3). The GC system allows various components of a sample to be separated on
the basis of the ir volatility and ability to partition between a high-boiling-point liqu id
stationa ry phase and a gaseous mobile phase. For complete analysis of complex mixtures
of drug molecules, each component separated must possess a relatively high level of
partitioning and volatility under the operating temperature range. The GC system us ua lly
consists of a gas su pply, an injection port, a thermostat-cont rolled oven that contains the
column, a detector system , an d an integrator for recordi ng retention time along with peak
area information for the separated chemical species.

Sample Injection Port

The sample solution is introduced into the system through the injection port with a syringe.
The sample vo lume should not be too large, and the sample should be introd uced onto
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the column as a bolus to avoid loss of pe ak resolution. A silicone rubber septum is normally
ins talled in the injection port to prevent leakage of the sample and mobile phase. The
temperature of the sam p le injection port is usually set at approximately 50°C h igher than
the boiling point of the leas t volatile component of the sample, or at leas t lOOC to 15°C
above the column oven temperature to ensure volatilization of sample components.

Mobile Phase Cases

The vaporized sample is transported through the column by the flow of inert gas (mobile
phase) where separation of the sample components occurs. Nitrogen is typically used as
the mobile phase, but other gases such as argon or heli um are sometimes used. If necessary,
the gases are filtered of impurities through special in- line absorben t cartridges. Regulator
valves control the overall gas press ure from the tanks.

Columns

Two general type s of columns are used for GC analysis, packed columns and cap illary
(open tubular) columns. A packed colu mn contains a finely divided, inert, solid su pport
material coated with liquid stationa ry phase. A capillary column has the stationary phase
coated on the inside wall of a thin glass capillary tube. For precise work, column tem perature



Quality Cont rol in Nuclear Pharmacy 405

mus t be controlled within tenths of a d egree. The optimum column temperatu re depends
on the boiling point of the sample. As a rule, a temperature slightly above the average
boil ing point of the sample resu lts in an elution time of 2 to 30 minutes. Minimal temper­
atures give good reso lution but result in increased elution times. If a sample has a wide
boiling point range, then temperature p rogramming can be use ful.

Detectors

Many types of detectors can be used in CC analysis. Mass selective detectors (MSD) are
common, although electron cap ture, flame ionization, and thermal conductivity detectors
are also used. An MSD has the added ad vantage of allowing identification of chem ical
components from the mass spectrum. With the flame ioni zation detector sys tem, hyd rogen
and air are added to the column eluan t at the detector and ignited to ma intain a flame
just above the column exit. When organic compounds are burned in the detector flame,
ions are form ed that change the volt age at the collector electrodes . As more molecules
enter the de tector, more ions are form ed, increasing the intensity of the signal recor ded
by the integrator.

Chromatogram

The area under a chromatographic peak, known as the peak area, represents the tota l
amount of ana lyte in a sample. The time, in minutes, between sample injection and analyte
detection is refer red to as retention time. It is a measure of the time an analyte spends on
the column an d is used qualitatively for ana lyte iden tificati on after comparison with a
series of standards.

High-Performance Liquid Chromatography

HPLC is one of the most versatile too ls used in radiopharmaceutical analysis, because it
provides high-resolution component separation (Figure 12-4). HPLC can be used with
orga nic or inorganic molecules, including nonvolatile sp ecies that cannot be analyzed by
Cc.

There are many different makes and models of chromatographs. The major compo­
nents of any HPLC system include a mobile phase reservoir, pump, injector, column,
detector, and recorder. Both the injector and the column are equipped with overflow
reservoirs.

The ana lytic process begins with a mobile ph ase that is drawn up from the reservoir
and propelled by the pump into the injector. Here, a sample is injected via an injection
valve or by a syringe-septu m arra ngement and then carried throug h the column under
pressure (up to 6000 psi) at a precisely controlled rate. The column is the heart of the
sys tem and is where component sepa ration occurs. Separated components leave the col­
umn and enter a detector tha t mea sures the concen tration of different solutes in the sample.
A signal sent to a record ing de vice (an integrator ) generates a chroma togram that disp lays
retention times and peak areas for each component.

Reservoir

The solvent reservoir holds the mobile ph ase required for the sample elution. Particulate
matter in the mobile phase, which could clog the sys tem, is rem oved by a fritt ed steel
filter on the end of the uptake tube.
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FIGUR E 12-4 The upper panel illustrates a high-performance (pressure) liquid chromatography
(HPLC) system coup led with a scintillation detector for analysis of fluorodopa F 18 injection. The
upper spectrum , obtained with a UV detector, identifies the fluorodopa peak; the lower spectrum,
generated with a rad iation detector, identifies the 18F activity associated with the fluorod opa peak.

Pump and Damper

A high-pressure pump draws up the mobile phase and dri ves it forward at a constan t
rate via a piston-type pump. Ot her pump types can also be used . The pump operates by
withdrawing a piston, which creates a sudden drop in pressure in an internal chamber.
To compensate, the mobile phase is drawn into the chamber through a lower one-way
check valve. The upper exit valve is closed because of negative pressure. When the piston
pushes back into the chamber, the pressure increases and the mobile phase is forced oul.
The upper check valve opens while the lower check va lve blocks backflow.

A pulse da mper is placed in line with the pump to reduce the pulsations caused by
the action of the p iston in the pump head. In this case, the p ulse damper consists of a
long expandable coil that sm oothes ou t the flow of the mobile phase by stretching with
each pulse of pressu re from the pump and recoiling when the pressure ceases. Without
the damper in place, the pulses would reg ister as bumps on the chromatogram.
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The pump sho uld be capable of deli vering a constant and pulse-free flow ra te at
pressures up to 6000 psi. This is achievable if the mobile phase is free of air. It is therefore
essential that the solvent(s) be degassed before use. The mobile phase or eluant should
be filtered free of part iculate matter and should flow through an in-line filter before
enter ing the pump head. Before analysis, the pump should always be bled of any trapped
air by priming the pump head. Pum p head s shou ld be periodically inspected for leaks
and pump seal wear. The check valves and pistons shou ld also be regularly inspected for
damage.

Sample Injector Port

From the pulse damper, the mobile phase trav els to the injector, where it can either flow
directly into the column via an internal loop or be redirected by the switching of a valve
through an external loop where it picks up the sample. In the load position of the injector,
the external loop is isolated from the high-pressure mobile phase, allowing the sample
solution to be injected into the external loop at atmospheric pressure. Excess sample is
removed via the injecto r overflow tube. External loops can vary in size, but the 20 ~L size
is common. When switched to the inject position, the mob ile phase passes throug h the
external loop , carrying the sample solution to the column at high pressure.

Injectors may become blocked , an d the internal components (rotor seal, injection port
seal) may wear with use. An injector should be visually inspected before use to check for
leaks and to ensure that there is liquid flow through the injector loop pathway.

Columns

Columns are available in ma ny different sizes . Some are used for analysis of small samples
(i.e., analytic HPLC), while others are used for isolating large quanti ties of a par ticular
component in a mix ture (i.e., preparative HP LC).

HPLC analyti c methods are of two types: normal-phase and reverse-phase. In normal­
phase HPLC, the packing material is polar in na ture (e.g., Si--0-Si-R pa cking), whereas
the mob ile ph ase consists of nonpolar solvent(s) (e.g., hexane, acetone, other hydrocar­
bons). Samples of moderate to strong polarity are well sepa rated by normal-phase HP LC.
In reverse-phase HPLC, the column uses a nonpo lar stat ionary phase (e.g., CIS packing)
and a relatively polar mobile phase (e.g., water, methanol, acetonitrile). In this system,
polar ana lytes will elute from the column ahead of less polar anaiytes.

HPLC columns give little trouble if they have been properly.conditioned , cleaned , and
stored . End fittings should always be tight so tha t the re are no leaks, and column frits
should be rep laced in the event of persistent leaks.

Detector

Analytes that are eluted from the column are monitored by a de tecto r. A wide range of
detectors are ava ilable for HP LC systems. The most common is the ultraviolet (UV)
spectropho tometer. For working with radiopharmaceutical samples, a radiation detector
is necessary. For the UV detector system, the analyte passes through a flow cell, altering
the absorbance of UV light shone through it. This change in absorbance is recorded and
prin ted out as a chromatogram peak. If a radiation detector is used, such as a Na l(Tl)
de tector, it will detect the con cen tration of radioactive components in the eluate. Detectors
are generally very reliable; however, UV detectors should be periodically checked for cell
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FIGURE 12-5 The Sep-Pak cartridge system for radiopharma­
ceutica l purity determination . Radiopharmaceutical is applied
to the cartridge, followed by elution of radioactive components.

6
6

gasket failure, cracked windows, leaks, and blockages in the flow cell. The source lamp
of a UV detector will need to be replaced afte r it has reached its maximum life.

HPLC testing for radiochemical identity has some drawbacks: (1) An HPLC sys tem is
more expensive and elaborate; (2) an HPLC system is not .widely available in nuclear
medicine or nuclear pharmacy laboratories; and (3) completion of the test requires two
HPLC runs, one with the test solution and another using the reference solution, whereas
paper chromatography or TLC requires only one run for completion because the sample
and reference standard are spotted on the same strip. Thus, for practical reasons, paper
chroma tography and TLC are the simplest and most rapid methods for routine QC testi ng
of radiochemical species in radiopharmaceuticals.

Solid-Phase Extraction

Solid-phase extraction (SPE) is similar in principle to HPLC in that the technique involves
a solid support medium coup led with a solvent mobile phase. A convenient device us ing
this method is the Sep-Pak cartridge (Waters Chromatography, Millipore Corporation,
Milford, Mass) . Sep-Pak cartridges are disposable SPE devices commonly used for sample
preparation (e.g., purification, trace enrichment or concentration, fractionation, solvent
exchange) (Figure 12-5). They can also be used as analytic devices. Generally, the proper
use of a Sep-Pak car tridge requires a five-step process: sample preparation, cartridge
conditioning and equilibration, sample application, washing, and elution. However, the
separation p rocedure for a given compound is unique, and not all of the five steps may
be required for the application.

A Sep-Pak cartri dge method described in the 99mTc-mertiatide (99mTc-MAG3) package
insert is recommended for determ ining 99mTc-MAG3 radiochemical purity (RCP) and is
described here to illu strate the SPE technique.v Reverse-phase chro matography with Sep­
Pak CIS car trid ges for RCP determination of 99mTc-MAG3 involves a series of steps using
solvents of different po lar ities to separate the different radiochemical species.

1. Conditioning. The cartridge is conditioned with 6 to 10 void volumes of a
moderately nonpolar, wa ter-miscible solvent, such as methanol, ethanol, or ace­
ton itrile, followed by a po lar solvent similar to the sample solution. For -Tc­
MAG3, 10 mL of ethanol is used to prepare the cartridge, followed by 10 mL of
0.001 N hydrochloric acid. The cartridge is then drained by pushing 5 mL of air
through it with the syringe; however, the cartridge should not be allowed to dry
out before sample application .
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2. Sample ap plication and washing. If the less polar ana lyte is to be retained by
the CIS sorben t and the more po lar unwanted species elu ted, the cartridge
should be washed with a polar solvent in which the analyte has limited solubility.
For <l9mTc-MAG3, 0.1 mL of the <J9mTc-MAG3 preparation solution is applied to
the cartridge, and then the cartridge is rinsed wi th 10 mL of 0.001 N hydrochloric
acid, whereupon <J9mTc-MAG3, being the less polar analyte, is reta ined by the
CIS sorbent while the more polar <J9mTc-sodium per technetate and q'lmTc-tart rate
imp urities are was hed off.

3. Ana lyte elution . Elute the retained less polar analyte with a nonpolar or mod­
erately polar solvent. For 99mTc-MAG3, 10 mL of etha nol is used to elute the <J9mTc_
MAG3.

4. When all components are recovered, discard the used cartridge in an appropriate
manne r. For <l9mTc-MAG3, the cartridge w ill contain the reta ined hyd ro­
lyzed- reduced <J9mTc (H-R <J9mTc) impurity.

The separation efficiency of a Sep-Pak car tridge varies with flow rate an d sample load.
In general, reso lu tion may be poor if the sample flow rate is too high, because components
may not interact sufficiently with the sorbent. Overloading a sample onto the car tridge
results in sample breakthrough, which later leads to var iability in sample recovery or
outcome interpretation.

The Sep-Pak cartridge can provide a complete chromatograph ic sep aration of 99mTc
radiochemical species; however, the solvent elution p rocess, costly cartridge, and lengthy
procedure make the Sep-Pak cart rid ge me thod less than idea l for routine use in a busy
nuclear medicine department or nuclear pharmacy. Possible technical errors can also occur
with this car tridge method . For example, after radiopharmaceutical load ing, the cartridge
must be eluted slowly with an ap propriate solvent; otherwise, the analyte bound to the
sorbent (e.g., <J9mTc-MAG3) may not be completely removed, res ulting in false estimation
of rad iochemical identi ty or RCP (described in next section). Another disadvan tage asso­
ciated with the use of Sep-Pak cartridges for either radiochemical identification or RCP
determination is the increased radiation exposure of the pe rson perfonming the Sep-Pak
procedure. The Sep-Pak car tridge me thod requires at least O.I mL of <J9mTc rad iopharma­
ceu tical preparation to be loaded onto the cartridge. This volume may contain several
millicuries (megabecquerels) of act ivity. For example, a regular <l9mTc-MAG3 kit prepa ra­
tion will contain between 0.5 mCi (lS.5 MBq) and 2.5 mCi (92.5 MBq) per 0.1 mL ap pli­
cation. An alternative technique, us ing a two-strip paper chroma tography system, requ ires
only two 5 ul, samples (50-250 IlCi; 1.9-9.3 MBq) for RCP ana lysis and less than 3 minutes
to complete the RCP determ ination for 99mTc-MAG3 2 !

Paper and Thin-Layer Chromatography

Paper chromatograp hy and TLC methods are used most frequently to identify the various
radiochemical species in a rad iopharmaceutical p repa ration, especially for '9mTc-labeled
radiopharmaceuticals. In each of these techniques, microliter amounts of the rad iophar­
maceuti cal are spo tted at the origin of a chromatographic strip (the sta tionary phase). The
chromatographic strip is then placed vertically in a chroma tographic cham ber (usua lly a
vial or glass tube) that con tains an appropriate solvent (mobile phase). The str ip is placed
in the solvent so tha t the or igin of the spot is not immersed .

The stationary phase may be paper, such as Whatman 31ET or Gelma n Solvent Satu­
ration Pads. A modified th in-layer support called instant thin-layer chromatography
(ITLC) is also used . This is a glass microfiber mesh impregnated with silica gel (ITLC-SG)
or polysil icic acid (lTLC-SA), wh ich resu lts in a support rese mbling paper. The mobile
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phase is usually water, saline, or an organic solvent. The chromatograp hic chambe r must
be covered tightly to maintain a solven t-saturated atmosphere. The electrostatic forces
(adsorption and capillary action) of the stationary phase ten d to retard the movement of
various radiochemical sp ecies, whereas the mobile phase carries each radiochemical com­
ponent accord ing to its partition between the station ary phase and the mobile pha se. The
partitioning of each rad iochemical species between the stationary an d mobile phases is
detennined by the solubility of the radiochemical species in the mobile phase, which is
affected by the polarity of the solvent. Therefore, the electrostatic attractive forces of the
stationary ph ase and the po larity of the mobile phase are the two de ter mining factors in
the separation of d ifferen t radiochemi cal components in a sample .

Selection of appropriate support and solvent systems permits separation of the differ­
ent chemical species in a radioph armaceutical. After chroma togram develop ment, the strip
is removed, dried, and analyzed using a rad ioch romatogram scanner or another method
for counting the radioactivity d istribu tion on the strip.

The solvent front (Sf) is the distance that the solvent tra vels from the origin of the
chromatographic strip, whereas the relati ve front (R) of a radi ochem ical com ponen t is the
distance the component travels from the origin relative to the Sf (Figure 12-6).

R, values for chemical comp one nts in a radiopha rmaceu tical are established by using
known rad iochemical species in a given chromatographic system. The identities of various
radi ochemical species present in a radiopha rmaceu tical are determ ined by comparing
their Rf values with known R, values in the same system . One of the following three
methods can be used to dete rmine R. values and the relative amoun t of a rad iochemical
component in the radiopharma ceutical preparati on for the purpose of determining RCP:

1. Scanning the strip with a radiochrom atogram scanner that traces ou t various
activity peaks (Figures 12-6 and 12-7). Peak position (its R.) is indica tive of the
pa rticular species presen t, and pea k area corresponds to the respective amount
of activity for each species.

2. Cu tting the chromatogram into centimeter segments that are individua lly
counted . Subsequen tly, a histogram plot of the activity di stribution is mad e an d
the amount of activity in each species determined.
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FIGURE 12-7 Radiochromatogram scanner and a spectrum of fludecxyglucose F 18 injection.
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3. Using a miniaturized chromatography system that uses a 6 em strip. This method
is used when the species are well separated on the strip so that it can be cut into
two pieces and counted for ana lysis. This method is used routinely for 9'lmTc
radi opha rmaceut icals because it is rapid and easy to perform on a daily basis.

Paper chromatography and TLC methods are gen erally accurate and reliable; however,
with these systems R, values vary somewhat depend ing on the brand of solid support,
qual ity of solvent, and operating conditions.I' Consequently, radi ochemical identification
is best accomplished when a pure, authentic sample of the compound in question is used
as a reference standard on the same chromatogram . In ad dition, although both test and
standard (reference) solution samples are sp otted on the same paper ch roma togra phy or
TLC strip, the R, values measured for the test substance may di ffer from the values
obtained for the reference compound.I' An acceptable ran ge (as determined by system
suitabi lity testing described below) for this difference should be established.

To verify the resolution and reproducibility of any chromatograph ic system (e.g., GC,
HPLC, TLC), suitability testing should be comp leted before sample analysis.I'." The dif­
ference in measured R, values between the test and reference samples should not exceed
reliabili ty estimates as determined statistically from replicate assays.'? These types of tests
are necessary to validate a chromatographic system's precis ion and accuracy.
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Technical Precautions in Performing Chromatography Procedures

ITLC and paper chromatography procedures are easy to perform and are us ually trouble
free; however, there are several procedural errors and artifactual results that can occur.
Possible causes of the artifacts and errors are summarized below.23--26

1. Strips counted in a dose calibrator should contain at least 100 ~Ci (3.7 MBq) of
activity to keep the counting error to 1%1 or less. This assumes dose calibrator
sensitivity of 1 ~Ci (37 kBq) and, at minimum, a 1% impurity in a 100 ~Ci (3.7
MBq) sample. If a scintillation well counter is used for counting, the strips should
be counted far enough away from the detector so that the counting rate does
not exceed the dead time of the detector."> This is not a problem if the dose
calibrator or radiochromatogram scanner is used for analysis.

2. The radiopharmaceutical sample spot should be placed at least 1 em from the
bottom of the strip so the spot itself does not enter the solvent but is well above its
level. In this way the solvent will pass through the spot and cause soluble species
to migrate in a normal manner. If the spot is even partly submerged in the solvent,
these species will be retarded from migration and erroneous results will occur?"

3. Fresh chromatography strips and solvents should be used to ensure reproduc­
ibility in analysis.

4. To avoid incorrect analysis, care should be taken to not allow the solvent to
migrate past the Sfline. If the strip is eluted significantly past the Sf line, the cut
line must be changed to maintain the same R, value.

5. Oxidation reactions or strip interactions can occur on the chromatography paper
or ITLC strip. Reduced states of 9YmTc are easily oxidized; therefore, the spot of
radiopharmaceutical should not undergo prolonged air drying on the strip before
it is placed in the solvent. 9YmTc species may bind with the media or strip, which
is often the cause of streaking (e.g., inadequate or no separation of free c)<JmTc and
H-R 99mTc from the principal 99mTc complex).

6. In spotting the radiopharmaceutical, uneven spotting or splattering should be
avoided.

7. Interaction of radiochemical species can occur with preparative compounds or
ink markers used to visualize solvent flow.

8. Grease from fingerprints can alter migration patterns during development.
9. The chromatography strip should not be allowed to touch the side of the wet

chromatography chamber, or solvent will rise up rapidly on the strip by capillary
action, invalidating the analysis.

10. Cross-contamination of chromatography strips with other radiopharmaceuticals
can lead to erroneous results.

11. Use of the wrong solvent or improper solvent preparation will alter results.
12. Use of the wrong chromatographic strips for a particular radiopharmaceutical

will cause erroneous results.
13. Insufficient solvent in the chromatography chamber will cause solvent evapora­

tion and incomplete development of the strip.
14. Use of contaminated tweezers or scissors when handling chromatographic paper

or lTLC media can lead to spurious results.
15. Exposure of solvent to the atmosphere for too long can result in evaporation of

one solvent in a mixture or absorption of water vapor in organic solvents, causing
altered Rf values.

16. Mechanical factors such as chamber movement and unleveled surfaces may
cause erroneous results.
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FIGURE 12-8 Demonstration of chromatogram
streaking of 99mTc-DTPA with the instant thin­
layer chromatography-silica gel (ITLC-SG)/ace­
tone system as a function of wet spot size.

TABLE 12-2 Effect of Wet versus Dry SI'0t on Minichromatography Results
(% Activity) for "mTc-Labeled Compounds in ITlC-SG/Acetone System

Wet Spo t' Dry Spot'

Radiopharmaceutical Origin Solvent Front Origin Solvent Front

9<hnTc-gluceptate (GH)b
9<lmTc-pentetate (DTPA)t>
WmTc-pyrophosphate (PYP or pri )1>
"v'Tc-medronate (MOP)b

74.01

60 .04

85.37

82.60

25.99

39.96

14.63

17.40

0.19

0.30

0.61

0.18

a Results are mean s of five determin ations on 5 em ITLC-SG strips.
~ Common chemical abbreviation.

So urce: Reference 29.

Prolonged air drying of the applied sample spot on the chromatography strip is not
desirable because the 99mTc complex may be oxidized. " Drying should be done quickly
with a hot-air dryer or in a stream of nitrogen gas. Spot drying before development is
important in some circumstances, however, particularly wh en organic solvents such as
acetone are used an d especially if the applied spot is 5 ul, or larger. Acetone will mix
freely with water. Hence, radiochemical species that are soluble in water but not soluble
in acetone, such as 99mTc complexes, will streak up the strip from the origin if the spot is
wet. If streaking extends into the top half of the strip, erroneous results will be obtained.
This is more likely to occur with 5 em ministrips than with standard 10 em strips. If the
applied spot is small, about 1 ilL, drying of the spot may not be necessary.

Figure 12-8 shows that the extent of streaking depends on spot size, and Table 12-2
lists the results obtained with several 99mTc-labeled complexes developed on 5 em ITLC­
SG strips in acetone after ap plication of a 5 ul, we t or dried spot. It is evident from these
data that significant migration (i.e., streaking) of the 99mTc-labeled complex occurs into the
solvent-front half of the strip if a large wet spot is developed in acetone. During analysis
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this wo uld be interpreted as a ""'"Tc-sodium pertechnetate impurity, but it would be an
ar tifact created by improper techniqu e.'"

Corrective Actions

If a low RCP value is obtained, one sho uld

1. Review the RCP testing technique to ensure that the appropriate proced ures to
avoi d errors and artifacts, as described above, have been followed. Repe at the
RCP testing procedure.

2. If the RCP is still below the acceptable limit, discard the reconstituted kit and
prepare another kit.

3. If several kits from the same lot number have failed RCP testing, notify the
manufactu rer.

The use of USP reference stand ards in evaluating radiochemical id entity is ideal;
however, reference standards for compounds of interest may not be available. A good
example of this is the three reference standards for fludeoxyglucose F 18 (lSF-FDG) iden­
tified in the United States Pharmacopeia (i.e., USP Fludeoxyglucose, USP Fludeoxyglucose
Related Compound A RS, and USP Fludeoxyglucose Related Compound B RS).30 These
USP-grade reference standa rds cannot be obtained from any commercial source. If the
USP reference stan da rd is not available, one can use a high-quality source of chemical
subs tance, such as a subs tance that is listed as Food Chemicals Codes (FCC) grade, an
authentic substances (AS) grade, an analytic reagent (AR), or a substance that has been
certified by the American Chemical Society (ACS).31 For non-positron emission tomogra­
phy radiopharrnace uticals, the corresponding reference standard or high-quality chemical
subs tance to the nonradioactive compound of interest usually does no t exist or is not
commercia lly available. Therefore, it may not be necessary to carry out radiochemical
identity testing on reconstituted non-PET radiopharmaceuticals.

Counting Instruments for Radiochromatography

Radionuclide Dose Calibrators

The dose calibrator is often used for RCP measurements in the nuclear pharmacy because
it is easy to use and results are obta ined qu ickly. However, the accuracy of measuremen t
with this instrument is of major concern if low amounts of radioactivity are used . In
general, when a dose calibrator is used for RCP determination, the chromatograp hy strips
should contain 100 liCi (3.7 MBq) or more of activity in order to reduce the error to $1%.

Well Scintillation Counters

The gamma scintillation well counte r is an approp ria te instrument for counting chroma­
tography strips; however, to achieve accurate assessment of radioactivity, the dead time
of this instrument must not be exceeded. To avoid exceeding the maximum counting
capabilities of the we ll cou nter, four different methods are recommended: (1) increasing
the distance from source to detector; (2) using an at tenuator on the well counter, such as
an appropriately sized me tal d isk or coin placed over the opening of the we ll counter; (3)
decreasing the act ivity of the radioactive sample; and (4) correcting for instrument dead
time if the well counter is equipped w ith a device that au tomatically compensates for high
amounts of radioactivity."
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FIGURE 12-9 Whole-body bone scan
w ith 9'1 mTc_MOP showing 99mTc_
sodium pertechnetate impu rity local­
ized in the salivary glands, thyroid,
stomach, and intestinal tract (arrows ).

Radiochromatogram Scanners

A radiochromatogram scanner (Figure 12-7) detects and mea sures the distribution of
radioactivity along the intact radiochromatography strip. The scanner can analyze samples
over a wide range of activities and assess the relative amounts of radiochemical sp ecies
distributed over the strip ; however, the procedure is time consumin g and the instrument
is quite expensive.

Radiochemical Purity

The RCP value of a radiopharmaceutica l prep ara tion is de fined as the ratio, exp ressed as
a percentage, of the rad ioactivity in the desired chemical form to the total radioactivity
in the radiopharmaceutical preparation. For example, a 100 !lCi (3.7 MBq) sample of 99mTc­
sulfur colloid (SC) of which 95 !lCi (3.5 MBq) is present as ""mTc bound to sulfur pa rticles
and 5 uCi (1.85 kBq) is ~)mTc-sodium pertechnetate would have an RCP of 95%. The
radiopharmaceutical product in this case contains a 5% 'J9n'Tc-sodiu m pertechne tate impurity.

Radiochem ical impurities are undesirable because
their distribution in the body differs from tha t of the
radiophar maceutical of interest, making it difficult
to obtain useful information in nuclear medicine
studies. High background coun ts tha t are due to the
presence of radiochemical impurities in areas not of
primary interest in the study can degrade image
quality, inte rfere with diagnostic interp retation, and
expose the patient to unnecessary absorbed radiation
dose . For example, 9'1mTc-sod ium pertechnetate
present in bone imaging radiopharmaceuticals at 5'X,
or greater impurities is readily seen as stomach and
thyroid uptake on the scan, as shown in Figure 12-9.

Radiochemical impurities in radiopha rmaceuti­
cals can arise from a number of sources, including
competing chemical reactions during radiolabeling,
problems in preparative techniques, radiolytic
decomposition of the product, oxidation-reduction
reactions, and chemical cha nges during storage
because of pH or temperature changes and exposure
to light. Radiation causes decomposition of water, a
major ing red ient of most radiopharmaceutical prep­
arations, leading to the production of reactive hydro­
gen atoms and hyd roxyl radicals, hydrated electrons,
hydrogen, hydrogen ions, an d hydrogen peroxide.
Hydrogen peroxide is formed in the presence of oxy­
gen rad icals, originating from the radiolytic decomposition of dissolved oxygen. Many
radiopharmaceuticals show improved stab ility if oxygen is excluded. Radiation can also
affect the radio ph armaceuti cal itself, giving rise to ions, rad icals, and excited states. These
species can combine with one another and with the active species formed from wa ter.
Radiation decomposition can be minimized by the use of chemical agents that act as
electron or radical scavengers.

Relevant radiochemical impurities and the ir limits are usua lly listed in the pa ckage
insert or in the USP monograph (Table 12-3). RCP requirements must be fulfilled through­
ou t the useful life of the radiopharmaceutical. The three basic sources of information on
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TABLE 12-3 Radiochemica l Purity Limits of Commonly Used Radiopharmaceuticals
from USP 27 and Package Inserts

Radiopharmaceutical

"Ccurea

57Co-cyanocoba lamin

" Cr-sodium chromate
IHF-sodium fluoride
IIlF-fludeoxyglucose (18F_FDG)c
" Ga -galliu m citrate
"tln-capromab pendetide (Pros ta'Scint. Cytogen)"
'Ulrt-indium ch loride
't' In-ib ritumomab tiux et an (Zevalin, IDEe Pharmaceu ticals):'

"t ln-oxyquinoline (exine)"
"t ln-pen te tate (DTPA)'

'n ln-pente treotide (Octreofcan, Mallinckrodt):'
1:t~I-iobenguane (M IBCY

123I-iodoh ippurate sod ium
v'l-sod ium iod ide
IlSI-iodina ted albumin
I25I-sod ium iothalamate
'v l-Iobenguane
1311-iodinated albumin

w l-iod omethylno rcholes terol (NP59)"
1311_sodiu m iod ide

1311-tositumomab (Bexxar)"

13N-amm onia

v p-chromlc phosphate

v p-sodium phosphate

" Rb-rub id iu m chloride
15JSm-Iexid rona m (EDTMPY

"Sr-stron tium chloride

9'JrnTc-a lb umin aggregated or " v'Tc-macroaggregated a lbu min (MAA)<

'l'>rnTc-a pc itide (AcuTect, Rentschler Biotechnologiej-'
'l'>rnTc-arcitu momab (CEA-Scan, Immun omed ics)"
'l9rnTc-bicisa te (ECO )e (Ncurclite, Bristol Myers Sq uibb Medical Ima ging)"
'J'JmTc-d epreo tid e (Neo'Iect, Rentschler Biotechnologie ):'
'HmTc-d is<)fenin (D ISIDA)" (Hepatnlite, Cl5-U5)d
9'lmTc-exa me tazime (H M PAOY (Ceretec, Nycomed Ame rsham)"
99mTc-g lucepta te (GHY

99rnTc-mebro fenin (BRIOA)'" (Choletcc)"
'J'JmTc-mednm ate (M OP)"

'l'>rnTc-mertia tide (MAG3)c (TechneScan MAG3, Mallinc krodtp'

99rnTc-oxid rona te (HDP¥"

99rnTc-pen teta te (DTPA)<

9'lrnTc-sod iu m per technetate
'J'JmTc-pyrophosphate (PYP or PPi)'

99rnTc-red b lood ce lls (Ul tra'Iag, Mal linck rodt)"
99rnTc-ses tam ibi (Cardiolite and Miraluma, Bristol Myers Squibb Medical Imaging)"
99rnTc-sucd mer (DMSAy
99rnTc-s ulfm collo id rscr
99mTc-tetro fosm in (Myov iew, Ame rsham Hea lth AS)d

w'Tl-thallous chloride

mX e-x enon gas

9OY-ibritumomab tiuxetan (Zevalin)"

•

USP Package
Monograph' Insert->

90 NA
95 NA
90 NA
95 NA
90 90
97 NA
90 90
95 95
NA 95
90 NA
90 NA
90 90
90 NA
97 NA
95 NA
97 NA
98 NA
90 NA
97 NA
NA NA
95 NA
NA NA
95 NA
95 NA
100 NA
NA NA
99 NA
NA NA
90 NA
90 90
95 90
90 90
90 90
90 NA
80 80
90 NA
90 NA
90 NA
90 90
90 NA
90 NA
95 NA
90 NA
90 NA

_90 90
85 NA
92 NA
90 90
95 NA
85 NA
NA 95
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TABLE 12-3 Radiochemical Purity Limits of Commonly Used Radiopharmaceuticals
from USP 27 and Package Inserts (Continued)

• Minimum percen t radiochemical purity.
h NA = not available.
C Common chemical abbreviation.
d Brand name of the reagent kit.
O' Investigational new drug application (IND) with the University of Michigan required.
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RCP test methods are the United States Pharmacopeia, package inse rts, and the published
literature. However, because the information provided in these sources is not always
complete or practical, it can be d ifficult 10 select and perform adequate RCP tes ting on
the prepared rad iopharmaceutical .lv" Table 12-4 lists routinely used chromatography
methods for reconstiluted rad iopharrnaceuticals.v-" The me thods in Tabl e 12-4 are taken
from package inserts or the published literature, and selection of various published RCP
testing methods was based on the rating system described in a compila tion of procedures
publi shed by the Ame rican Pharm acists Associati on."

Radiophar maceuticals labeled with Y9mTc are widely used in nuclear medicine studies.
There are four principal rad iochemi cal species that can be present in stannous-reduced
9<JmTc-labeled radiopharmaceuticals: (1) the 99mTc complex, which is the desired radiochem­
ical species; (2) free - Tc in the form of 9<JmTc-sodi u m pertechnetate (it w as not reduced
initially because of low levels of d ivalent stannous ions [Sn?"] or was reduced but then
reoxidized); (3) H-R 99mTc, w hich includes reduced -Tc tha t reacts with w ater to form
various hydrolyzed species (e.g., 99mTcO,) and 99mTc-5n' +colloids formed by Ihe binding of
redu ced - Tc to hydrolyzed stannous ion; and (4) 9<JmTc com plexes of tra nsfer liga nds such
as glucoheplonate and tartrate. Free 'NmTc-sod ium pertech netate increases tissue back­
ground act ivity because of activity locali zed in the stomach, guI, and thyroid gland (Figure
12-9). H-R 9<JmTc, as Tea, or wmTc-Sn colloid, not only comp romises the labeling yield of
the 99mTc complex but also interferes w ith imaging interpretation because of its localizal ion
in the reticu loendothelial system.

In general, with technet ium chromatography systems, H-R 99mTc contaminants remain
at the origin (R, = 0.0) bec ause they are insoluble particles, and free wmTc-sodium pertech­
netate travels to the solvent front (R, = 1.0) in most solven ts. The WmTc complex may have
an R, = 0.0 or 1.0 or somewhere in between , depending on the system used. A sim ple
chromatography system for RCP delermination would allow the 99mTc complex to m igrate
to the Sf' with free 9<JmTc-sod ium perlechn etate and H-R 9<JmTc remain ing at the origin. This
type of system is illustrated for 99mTc-ses tamibi, as an exam ple, in Figure 12-10. The RCP
for the -Tc com plex is easily calculated by di vidi ng the radioacti vity on the top portion
of the strip by the total activity in both secti ons of the chromatography str ip . Many other
99mTc-labeled complexes require a two-solvent dual-strip system to determine RCP, because
the 99mTc complex is always associated w ith one of the two radiochemical impurities (i.e.,
either free 9<JmTc or insoluble H-R wmTc) and cannol be isolated by itself. This is illust rated
in Figure 12-11 for 9<JmTc-apcitide, which ha s th ree im purities (free wmTc-sod ium pertech­
netate, - Tc-glucoheptonate, and insoluble 9<JmTc). Th us , the RCP of the 99mTc complex is
determined indirectly by subtracting the percentage of each radiochemical impurity from
100% to obtain the percentage of the WmTc com plex.

Assessment of Radioactivity

The previous version of Part ~'i in Title 10 of the Code of Federal Regula tions (CFR)
required that each radiopharmaceu tica l dose be assayed in a dose calib ra tor unless it was
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TABLE 12-4 Chromatographic Systems for Reconstituted Radiopharmaceutica ls

Relative Fron t (Rf ) Values

Other
Labeled Unlabeled Rad iochemical Minimum Special

Rad ioph arm aceutical Stationary Ph ase' Mobile Phase Complex Radioisotope Imp u rities ncr- Instructions Ref.

"t ln-capromab pendetide ITLC-5G 0.901" NaCI 0.0-0.5 0.5-1 .0 0.5-1.0 90 d 34
(ProstaScint)"

l11In-lb ritumomab tiuxetan ITLC-SG 0.9"/0 NaCl 0.0-0.5 0.5-1 .0 0.5-1.0 95 35
(Zevalin)" '""t ln-penren eonde Waters Sep-Pak CIS 90 36 "'e e e e e c,

(Oct reo'Scen)" cartridge 0
-0

" v'Tc-alb urnin agg regated or Whatman 31ET Acetone 0.0 1.0 0.0 90 37 ::l"

"'~~mTc-macroaggregated 3
albumin {MAA)i "'oro

'i9mTc-ap citide (Acu'Iect)" ITLC-SG Water 0.25-1.0 0.25-1.0 0.0---0.25, O.25-1.0g 90 h 38 c
~

~ ITLC-SG Saturated NaCl 0.0- 0.75 0.75- 1.0 0.O-o.75,O. 75-1.0i ;=j"

"'solution (SAS)i -r,

'v-Tc-arcitumom ab ITLC-SG Acetone 0.0-0.5 0.5-1.0 0.0-0.5 90/95' 39 5
(CEA-5can) ' Z

C

99mTc-bicisate (ECD)! 1. Baker flex si lica ge l Eth yl acetate 1.0 0.0 0.0 90 I 40
~

ro
(Neurolite)- 1B-F "'~

2. Whatman 17 Ethyl acetate 1.0 0.0 0.0 90 41 -c
zr-

99rnTc-dcprcotide (Neo'Iect )" ITLC-SG Methanol:1 M 1l.4-1.0 0.4- 1.0 1l.0-0.4.0.4-1.0 m 90 42 "'n 3
Ammonium acetate "'rv
(1:1, v / v) (MAM)' -e;

"'ITLC-SG SASi 0.0- 0.75 0.75-1.0 0.0-0.75. 0.75-1. 0" ~
c,

'f!mTc-d isofen in (DISIDA)i lTlC-SA 20% NaCl 0.0 1.0 0.0 90 43 Z
(HepatoliteY c

~

99rnTc-exametazime 1. ITLC-SG Methyl ethyl ketone 0.8-1.0 1l.8-1.11 D.Or 80 44 ro
(HMPAO)' (Ceretec)" ITLC-5G 0.9% NaCl 0.0 0.8-1.0 0.0 ~

$:
Whatman 31ET 50";;, Aceton itrile 0.8-1.0 0.8-1.0 0.8-1.0 /0.0< ro
2. Gelman Solvent Ether 1.0 0.0 0.0 80 45,46

o,

is:
Saturation Pads ~

ro



TABLE 12-4 Chromatographic Systems for Reconstituted Radiopharmaceuticals (Cont inued)

a ITLC-SA:oo instant th in-layer chromatography-polysilicic acid ; ITLC~SG = instant thin-layer chrom atography-silica gel; TLC = thin-layer chromatography.
b Rep = radiochemical purity.
C Brand name of the reagent kit.
d Before app lying the tes t sample to the ITLC-SG str ip, mix equal parts (several drops of each) of 111In-capromab pendetid e with 0.05 M 99mTc-DTPA solution and allow the

mixture to stand at room temperature for 1 minute.

e Slowly push 10 mL of methanol through the longer end of a fresh Waters Sep-Pak CIS cartridge. Similarly, rins e the cartridge with 10 mL water and then wi th an other 5
mL water. Discard th e eluate s. Load 0.05--0.1 mL of " tln-pentetreotld e on the longer end of the cartridge column, making sur e the test sample migrates onto the column and
not into the tube neck. With a disp osable syr inge, slowly push (in dropwise manner) 5 mL of water through the longer end of the cartridge, using a test tube (rube 1) to
collect the eluate. Simil arly, elute the cart ridge with 5 mL methanol drop by drop and collect the eluate in a test tub e (tube 2). Place the Sep-Pak cartridge in a test tube (tube
3). The percen tages of 111In -pentetreotide (tube 2), hydrophilic impurities (tube 1), and nonelutable impur ities (tube 3) are calculated by dividing the radioactivity in each
tube by the total of activity of all th ree tubes.

f Common chemical abbreviation.
a WmTc immobile materials (R, = 0.0-0 .25), 99mTc-glucohep tonate (R, = 0.25-1.0) .
h RCP of 99rnTc-apcitide = 100 - (% activ ity in the bottom piece of ITLC-SC water strip + % acti vity in the top piece of ITLC-SG SAS strip) .
j Mix 5 grams of NaCI with 5 to 10 mL of water and shake periodically for 10 to 15 minutes. Add more NaCl and shake again for 10 to 15 minutes until a solid residue remains.
j WmTc immobile materials (Rj = 0.0-0.75), 99mTc-glucohep tonate (R, = 0.75-1 .0).
k Package insert: 90%; US? : 95'1'0 .
j (l )pre-equilibrate the chromatographic developing tank with ethyl aceta te for 15 to 30 minutes. (2) Th e sample spot should not be greater than 10 mm; allow the spot to dry

for 5 to 10 minutes. (3),jfhe develop ing time is approxima tely 15 minutes .
rn99mTc nonmobiles (Rf ;= 0.0-0.4), WmTc-glucohep tonate and wmTc-edetate (R, = 0.4-1.0).

n RCP of wrnTc-depreotide = 100 - (% activity in the bottom piece of ITLC-SG MAM strip + % activity in the top piece of ITLC-SG SAS strip).
" 99rnTc norunobiles (R, = 0.0-0 .75), 99rnTc-glucohep tonate and 99mTc-edetate (Rf ;= 0.75-1.0).
P Secondary 'N"'Tc-exametazime complex and hyd rolyzed-reduced (H-R) 99mTc stay at the origin.
q Secondary 'J-jmTc-exametazime complex m igrates to R, 0.8 to 1.0, whereas H-R 'i'lmTc remains at the origin.

(1) Preparation of Sep- Pak C18 cartridge. The Sep-Pak CIS cartridge is first flushed with 10 ml, of 200 proof ethanol, followed by flushing with 10 mL of 0.001 N HCr. The
cartridge is then drained by pushing 5 mL of air through the cartridge with a syringe. (2) Sample analys is. Apply 0.1 mL of 'i'lmTc-mertiatide to the long end of the cartridge .
The car tr idge is then eluted succe ssively with 10 mL of O.OOIN hydrochloric acid and 10 mL of 1:1 ethanol/0.9% sod ium chloride solution. The two fra ctions of sample
eluates and cartridges are collec ted in separate culture tubes for counting. (3) Counting. The radioactivi ty of the first sample elution (hydrophilic Y4mTc impurity plus a fraction
of H-R \l9mTc), the second sample elu tion (99mTc-mertiatide), and the cartridge (the rema ining H-R \l9mTc plus nonelutabl e imp urities) is assayed in a dose calibrator. The
percentages of 'l'!mTc-mertiatide (fraction 2), hydrophili c 9<JmTc species (p rimarily H-R 99"'Tc), and nonelu table impurities are calculated by dividing each fra ction of radioactivity
by the total of activ ity of both sample liqu id fractions and the cart ridge.
Hydrophilic 99mTc impurity migrates to R, 0.5 to 1.0, whereas 11:-R 99mTc remains at the origin.
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•

(1) Transfer 0.2 mL of '<'ImTc-re d blood ce lls (RBC) to a centri fuge tube co ntaining 2 mL of 0.9% NaCl. (2) Centrifuge the 99mTc-RBC sample at IS0g fo r 1 minute. (3) Carefu lly
pipette off the diluted pla sma. (4) Me as u re the radioactivity in th e pla sr nc and the RBCs separ ately in a do se ca libra tor. (5) Calcu la te th e labeling efficiency of ''''mTc-IWC as
follows :

% RBe labe ling = [RBe activity + (RBe act ivity + Plasma activity)] x 100.

u (1) The TLC plate has to be predried in an oven at lOQoe for 1 hour. (2) After two drops of 'l9mTc-sestamibi sample are applied side-by-side on top of the eth ano l wet spo t,
the TLC plate is pl aced in a desiccator to allow the spot to dry before the plate is developed in the TLC tank. (3) This TLC system requ ires about 30 minutes to comp lete the
dr ying and development.

" Slow ly push 5 mL of ethanol (100% ethanol is preferable) thro ugh the longer end of a fresh Waters Sep-Pak alumina N cartridge. Load 0.05 to 0.1 mL of \l9m Tc-sestamibi on
the longer end of the cart ridge column, ma king sure the tes t sample gets on the column an d not in the tube neck. With a disposable syringe , slowly p ush (in d ropwise
manner) 10 mL of ethanol thr ough the longer end of the car tridge, using a test tub e (tub e 1) to collect the elu ate. Follow with a few milliliters of air to collect all of the
ethanol. Place the Sep-Pak car tridge in a test tube (tube 2). The percentage of wmTc-sestam ibi (tu be 2) is calculated by di vid ing the radioac tivity in tube 2 by the total activit y

in tubes 1 and 2.
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FIGURE 12-10 Single-strip thin-layer chroma­
tography system for radiochemical purity (RCP)
determination of <J<hnTc-sestamibi.
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MaterialFIGURE 12-11 Dual-strip

ITLC-SG systems for radio­
chemical purity (RCP) deter­
minatio n of " v'Tc-apcitlde
{Acu 'Iect, Rents ch ler Bio­
technologic).

a pure beta- or alpha-em itting material.? Changes in 10 CFR 35.63, "Determination of
dosages of unsealed byproduct material for medical use" are as follows:"

•

• For a unit dose (a radiopharmaceutical dose that is received in a un it form and
is not manipulated by the licensee), the dosage may be determined by direct
measurement of activi ty (e.g., in a dose calibrator), or based up on the reported
activity by a manufacturer or a preparer licensed under 10 CFR 32.72 (e.g., a
licensed nuclear pharmacy) and accounting for decav.?' .

• For a non-unit dose (anything prepared or manipulated by the licensee), the
dosage may be determined by a direct measurement, a combination of measure­
ment of dosage and mathematical calcu lat ions, or a combination of volume tric
measurements and mathematical calculations based upon the measurement
made by a manufacturer or preparer licensed under 10 CFR 32.72.59

A dose calibrator is com monly used in a nuclear pharm acy for de termination of the
amount of radioactivi ty because it permits rapid and accurate measurement of radiophar­
maceutical dosages. However, accurate measurement of a dosage with a dose calibrator
depends on the following factors: (1) a properly calibra ted dose calibr ator (see the section
titled Quality Control of a Dose Calibra tor ), (2) adherence to the specified measurement
range (i.e., maximum and minimum measurable radioactivity), (3) the type of container
(e.g., syringe, vial. test tube) and the filling volume of solution in the container.
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Certain radionuclides, such as 1231, IIIIn, and "'Xe, not only have high-energy photo­
peaks bu t also emit substantial amounts of low-energy cha racteristic x-rays that produce
variations in dosage measurements, especially when different container configurations or
materials are used. ,",61 With the use of a copper filter (0.6 mm thickness), one can effectively
reduce the low -energy component of 1231 and 1II1n, even when these radionuclides are
placed in various types of containers and are dispensed in differen t solution volumes."
"'Y has attracted much research and clinical attention in radioimmunotherapy (especially
with regard to its role in the Zeva lin [ibritumomab tiu xetan] radiothe rapeu tic regimen)
because its 64 hour half-life and pure beta emissions are very useful in cancer therapy.
Although the typical dose calibrator has been designed to measure gamma-emitting radio­
nuclides, it may also be quite useful in dosage measurement of pure beta emitte rs su ch
as 90y using its readily prod uced bremsstrahlung radiation.I>.'-'"

According to the new 10 CFR 35," if the dosage of a radiopharmaceutical preparation
needs to be assayed, with regard to all beta- an d difficult-to-measure gamm a-emitting
materials (e.g., I53Sm), it would be sensible to use volumetric measurements and mathe­
matical calculations . For all other radiopharmaceutical preparations, a do se calibra tor can
be used to directly measure the radioactivity.

The amount of radioactivity in a radiopharmaceu tical is usually determined either by
whole-vial assay or by counting an aliquot of the radiopharmaceutical in a dose calibrator.
Radioactive concentration is usually expressed in terms of specific activity, which is
defined as the activity per unit weight of the labeled compound (e.g., millicuries per gra m
or megabecquerels per gram), or specific concen tration, which is defined as the activity
per unit volume (e.g., mill icur ies per mill iliter or megabecqu erels per milliliter). The value
ofthe radioactive concentration is usually stated on the vial label along with the calibration
date and time; however, the new 10 CFR 35.69 "Labeling of vials and syringes" requires
only that the identity of the radioactive drug be shown on the label.""Although curies or
millicur ies are the un its of radioactivity commonly used in the United States, the becque rel
is the internationally recognized un it for radioactivity. Therefore, it is sensible to include
megabecquerels and megabecquerels per milliliter on the vial or syringe label. It is com­
mon practice tha t each vial or syringe of a radiopharmaceutical be radioassayed to confirm
that activity is within ±10% of the labeled amount of activity after decay correction. It is
interesting to note that the new 35.63 allows a difference of ±20% between the measure d
dosage and the prescribed dosage."

It is important to verify the stated activity on the label of a radiopharmaceutical
received by a nuclear medicine department or nuclear pharmacy. The European Associa­
tion of Nuclear Medicine reported its findings with regard to defects in radiopha rrnaceu­
ticals and no ted instances in which incorrect radioactivities were .provided by manufac­
turers.>" Its 2000 annual report states that the measured activity of one shipment of 1311

therapeutic capsules was 20% to 40% higher than that stated on the labels.' This illustrates
the importance of assaying the radioactivity of any radioactive material received. A con­
cern raised by this find ing is that wi thout some type of assay on receipt, do sage calcula­
tions determ ined by volumetric measurements and mathematical calculations based on
inform ation provided by the manufacturer could result in incorrect dosing of patients.
This would be particularly significant for pure beta- or alpha-emitting material, which is
difficult or impossible to assay in a dose calibrator. Some method for assessing the activity
of all rad iopharmaceuticals should be a pa rt of the standard of practice to avoid misad ­
ministration to patients .

Regarding the assessment of 18F radioactivity, the European Pharmacopeia stip ulates tha t
a standardized I8F solution should be used. However, this requirement can be sat isfied
with the use of mcs (662 keY) standard, because its energy is close to that of I8F (511 keV)."
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Certain radionuclides, such as 1231, 1I1In, and l31Xe, not only have high-energy photo­
peaks but also emit subs tan tial amounts of low-energy characteristic x-rays that produce
variations in dosage measurements, especially when different con tainer configurations or
materials are used ."'''' With the use of a copper filter (0.6 mm thickness), one can effectively
reduce the low-energy component of 1231 and 111In, even when these radionuclides are
placed in va rious types of containers and are dispensed in d ifferen t solu tion volum es.S
" y has attracted much research and clinical attention in radioimmunothe rapy (especially
with regard to its role in the Zevalin [ibritumomab tiuxetan] radiotherapeutic regimen)
because its 64 hour half-life and pure beta emissions are very u seful in cancer thera py.
Although the typical dose calibrator has been design ed to measure gamma-emit ting rad io­
nuclides, it ma y also be quite useful in dosage measurement of p ure beta emi tters such
as "Y using its read ily produced bremsstrahlung radiation."'"'"

According to the new 10 CFR 35," if the dosage of a rad iopharmaceu tical preparation
needs to be assayed, with regard to all beta- and difficult-to-measure gamma-emitting
materials (e.g., '''Sm), it would be sensible to use volumetr ic measuremen ts and mathe­
matical calculat ions. For all othe r radiopharmaceutical preparations, a dose calibrator can
be used to di rectly measure the radioactiv ity.

The amount of radioactivi ty in a radiopharmaceutical is usua lly determined either by
whole-vial assay or by counting an aliquot of the radiopharmaceutical in a dose calibrator.
Radioactive concentration is usually exp ressed in terms of specific activity, which is
defined as the activity per unit weight of the labeled compoun d (e.g., millicuries per gram
or megabecqu erels per gram), or specific concent ra tion, which is defined as the activi ty
per unit volume (e.g., millicuries per milliliter or megab ecquerels per milliliter). The value
of the radioactive concentra tion is usua lly sta ted on the via l label along w ith the calibration
date and time; however, the new 10 CFR 35.69 "Labe ling of via ls and sy ringes" requires
only tha t the identity of the radioactive drug be shown on the labe!."" Although curies or
millicuries are the units of radioactivity commonly used in the United States , the becquerel
is the interna tiona lly recognized unit for radioactivi ty. Therefore, it is sensible to incl ude
megabecquerels and megabecquerels per milliliter on the vial or syringe labe!. It is com­
mon practice that each vial or syringe of a radiopharmaceutical be radioassayed to confirm
that activity is within ±10% of the labe led amount of activity after decay correction. It is
interesting to note that the new 35.63 allows a difference of ±20% between the measured
dosage and the prescribed dosage.5Il

It is importan t to ve rify the stated activity on the label of a rad iopharmaceutical
received by a nuclear medicine dep artment or nuclear pharmacy. The European Associa­
tion of Nuclea r Medicine reported its findings with regard to defects in radiopharmaceu­
ticals and noted ins tances in which incorrect radioactivities were provided by manufac­
turers.>" Its 2000 annual report states that the measured activity of one ship ment of 13 '1
therapeutic capsules was 20% to 40% higher than that stated on the labels," Thi s illu strates
the imp ortance of assaying the radioactivity of any radioactive material received . A con­
cern raised by this find ing is that wi tho ut so me type of assay on receipt, dosage calcula­
tions determined by volumetric measurem ents and mathematical calculations based on
information provided by the manufa cturer could result in incorrect dosing of patients.
This would be particularly significant for pure beta- or alpha-emitting material, w hich is
difficult or impossible to assay in a dose calibrator. Some method for assess ing the act ivity
of all rad iopharmaceuticals should be a part of the standard of practice to av oid misad­
ministration to patients.

Regarding the assessment of lRF radioactivity, the European Pharmacopeia stipula tes that
a standa rdized lRF solution should be used. However, th is requirement can be sati sfied
with the use of mc s (662 keY) standard, bec ause its energy is close to that of 18F (511 keY)· ?
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Specific Activity

Specific activity is defined as the radioactivity of the radionuclide per unit mass of the
element or of the chemical form concerned. It is a critical specification esp ecially for the
recep tor-binding radiop harmaceuticals, to ensure that adequate amounts of these radio­
active drugs will be taken up by the associated receptors.

Specific activity changes with time. Therefore, the sta tement of the specific activity
shou ld include a date and, if necessary, a time . The requirement of the sp ecific activity
must be fulfilled throughout the period of validity.

No tes ting for specific activity of a radiopharmaceutical preparation is required if the
radionucl ide of interest is prepared by a no-carrier-added method of synthesis . If carr ier­
add ed synthesis is used for production of the radionuclide concerned, the appropriate
test and accepta nce criteria as well as the testing frequency for specific activi ty mus t be
defined .

CHEMICAL CONSIDERATIONS

Chemical Purity

Che mical purity is a measurement of the presence of undesirable chem ical species in
radiopharmaceuticals. This assessment is im portan t to ensure that the presence of any
chemical substance with poten tial toxic, physiologic, or pharmacologic effects is within
approp riate limits. Chemical pur ity testing sho uld be performed on any chemical sub­
stance that is either used or formed during the synthesis of a radiopharmaceutical prep­
aration, even though such substances may not be listed in the USP monograph or package
insert (e.g., chem ical impurities, un labeled ingredients, reagents, and byproducts).'

Examples of chemical impurities significant to nuclear pharmacy are as follows:

1. Aluminum ion (AI") in 'i9Mo-'i9mTc generator eluate. Excessive AP+ can induce
flocculation of 'i9mTc-SC because AI" combines with the phosphate buffer in the
product to form insoluble alumi num phosphate 6s." In bone scanning, liver local­
ization and degradation of image quality have been noted when AP+concentra­
tions exceed 10 llg per milliliter of 'i9mTc eluate." Accordingly, USP limits the
concentration of alum inum ion in 'i9mTc-sodium pertechnetate to 10 llg/mL.70
Assessment of aluminum ion concentra tion in the - Tc eluate is usually per­
form ed wi th a colorimetric spot test (discussed in Chapter 8) and should be do ne
on every eluate. .

2. Carrier iodine in radio iodide solution. Carrier iod ine can compete w ith radioio­
dine in the rad iodination process, resulting in poor labe ling efficiency, and will
interfere with uptake of tracer rad ioiodide in the thyroid gland.

3. Trace metals such as iron in I11In-indium chloride solution. Trace metals have
been known to significantly reduce labeling yields with lIlIn, especially in platelet
labeling with 1I1In-oxine.

For 18F-FDG injection, poten tial chemical impurities are am inopolyether 4,7,13,16,21,
24-hexaoxa-l ,10-diazabicyclo-(8,8,8)-he xacosane (Kryptofix 2.2.2. [Sigma-Aldrich], or
K222), 2-chloro-2-deoxY-D-glucose (ClOG), 2-fluoro-2-deoxy-D-glucose (FOG), tetra-alkyl
ammonium salt" and 4-(4-methylpiperid ino)pyridine. Testing for these chemical impuri­
ties can be do ne by comp arison of sp ot size and intensity shown on a developed TLC
strip (K222), with a sophisticated HPLC sys tem equ ipped with a UV de tector (ClOG, FOG,
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and tetra-alkyl ammonium salts), or with a UV spectrophotometer [4-(4-methylpiperi­
dino)pyridine].

Residual Solvents

Similar to the chemical purity assessment, any residual solvents present in the final
radiopharmaceut ical preparation must be determined and found to be within USP limits.

FDA guidance for the pha rmaceutical industry groups residual solvents into three
classes." The classification of residua l solvents involves assessment of not only their potential
toxicity with respect to human health concerns but also their possible de leterious effects on
the environm ent." Class 1 comprises solvents known and strongly suspected to be human
carcinogens and environmental hazards. Their use should be avoided in the manufacture of
drug substances, excipients, and drug products. Class 2 solvents have inherent toxicity, an d
their use should be limited in pharmaceutical products.P-? Solvents in Class 3 are those that
have less toxic po tential and thus pose a lower risk to human hea lth." ·72

A GC sys tem with flam e ionization detection is the instru ment of choice in the deter­
mination of residual solvents. In a manner similar to an HPLC system, a GC system must
be valida ted for proper analysis of residual solvents.l' "? According to US?, th e resolution
between standard and test sol utions should be not less than 1.0, and the relative standard
deviation for replicate injections sho uld no t be more than 5%.30

PHARMACEUTICAL CONSIDERATIONS

The basic considerations regard ing the pharmaceutical aspects of a radiopharmaceu tical
are appearance and color, particle number and size, pH, osmolality, and stabilizers or
preservatives.

Appea ra nce and Color

Annual reports of defective radiopharmaceutical products prepared by the European
Association of Nu clea r Medicine frequently describe the presence of foreign substances
(e.g., black particles, glass eleme nts, fiber) in via ls, coring of via l stoppers, and vial
breakage or crackin g before, during, and after reconstitution .>" Although these occur­
rences are rare, they do underscore the value of inspecting the content of kit via ls before
and after radiopharmaceutical preparat ion . One should be thoroughly familiar with the
normal appearance and color of every radiopharmaceutical (Table 12-5). Formulations
used in nuclear medicine may be true solutions, colloidal dispersions, suspensions, or
solid materials such as oral capsules; they have defined properties that allow the ir iden ­
tification. Gross mac roscopic ins pection of sol utions should be performed to identify any

TABLE12-5 Appearance and Color of Radiopharmaceutical.

Radiop harmaceutical

- Tc·macroaggregated albumin (MAA)
"""'Tc-sulfur colloid

Other - Te-Iabe led compounds
'v l-sod lum iodide

~2P-sodium phos phate

v p-chromic phos phate

Other no n-v wlc-lebel ed co mpounds

Appearance

Turbid

Slightly turbid
Clear
Clear (turns light amber with time)
Clear
Turbid
Clear

Color

\Vhitc
Milky
Colorless
Colorless

Colorless

Bluish green
Colorless
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TABLE 12-6 Particle Size of Common Particulate Radiopharmaceuticals

Radiopharmaceu tical

"v'Tc-sulfur col loid (thiosu lfate)
Filtered wmTc-sulfur co lloid (thiosulfate)

'I'ImTc-macroaggregated albumin (MAA)

Iii
t
,~

tTli

Di ameter (nm)

100 to 1000

<100 to 220

10,000 to 90,000 (90%)

<150,000 (100%)

" ..

Each square =50 IJm

NOTE -Ruled surface is 0.1 mm below the coverglass on the slide;
therefore the volume under the central square is 0.1 mm"

QUESTION - H the central square contains 110 MAA particles seen under
a microscope. calculatethe toternumber in a vial containing
5 mL of MAAsuspension

110 particles x 1000 mmJ x 5 mL = 5.5 x 1()6 particles/vial

0.1 mm3 1 mL vial

FIGURE 12-12 Estimating size and number of 99mTc_MAAparticles with the hemacytometer grid .

foreign material or change in appearance or color. For example, I31I-sodium iod ide solution
is clear and colorless when freshl y prepared but turns light ambe r with time because of
rad iolysis effects; this color change is not deleterious. Another example is the difference
between 32P-sodium phosphate, which is a colorless, clear solution, and 32P-chromic ph os­
phate, which is a blu ish-green, turbid, insoluble suspension (Table 12-5). Observations
should be made through leaded-glass shielding that is not tinted or fogged so as to obscure
the inspection.

Particle Number and Size

Particulate radiopharmaceuticals such as 99mTc-SC and 99mTc-macroa ggrega ted albumin
(99mTc-MAA) normally have a cloudy appearance (Table 12-5). Microscopic inspection of
these agents, or filtration ana lysis of 99mTc-SC, can be performed to confirm that particles
are uniformly dispersed and of proper size (Table 12-6).

Microscopic inspection with a light microscope and hemacytometer grid can be per­
formed to estimate particl e size and number with 99mTc-MAA (Figure 12-12). According
to US?, at least 90% of 99mTc-MAA particles should ha ve a diameter between 10 and 90
11m, with none greater than 150 I1m.73

pH

All radiopharmaceuticals have an optimal pH range for stability, and most radiophanna­
ceuticals are within a pH range of 4 to 8, wi th some exceptions:
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Osmolality
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Because most radiopharmaceutical p reparations are formulated in physiologic saline and
are therefore isotonic, an osmolality test is usually not necessary for radi opharmaceu tical
injections. Osmolality and pH are more critical for intrathecal inject ions tha n for intrave­
nous injections because of the high dilution and buffering capacity of the blood .

According to USP General Chapter 791, test pa per ma y be suitable for the measu rement
of an approximate pH value." A narrow-band pH paper is suitable for pH assessment,
because USP pH limits for radiop harmaceuti cal prod ucts are us ually quite broad . How­
ever, the accuracy and tracea bility of pH paper should be initially verified with standa rd
buffers. The pH value obtained with pH pap er is approxima te, and the accuracy is prob­
ably no better than 10 .25 pH units."

1. Radioiodine solu tion should be kept in alkaline pH to prevent volatilization of
iodine .

2. Indium chloride solution mu st be kep t qui te acid (pH 1 to 3) to remain in solution
and to prevent formation of insoluble indi um hydroxides. Chelated forms of
indium, however, such as IlIIn-DTPA, are very soluble at neutral pH.

3. The pH of unstabilized '!9mTc-exametazime injection is in the range of 9.0 to 9.8,
whereas the pH of the stabilized '!9mTc-exametazime is buffered between 6.5 and
7.5 for stab ility."'"

Stabilizers may be added to radiopharmaceu ticals for a number of reasons. Typically they
are added to retard oxidation or to reduce radio lytic degradation in preparations with
high specific concentration . A preserva tive is usually added to a radiopharmaceutical
formulation to retard the growth of microorganisms that might be introduced into the vial
during multiple penetra tions . Preservatives can extend the she lf life of a '!9mTc rad ioph ar­
maceutical beyond the de fault exp iration time of 12 hours. '!9mTc-mebrofenin is a good
example of this. If the added stabilizer or preservative may cause toxic, physiologic, or
pharmacologic effects, it must be pro perly evaluated before releas e of the drug product
for patient use. The testing method, acceptance limits, an d testing schedule for assay of
the potentially toxic stabilizer or preser vative should be established and va lidated. Such
testing is typica lly the domain of the radi oph arm aceutical manufacture r and is not part
of the rou tine practice of nuclear pharmacy.

Mostradiopharmaceuticals are designed for parenteral administration and therefore must
be prepared by aseptic processing. The goal of aseptic processing is to prepa re a drug
product tha t is free of microorganisms and toxic microbial byproducts, most notably
bacterial endotoxins.

Microbiologic control (i.e., ste rility tes ting) and bacterial endo toxin testing (BET) must
be performed according to written policies and proced ures for radiopharmaceuticals when
these tests are required as release criteria. Retrospective ster ility testing and BET should
be conducted on rand omly selected batches of the product to check the adequacy of asep tic
technique. These tests should be conducted at regular interva ls, depending on historical
reSUlts and trends, and should be completed more frequentl y when new personne l are
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involved. Sterility testing and BET should be pe rformed according to procedures based
on and adapted from those described in USP General Chapters 71 and 85, respectively." ?"

Sterility

A sterile solution is one tha t contains no living organisms, pa thogenic or nonpathogenic.
All injectable products must be sterilized by steam (autoclave) or membrane filtra tion .
Autoclaving, with steam under pressure, is useful only for products that can wi thstand
the severe physical cond itions of 121°C under p ressure at 15 pou nds per squa re inch gau ge
(psig). These condi tions obviously preclude autoclaving of p rotein and bio logic products.
For heat-labile products, sterilizing memb rane filtrati on is the me thod of choice. Mem ­
brane porosity should be at 0.22 urn,

If radioph arrnaceu ticals are formulated from raw materials, sterile glassware, syringes,
and other components sho uld be used to lessen the chance of introducing microorganisms
and pyrogenic material into the product. Radiopharmaceutical products with a long
enough half-life should be subjected to the USP ste rility tes t before use. The official ster ility
test uses fluid thioglycolate med ium to test for bac terial contamination and soybean casein
digest medium to test for fungi." Sterility tests can usually be cond ucted in a hospital's
microbiology laboratory. Of course, proper p recautions must be taken if the product is
radioactive.

The test for sterility should be carried out in accordance with USP General Chapter
71.'" However, special difficulties arise with radiopharmaceutical preparations because of
the sho rt half-life of some radionuclides (especially those used for diagnostic purposes),
small size batches, low p rod uction volume, and radiation hazards.

The USP sterility testing me thod requ ires observation of the tubes of media over a 14
day incubation period unl ess otherwise specified elsewhere in the ste rility testing chapter
or in the individual monograph.'" It is common to observe the test samples at days 3, 7,
and 14. In any event, the shor t half-lives of most rad iopharmaceuticals used in nuclear
medicine studies prohibit completion of the sterility testing before the release of radio­
pharmaceutical products. In ad dition, when the half -life of the radionuclide is very brief
(e.g., less than 20 minutes), ad ministration of the radiopharmaceutical preparation to the
pati ent is generall y on-line with a valida ted production system. It is justifiable to d ispense
rad ioactive drug products before completion of the sterility test if the rad iopharmaceutical
is prepared by a validated aseptic process.

For safety reasons (i.e., high levels of radioactivity), it may be not possible to use the
quantity of a radiopharmaceutical p repara tion stipulated in the USP sterility testing chap­
ter.'" To limit radiation expos ure of personnel, the product should be diluted or allowed
to decay to a safe worki ng level before sterility tests are conducted .

In regard to the initiat ion time of sterility test ing, FDA regulations (preliminary draft
proposed ru le and draft guid ance) ad d ress ing current good manufacturing practices
(CGMP) for PET drug products stipulate that the sterility test ma y be started the next day
after preparation.tv" Alth ough the 24 hour window for the start of sterility test ing matches
that specified in FDA's draft chemistry, manufacturing, and control (CMC) section for
three PET drug products (ammonia N 13 injection, fludeoxyglucose F 18 injection, and
sodium fluoride F 18 injection ),8l it is no t practical. It may be necessary to conduct sterility
tests on the next wo rking day when preparations are made jus t before or during a weekend
or holiday.

In summary, radiopharmaceutical preparations should meet the requirements stated
in USP General Chap ter 71 on sterility tests , with the excep tion tha t rad ioactive drug
products may be d istributed or disp ensed before completion of the tests for ster ility," The
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sterilitytest must be started after an appropriate decay period following final manufacture
orpreparation.

Membrane Filter Integrity

Since the sterility test is completed retrospective ly for most radiopharrnaceuticals, the
membrane filter integrity test can be considered an indicator of the microbiologic p urity
of the product. All membranes used for product sterilization must pass an integrity tes t
prior to prod uct release. "Bubble poin t" measurement is a simple test for membrane filter
inlegrity.80~ l

Bacterial Endotoxin Testing

Pyrogens are metabolic p roducts of microorganisms that cause a pyretic response upon
injection. Endotoxin is the most significan t pyrogen. The response in humans is charac­
terized by the onset of chills and fever within 45 to 90 minutes after the injection of
pyrogenic material. General ma laise and headache may also be present. The severity of
response is dependent upon the extent of contamination.

All injectable products are required to be pyrogen free. Endotoxin is no t removed by
sterilizing membrane filtration me thods; therefore, a solution could be sterile but pyro­
genic. The most likely sources of pyrogens have been impure water and chemicals used
in product preparation . Pyrogenic contamina tion is usually prevented by using h igh­
quality chemicals and water for injection. Glassware can be rendered pyrogen free by dry
heat at 250' C for 30 minutes, which incinerates the endotoxin. Autoclaving does not
completely destroy pyrogens.

The official test for the presence of pyrogens in paren terals has been the USP rabbit
lest." The USP rabbit pyrogen test requires in travenous administration of the drug to be
tested into the marginal ear vein of three rabbits whose body temperature is monitored.
Temperature is recorded each hour for 3 hours and compared with the baseline temper­
aturebefore injection. The product passes the test if no rabbit shows an individual rise in
temperature of 0.6°C or more above its respective control temperature and if the sum of
the three individual max imum temperat ure rises does not exceed 1.4°C. Details of the test
can be found in the United States Pharmacopeia. Special care and facilities are needed to
house the rabbits so that the test will be valid. Rabbits are subject to temperature elevations
solelyfrom fright or excita tion. Thus, sham testing must be performed to ensure reliability.
Although this has been a reliable test for the presence of pyrogens in parenterals, it has
limitations for use with radiopharmaceuticals, particularly those containing short-lived
radionuclides. Additionally, the rabbit test appears to lack the sensitivity required to detect
endotoxins in radiopharmace uticals intended for intra thecal use." Fortunately, an in vitro
test has been developed tha t is far more sensitive to bacterial endotoxin than the rabbit
test; this is the limulu s amebocyte lysate (LAL) test, now officially known as the bacterial
endotoxins test (BET).

The bioassay in rabbits was the first pyrogen test and was used for ma ny years, but
the BET was shown to be more sensitive.P Development of a viable alternative to the USP
rabbit pyrogen test began with the observation by Bang'" tha t gram-negative bacte ria
caused intravascular coagulat ion in the American horseshoe crab, Liniulus polyphemus. In
collaboration, Levin and Bang'" later found that this clotting resulted from action between
endotoxins and a clottable p rotein (a proenzyme) in the lysate of the crab's circu lating
blood cells, which are amebocytes . The need for a su itable pyrogen test for drugs, espe­
cially radiopharmaceu ticals, led Cooper, Levin, and Wagner"" to develop a simple method
ofapplying this new approach to endotoxin testing of dru g products. The BET (then called
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TABLE12-7 Characteristics of Limulus Amebocyte Lysate (LAL) Test

1. It is an in vitro test
2. It can be performed in-house wit h min ima l eq uipment and personnel

3. Test vo lum e can be as small as 0.1 mL
4. The test is completed within 1 hour
5. An in-process 20 minute endotoxin limit tes t can be used to a llo w for ea rly release of an ultra-short-l ived

rad iopha rmaceutica l
6. Positive and negative con trols and inhibition or enhancement test ing can be performed with each tes t
7. It is relat ively inexpens ive, and the test materials can be stored until needed
8. The sensitivity of the LAL test allows for substantial d ilu tion of the tes t sample (excep t for intrathecal drug

prod ucts)
9. It can be used to tes t d ru gs not amenable to the rabbit tes t, such as anes thetics, cancer che motherapeutic

agents, seda tives, narcotics, in trath ecal drugs, and drugs that exe rt potent pharmacologic effects on animal

systems"

FIGURE 12-13 The activation sequence of a proen­
zyme in limu lus amebocyte lysate catalyzed by a
gram-negative bacteria l endotoxin.

Proenzyme

Coagulogen

Endotoxin

Coagulase

Coagul ase

Coagulin

the LAL test), was introduced in the United StatesPharmacopeia, 20th Revision, an d assigned
official status by the USP Committee of Revision in 1993.""

The BET for pyrogens is preferred over the rabbit test (especially for radiopharmaceu­
tical preparations) because of simplicity, sensitivity, specific ity, rapidity, and cost-effective­
ness .'" Table 12-7 lists characteristics of the BET. It is a qua lita tive and quantitativ e test
for gram-negative bacteria l endotoxin . A proenzyme ob tained from a lysate of washed
amebocytes of L. polyphemus blood is extremely sensitive to the presence of gram-negative
bacterial endotoxin. Once the proenzyme is activated by the endotoxin (its rate of activa­
tion is determined by the concentration of endotoxin present), the activated enzyme
(coagulase) hydrolyzes spe cific bonds within a clotting protein (i.e., coagulogen) that is
also presen t in LAL (Figure 12-13). The hydrolyzed coagulogen then turns into coagulin
and forms a gelatinous clot. Lyophilized lysa te mus t be stored between 2°C and SoC to
main ta in effectiveness.

There are two types of BET techniques: the gel-elot technique and the pho tometric
technique (i.e., a turbidimetric meth od and a chromogenic method).'? The specifications
listed in the USP monograph for selecting a test ing technique should be followed . Unless
otherwise indicated in the USP monograph, the gel-dot techni que is the method of choice
in case of d ispute."

The LAL reaction is enzyme mediated and has an optimal pH range for proper
performance of the LAL reagent. As with most enzymatic reactions, test samples for LAL
testing should be done at neutrality. If necessary, pH should be adjusted with endotoxin­
free acid or base. Samples to be tested may be stored at 2°C to SoC for 24 hours or be kept
frozen if the storage period is longer than 24 hours.

The validity of BET resu lts requires an adequate demonstration that the test sample
does not inh ibit or enhance the reaction or otherwise interfere with the test. Interfe rence
can be overcome by su itable treatment, such as filtra tion, neutralization, dialysis, or
heating." However, most compounds are inh ibitory in the undiluted state. The refore, the
easiest way to overcome inhibition is to dilute the test sample. Sample dilution mus t not
exceed the max imu m valid dilution, which is the maximum allowable dil ution of a spec­
imen at which the endo toxin limit can be determined by the BETtechni que.?" In any event,
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inhibition or enhancement testing should be performed on the test sample solutions to
determine whether they interfere with the LAL reagent, as well as to ensure that the chosen
treatment has effectively elimina ted interference without loss of endotoxins. A prod uct is
said to be free of product inhibition or enhancement if the geometric mean end point of
endotoxin in the product is between one-half and 2 times the labeled lysate sensitivity."

Each vial of LAL is labeled wi th the lysa te sensitivity (A), which is obtained using the
USP reference standard endotoxin (RSE) and is expressed in endotoxin units (EU) per
milliliter. One EU (or USP-EU) is equal to one international un it (lU) of endotoxin . A
sensitivity of not less than 0.15 EU/mL should be met for an LAL reagent to be used for
routine BET.'" Before using a new batch of LAL reagent kits, each user shou ld confirm the
labeled LAL reagent sensitivity by using the control standard endotoxin (CSE) sup p lied
with an LAL reagen t kit. This should be verified again when there is any change in test
conditions that might affect the outcome of testing, such as a change in the formu lation."
Acceptable variation of the measured sensitivity of the LAL reagent is between one-ha lf
and 2 times the state d lysate sens itivity.

According to US?, 5 EU/ kg body weight is the endotoxin limi t for a drug prod uct
administered by any route other than intrathecally (for which the limit is 0.2 EU/ kg).'"
However, the endotoxin limit for radio ph armaceutical products is 175 EU/V, where V is
the maximum dose in milliliters, at the exp iration time. For intrathecally administered
radiopharmaceuticals, the endotoxin limit is 14/ V becau se endotoxin is most toxic by the
intrathecal route. Drug products intended for intrathecal administration must be tes ted
at a lesser dilution to meet the limit of 14 EU/ V

Because, at expiration time, the maximum administered total volume of a radiophar­
maceutical may be equal to the total volume of the entire vial of the radioactive d rug
product, it migh t seem approp riate to calculate the bacterial endotoxin limit (i.e., 175
EU/V) using the total volume in the vial. This approach is simple, but it results in a
stringent limit. This is because the total volume of the entire vial of radiopharmaceutical
preparation, rather than a par tial volume, is used as the denominator for calcu lation of
the acceptable bacterial endotoxin limi t.

The USP gel-clot limit test is used when a monograph or a package insert con tains a
requirement for bacterial endotoxin limit.?" As shown in Table 12-8, the test is not valid
unless both replicates of test solutions Band C are posit ive and those of test solution D
are negative.'" The test should be repeated when the results of rep licates of test solution
Aare not consistent (i.e., one pos itive and one negati ve).'" Practical procedures for apply­
ing the gel-clot limit test in pharmacy compound ing we re recen tly discussed ."

To quantify the endotoxin concentration of an unknown solution, serial2-fold dilutions
ofsample are tested until an end point is reached (Table 12-9). The end otoxin concentration
(E) is calculated by multipl ying the lysate sensitivity (A) by the recip rocal of the end point
dilution. For example, a product yielded an end point at a 1:8 dilution with LAL reagent
water when using an LAL reagent with A; 0.125 EU/mL [ E ; Ax 8 ; 0.125 EU/ mL x 8
; 1 ED/ mLl.

TABLE 12-B Gel-Clot LimitTes!

Test
Solution

A
B
C
D

Number of
Repli cates

2

2
2

2

Endotoxin
Concen tration/Test
Samp le Of Control

None/sample solution
2 A/sample solution
2 A/ LAL reagent wa ter

None / LAL reagen t water

Function

Test sample
Test for interference
Positive control
Negative control

Results or Comme nts

May be posi tive or nega tive
Should be posi tive
Should be positive
Should be negative
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TABLE 12-9 Gel-Clot Assay
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Test
Solution

A

B

c

D

Endotoxin
Concentration!

Number of Test Sample or Dilu tion
Replicates Control Diluent Factor

2 None/sample LAL 1

2 soluti on reagent 2

2 water 4

2 8
2 2 'A/sample 1

solution

2 2 )c/LAL reagen t LAL 1

2 wa ter reagent 2

2 water 4

2 8
2 None/LAL

reagent wa ter

Init ial
En d ot oxin

Con centration

2l.

2l.
1 l.
0.5 x
0.25 x

Resu lt s or
Com ments

Sec tex t for calculation
of endotoxin

concentration of

solution A

Should be positive

Geometric- mean end

point conce ntration is
in the range of 0.5 A­
to 2 A

Should be n egative

" The end point is the last positive tes t in th e series of decreasing concentrations of endotoxin.

Source: General Chapter 85, page 2025, The United States Pharmacopeia, 26th rev., and The Notional Formulanj, 21st

ed.; 2003.

The commonly used gel-clot technique for determining bacterial endotoxin concentra­
tion requires a 60 minute incubation period, as described in USP General Chapter 85.79

This is also the endotoxin testing method recommended in FDA's draft guidance on CGMP
for PET drug products.F Because the remainder of the required QC testing for a typical
PET radiopharmaceutical (e.g., 18F-FDG), with the exception of the sterility test, can be
completed in 20 to 30 minutes, it is not practical and is indeed qu ite wasteful to delay
release of the short-lived 18F-FDG injection for an additional 30 to 40 minutes. Kinetic LAL
methods using multitube readers are the quickest ways to complete a BET for PET radio­
pharmaceuticals."

USP General Ch apter 823 on the compounding of PET radiopharmaceuticals indicates
that an in-process 20 minute endotoxin "limit test" (i.e., incorporating positive controls in
the range of 5 EU per milliliter to 175 EU / V) can be used to allow for the possibility of
early release, for human use, of an injectable PET drug radiolabeled with a radionuclide
having a ha lf-life greater than 20 minutes . However, the standard 60 minute BET must be
performed and completed." This two -part BET is a sensible approach, especially for the
short half-lived PET drug products, because all other required QC testing procedures (with
the exception of the sterility test and the 60-minute BET testing) are usually completed in
20 to 30 minutes. Nonetheless, it is interesting to note that the 20 minute BET is mentioned
in neither USP General Chapter 85 nor USP General Chapter 823.79•59 Cooper'? proposed
a test scheme for the 20 minute BET. The proposed 20 minute gel-clot limit test includes
use of the standard test tubes as described in USP General Chapter 85, plus one additional
positive product control tube that con tains a test sample solution mixed with 160 A
endotoxin concentration.

INSTRUMENT Q UALITY CONTRO L

A nuclear pharmacy laboratory usually has a dose calibrator, a scintillation well counter,
and a Geiger-Muller (GM) survey meter as standard equipment for measuring radioac­
tivity. CGMP for PET drug products require that a PET drug production facility be
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TABLE 12-10 Dose Calibrator Quality Control Requirements of 10 CFR 35.50 C' Old" Part 35)
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Quality
Control Test Freq uency"

Constancy At beginning of each
day of use

Accuracy At installation an d
ann ually

Linearity At installation and
quarterly

Geometry At installation

Sources and Conditions"

Not less tha n 50 ~Ci of a photon emitter

No t less than 50 ~Ci of a ph oton emitter
Two sources used, each within ±5% of its stated activi ty; one source

must have a principal pho ton energy between 100 and 500 keY
Test from hig hest patien t or research subject dosage do wn to 30 ~Ci

Test range of volumes and config ura tions to be used

• Each test must be pe rformed after instrument ad justment or rep air .
b Mathema tically correct dosage readings for geometry or linearity error s that exceed 10%. Repair or rep lace

dose calibrator if accuracy or constanc y error exceed s 10%.

equipped with add itional instruments (e.g ., HP LC, GC, MCA) for QC testing. The purpose
and operating principles of thes e instruments have been addressed previously (the dose
calibrator, scintillation well counte r j MCA, and GM survey meter are discussed in Chapter
3; HPLC and GC are d iscussed earlier in th is chapter). This section will describe routine
QC procedures for the dose calibrator and survey meters.

Dose Cal ibrator

The dose calibrator is used in nuclear medicine and nuclear pharmacy primarily to mea­
sure the activity of radiopharmaceuticals before administration to the patient. A number
of quality control tests must be cond ucted to ensure the proper ope ration of this instru­
ment.

The revised 10 CFR 35.60, "Possession, use, and calibration of instruments used to
measure the activity of unsealed byproduct materia l," no longer spells out the procedures
for checking accuracy, constancy, geometry, and lineari ty for d ose calibra tors." Instead,
the regulation states that licensees must follow "nationally accepted standards" or "the
manufacturer 's instructions" for calibrating dose measurement systems." For reference,
the requirements for dose calibra tor QC testing described in the previous 10 CFR 35.60
are summarize d in Table 12-10. These requirements may still be en forced by agreement­
state licensing agencies until the revised Part 35 regulations are adopted by the states, and
they are a sound gu ide for dose calibrator qu ality control.

Dose calibrator manufacturers' instructions may vary and the'refore ma y not be a
practical option for standardized QC testing of dose calibrators . In regard to "na tionally
accepted standards, " two documents are recognized as author itative guidelines: the Amer­
ican National Standard Calibration and Usage of "Dose Calibrator" Ionization Chambers
for the Assay of Radionuclides, and NCRP Report 99-Quality Assurance for Diag nostic
Imaging, published, respectively, by the American National Stan dards Institute (ANSI)
and the Na tional Council on Radiation Pro tect ion and Measurements (NCRP)92,93

According to 10 CFR 35.2060, "Records of calibrations of ins truments used to measure
the activity of unsealed byproduct material," a record of calibration must be kept for 3
years and should include dose calibrator model and serial nu mbers, date of calibra tion,
results of calibration, and the name of the individual who performed the calibration..'

To ensure proper dose calibrator operation, the following QC tests are required: con ­
stancy (precision), accuracy, linearity, and geome try" Standard radionuclide sources, oth­
en-vise known as standa rd reference materials, are ava ilable for cond ucting the accuracy
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and constancy tests. A primary standard reference material is one whose d isintegrations
have been determined under known geometry conditions, typically 4-pi geometry. Pri­
mary stan dards are prepared by the National Institute of Standards and Technology (NIST)
and have an uncertainty of <1%. They are supplied as 5 mL solutions in borosilicate glass
ampuls with a wall thickness of approximately 0.6 mm. A secondary standard reference
material is one whose activity is determined by comparison with a primary standard.
Secondary standards are prepared by commercial firms (e.g., Amersham, DuPont) and
have an uncertainty of 2% to 4%. These sources are typically supplied as a solid epoxy
material sealed in a polyethylene bottle.

The following discussion of QC standards and procedures is based primarily on NCRP
Report 99.91

Constancy

A constancy (precision) test ensures that the dose calibrator can measure a source of
constant activity repeatedly within a stated degree of reproducibility over a long period
of time. A satisfactory response to this check indicates that the dose calibrator is operating
consistently from day to day.

The constancy test is performed on the dose calibrator at the beginning of each day
of use. A long-lived reference source, usually mcs, is used . Other sources may be used
as well for this test. mcs is similar in photon energy to 99Mo;"Co has a principal pho ton
energy similar to that of 99mTc. If one uses a dose calibrator only for the measurement of
131I dosages, a good reference source would be 1338a, whose photon energy is similar to
that of 131I. A suggested method for the constancy test is as follows:

1. Assay the reference source using the dose calibrator setting for that radionuclide
(e.g., use the 137CS setting to assay a mcs source).

2. Measure the background activity at the same setting and subtract this from the
measured activity. If an automatic background subtraction circuit is used, con­
firm that background was correctly subtracted .

3. Record the net activity (source minus background) in the QC logbook for that
dose calibrator.

4. It is advantageous to repeat the above procedure, using the same reference
source, for all routinely used radioisotope settings on the dose calibrator (e.g.,
99mTc, 20IT!, lllIn) to check their response. Readings will differ from the reference
source but should consistently follow the characteristic half-life of the source.

Source measurements deviating by more than ±5% of the ' predicted activity indicate
a need for instrument adjustment or repair.

Accuracy

Accuracy is defined as the closeness of a measurement to the true value. The purpose of
the dose calibrator is to measure the radioactivity of a rad iopharmaceu tical with a high
degree of accuracy. Dose calibrator accuracy is assessed by measurement of standard
reference sources of known activity traceable to NIST. Typ ical sources used for accuracy
assessment are 57CO, 13JBa, and 137CS. The measured activity of a reference source must
agree within ±5'10 of its certified activity after decay correction. Calibration checks that do
not agree within ±5% indicate that the instrument must be either repaired or adjusted.
This test must be performed at the time of dose calibrator installation an d thereafter on
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a yearly bas is. It must also be performed after repa ir or ad justment of the dose calibrator.
Asuggested method for the accuracy test is as follows:

1. Assay one of the reference sources using the appropriate rad ioisotope setting
(e.g., use the " Co sett ing to assay " Co). Allow sufficient time for a stab le reading
to be obtained .

2. Remove the reference source and measure background activity. Subtract back­
ground activ ity from the measured activ ity to obtain the net activity. Confirm
proper operation of the automa tic background subtraction circuit if it is used.

3. Record the net measured activity, the source geometry, and the instrument set­
tings.

4. Repeat the prev ious steps for a total of three indep endent determinations and
average the net measured activity.

5. The average va lue must be within ±S% of the certified radioactivity after deca y
corr ections.

Linearity

Dose calibrator linearity implies an accurate instrument response over a w ide range of
activities. A nonlinear response is more likely to occur at high activities than at low
;ctiVITies."" Nonlinearity at high activities is likely due to" recombination of ion pa irs in
the chamber before they are collected at the chamber electrodes, causing a falsely low
readout of the tru e act ivity present.

A linearity test should be pe rformed at dose calibrator installation and quarter ly. For
practical reasons, the linearity test need be conducted onl y over the activity range of
patient dosages being measured .~c is typically used to condu ct the linear ity tes t because
it is readily ava ilable in large amounts of activity. However, if the highest dose adminis­
tered to a patient is 300 mCi (11 .1 GBq) of 1311, the amount of "'lmTc activity must be adjusted
upward because of differences in the decay characteristics of these two nuclides. Thus,
430 mei (15.9 GBq) of "'lmTc should be used in place of 300 mCi (11.1 GBq) of IJI l to
compensate for the gamma energy differences between 1311 and 99mTc.97

Two methods can be used for the linearity test. The most accurate method is the decay
method, which consists of mu ltip le measurem ents of the same radionuclide source over
an extended time period, typically 2 to 3 days." An alternative method is the attenuation
method, which uses a series of lead- lined sleeves or tubes of varying th ickn ess (Figure
12-14). A set of 6 to 8 tubes is designed to progressively increase attenuation of the 'l9mTc
source to simulate decay from a through 50 hour s. Tube sets are com mercially available
from a number of vendors.

FIGURE 12-14 Lead sleeve shielding system for
the dose calibrator linearity test.
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Decay Method

1. Before the linearity test, prope rly zero the dose calibrator. A reliabl e and accurate
clock should be used to record the time (an error of 10 minutes in the recorded
time for 'l9mTc will result in an apparent error of 21

}{, in the dose calibrator linearity
check).

2. Obtain a ""mTc source tha t contains the largest activity rou tine ly administered to
a patient o r routinely measu red in the dose calibra tor (e.g., the first elution from
a new 9'lMo-99mTc generator).

3. Assay the ""mTc source in the do se calibrator and subtract background activity
to ob tain the net radioacti vi ty in millicuries or megabecquerels. Record the date,
time, and measured activ ity of the %nTc sou rce. Repeat this measurement three
times and obtain the average value.

4. Repeat this p rocess at 6, 24, 30, 48, 54, 72, and 78 hours thereafter, until the
activ ity level of the """'Tc source has dropped to 30 ~Ci (111 kBq) or less.

Using the 30 hour activity measu rem en t (A30) as a referen ce point, calculate
the predicted ac tivity (At) at the othe r spec ified times, t, using the follow ing
decay equation:

5. On sem ilog graph paper, labe l the loga rit hm ic vertica l axis in activity (millicuries
per megabecquerel) and label the linea r horizo ntal axis in decay time (hours).
At the top of the graph, note the dose calibrator information (i.e ., manufacturer,
model number, and serial number), as we ll as the date an d time of the initia l
assay.

6. Plot the data points and draw a best-fit straigh t line th rou gh the data points.
Figure 12-15 shows a lineari ty decay graph. The linearity of the dose calibra tor
is determined by selecting the point that deviat es furthest from the best-fit line.
The deviation is calculated from the following equation :

IX, Deviation e
Measured activity - Calculated or fitted activity x 100%

Ca lculated activity

Measured Calculated Activity

FIGURE 12-15 Dose calibrator linearity decay
graph.

' 00

0.01

10 ~ ~ 40 ~ W ro 00 00 1001 10

Daily Time (hours)



Quality Control in N uclear Pharmacy 437

Attenuation Method

The set of lead sleeves must be calibrated before use for each dose calibrator and source
configuration to be use d rou tinely for the linearity test. A typical calibration method is as
follows:

~~~lead

Holder

out"
Lead~

Sleeves

Central
Tube

~~Soo<ee

+

FIGURE 12-1 6 Diagram illus­
trating the shielding method
for measuring dose calibrator
linearity.

1. Begin the lineari ty test as described above in the decay method . After completing
the first assay using the decay meth od, calibrate the lead sleeves as follows. Each
measurement must be perfo rmed thre e times and an average value obtained. In
addition, the ent ire calibration must be completed within 6 minutes.

2. Place the 99mTc source into a base sleeve that is not lead lined . Assay the activity
of the 99mTc source using a dose calibrator and record the results.

3. Place the first lead-lined sleeve (the one with the
thinn est lining) over the unlined base sleeve and
record the results (Figure 12-16).

4. Remove lead sleeve 1 and p lace the source in lead
sleeve 2. Record the measured radioactivi ty.

5. Repeat this proc ess un til all the lead sleeves have
been used .

6. Determine the attenuation (calibration) factors for
each lead-lined sleeve by dividing the activity
measured in step 1 by the measured activity for
the lead sleeve.

7. This procedure need be performed on ly once on
a new set of lead sleeves. The lead-lined sleeves
can now be used to test the dose calibrator for
linea rity.

8. Obtain a 99mTc source that contains the highest
activity routinely administered to a patient or a
human research subject.

9. Assay the 99mTc source in the dose calibrator and
subtract background activity to obtain the net
rad ioactivity in millicuries or megabecquerels .
Record the date, time, and measured activity of the 99mTc source. Repeat this
process using each of the lead sleeves. This should be done as qui ckly as possible
to minimize errors due to decay. A ma ximum of 6 minutes (1% decay) is allowed
before decay correction must be applied to the results.

10. Repeat step 9 th ree times and obtain the avera ge value for each lead sleeve.
11. For each average activ ity mea sured, multiply the result by the app rop riate cal­

ibration factor for each sleeve to obtain the factored activity. See the example in
Table 12-11.

12. Sum the products from step 11 and divide by the total number of sleeves to
obtain the mean factored activity. The percent deviation of each measurement
from the mean is determined from the following equa tion:

IX, Deviation =
Mean factored activity - Factored activity x 100%

Mean factored activity

Deviations grea ter than ±5% between predicted and measured activity with either the
decay method or the attenua tion method indicate the need for repa ir or adjustment of the
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ii

TABLE 12-1 1 Example o f D o se Cal ibralo r Lin earity Test Report

Tube Net Measured Activity (mCi) Calibration Factored
No . 1 2 3 Average Read ings x Factor Activity % Err or

1 61.700 60.800 60.400 60.967 1.000 60.967 ~.36

2 35.300 34.800 34.500 34.867 1.758 61.296 -0.90

3 19.300 19.000 18.900 19.067 3.144 59.946 1.32

4 6.170 6.030 5.990 6.063 10.089 61.173 ~.70

5 2.590 2.540 2.520 2.550 23.638 60.277 0.78

6 0.441 0.437 0.434 0.437 140.456 61.426 - 1.11

7 0.131 0.128 0.128 0.129 474.422 61.137 -0.64

8 0.060 0.060 0.060 0.060 1020.35 61.153 -0.66

9 0.009 0.009 0.009 0.009 6736.32 59.369 2.27

Average factored. activity = 60.749

Mea n + 5"/" = u pper lim it = 63.787
Mean - 5%, = lower limit = 57.712

Inst ru ment performance is wit hin the accepta ble lim its of ±S% erro r.

dose calibrator. Alternatively, a correction factor can be applied for the specific amoun t of
activity being measu red .

Geometry

The measured activity of a radioactive source may be significantly different from its true
activity, particularly in assays of radionuclides that have weak gamma emissions. In these
situations the source measurement can be greatly affected by its volume or container
configuration. The assayed activity can also be affected by the volume and size of the
radionuclide calibrator cha mber; therefore, geometry effects should be estab lished for each
type of dose calibrator." The exten t of these geometry effects sho uld be ascertained for
commonly used radionuclides and appropriate correction factors ap p lied to the measure­
ments if va riations are found to be significant (>2%). Dose calibrator correction factors
that are supplied by the manufacturer sho uld be verified . In some instances d ifferences
of 200% in dose calibrator readings between glass and plastic syr inges have been observed
for lower-energy radion uclides such as 12'1. This type of situation would require a correc­
tion factor for meas urements made in di fferent types of containers. Correction factors may
also need to be established for various types of syringes an d for different volu mes in a
given syringe. An alternative technique to syringe-correction factors is to assay the stock
vial before and after filling the syringe . This method maintains consistent assay geometry,
and the activity in the syringe is then the di fference between the two stock vial readings,
with app ropriate correction for any syringe volume effects if required. The geometry
effects on source measu rement for all types of containers should be ascertained upon
installation of a do se calibrator, particularly for weak gamma em illers for wh ich these
effects may be large.

The three principal geom etry cons iderations that may affect the accuracy of source
measurement in a dose calibrator are con tainer configuration, position of the source in
the ion chamber well, and the effect of source volume.

Container Configura tion

The type of source container used can greatly affect the accuracy of radi onuclide mea ­
surements. This effect will be most significant with weak gamma emillers. 11 is important
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TABLE 12-12 Effect of Container Configuration on Dose
Calibrator M easurements of ')'}mTc, 131 1, and 12:>1

Activity Concentration in J1CiJgram of Soluti on
('Yo Deviation Relative to Ampul Activity)

Radionuclide Ampul Serum Vial Plastic Syringe
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-14.5

37.1
39.6

Source: Reference 96.

-14.0 (-1.1)

35.8 (-3.5)
20.4 (-48.4)

45.2 (+1.4)

38.6 (+4.0)

57.8 (+45.9)

tobe aware that dose calibrator isotope calibration factors are established for a partic ular
instrument by the manufactu rer us ing referen ce standards in a particular con tainer con­
figuration, typ ically 5 mL of reference solution in a glass ampul. Other containers, such
as glass seru m vials or pla stic syringes, will yield somewhat different values because of
variations in pho ton absorption by the con tainer. This is not a major problem with most
radionuclides used in nuclear medicine, but a few exceptions do ex ist, such as l3..1Xe and
12'1. Table 12-12 demonstrates the d ifferenc es in the assa y of - Tc, 1311, and 125] when using
st;mdard containers and ind icates a significant influence of con tainer configuration on 1251
measurements.?" For weak gamma emitters, it would be more appropriate to determine
calibration factors for the specific con tainer used to assay the radiopharmaceutical. For
example, a calibration factor for 125] in a plastic syringe can be determined by transferring
a known amount of 1251 reference solution into the syringe. This can be accomplished by
weighing the syringe empty and then full of the reference solution. The difference will be
theweight of the reference solution. The tru e activ ity in the syringe is calculated from the
known activity per un it weight of the reference solution. Subsequently, the filled syr inge
is assayed in the dose calibra tor, and the calibration factor d ial is adjusted to display the
true activity on the readout meter. From that point on, all dos e measurements of 1251
solution contained in a similar syringe utilizing tha t calibration factor will be accurate.
This method can be applied to any radi onuclide.

{on Chamber Well Geometry

The position of a source in the ion chamber well will affect the accu racy of measurement.
Each chamber has a we ll position where source detection sens itivity is greatest. Ideally,
this position will extend over a reasonably wide range to minimize variation in measure­
ments. Figure 12-17 illustrates typ ical var iations in dose calibrator activity measurements
ofa 1.0 mCi (37 MBq) sou rce in a 10 mL serum vial at different distances from the bottom
ofthe ion chamber well. Note that the most accurate readings are obtained between 4 and
8emfrom the well bottom. Read ings near the bottom and top of the well are lower because
asignificant number of pho tons escape from the detection volume of the chamber in these
positions. Well geometry cha racteristics va ry and shou ld be de termined for each dose
calibrator.

Volume Varia tion

The measured activ ity of a radion uclide in a dose calibrator may vary wi th the volume
of solution because of self-absorption, That is, 1 mCi (37 MBq) in a 10 mL volume may
produce a different reading than if it were in a 1 mL volume . Expe rience has shown that
this is not a significan t problem.with most radionuclides used in nuclear medicine except-_..--
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FIGURE 12-17 Ion chamber well geometry effect on activ ity mea­
surements in a dose calibrator.
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for weak gamma emitters such as 1251. One can easily test for volume variation by placing
1 mCi (37 MBq) of any rad ioriiiclide in-a 1 mL volume into a 30 mL vial. An initial reading
and subsequent readings after 2 mL additions of water will indicate whether correction
factors need to be applied for different volumes. Regulatory Guide 10.8, Revision 2,
recommends the use of a 3 mL plastic syringe and a 30 m L glass vial for evalua tion of
source geometry?' If the error in the measured act ivity at any volume is greater than ±2'7'0
of the baseline act ivity, a cor rection table must be established so that the measured activi ty
can be converted to "true activity" (i.e., true activity = measured acti vity x correction
factor).

SURVEY INSTRUMENTS

Two types of survey instruments are used in nuclear medicine: the ionization chamber
exposure rate meter and the GM survey meter (Figure 12-18). All survey instruments
require routine quality control to ensure that they are operating correctly. 10 CFR 35.61,
"Calibration of survey instruments," requires that survey instruments be calibrated before
first use, annually, and after any repair that affects the calibration.P' The regulations
require that a licensee calibrate the instrument as follows:

1. Calib rate all scales with readings up to 10 mSv (1000 mrem) per hour using a
rad iation SOUTce.

2. Calibra te tw o separate readings on each scale or decade that will be used to
show compliance.

3. Conspicuously note on the instrument the apparent exposure rate from a ded i­
cated check source as determined at the date of calibration.

When calibrating a survey instru men t, the licensee should consi der a point as cali­
brated if the indicated exposure rate d iffers from the calculated exposure rate by no t more
than 20%, and a correc tion chart or graph should be conspicuously attached to the ins tru­
ment. In accordance with 10 CFR 35.2061, "Records of radiation survey instrument ca li­
brations ," a licensee must maintain a record of each radiation survey instrument calibration
for 3 years.'?' The record must include the model and serial number of the instrument,
date of calibra tion, results of calibration, and name of the individual who performed the
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A B c o

FIGURE 12-18 Examples of ionization cham ber sur vey instruments (A: ModelS Geiger-Muller [GM]
counter and B: RSQ-SOE ion ization dosimeter) and GM survey meter/probe (C: Model 3 survey
meter attached to Model 44-9 pancake GM detector and D: Model 44-25 pancake GM hand probe).

calibration. For mobile medical services, verification of proper ins trument func tion must
be verified with a ded ica ted check source befo re use at each client's address .v"

Survey Meter Calibration

A model procedure for calibration of ion ization chambers and GM sur vey instruments is
as follows:

1. Calibrate each scale that reads below 1 R/hour at two po ints On the scale located
at approximately one -third an d two-thirds of full sca le.

2. Calibration should be performed with a I37Cs reference source of approximately
100 mCi (3.7 GBq) or greater.

3. The D7C S reference source activity should have an accuracy within ±5°1t) of a NIST
calibrated reference source. The rad iation exposure from the source should be
documented in terms of mR /hour at One me ter and should be corrected for
decay prior to the calibration procedure.

4. To obtain the appropriate scale reading, pos ition the instrument at various dis­
tances from a mc s source of known exposure rate at One me ter (R,). Record the
distance and instrument reading. The expec ted read ing at each d istance can be
determined wi th the inverse square law. For exampl e, at a distance of 30 em (0.3
m), the expected reading (R.u) can be calculated with the following equation:

5. If the measured and expected exp osure ra tes differ by more tha n 10% but less
than 20%, a calibration chart, graph, or response factor should be prepared an d
attached to the inst rument.

6. If the measured and expec ted exposure rates differ by more than 20%, the
instrument should be repaired or adjusted until the measured read ings are wi th in
10% of the expec ted reading.
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A model procedure for calibration of GM survey meter efficiency is as follows:

1. Place a 0.5 to 1.0 inch disk-type planchette of the desired source on a countertop .
Th is source should contain 0.1 to 0.5 IlCi (3.7 to 18.5 kBq) "Co or any other
radionuclide d ispersed ur-iformly throughout the source. Ensure that all other
so urces of radiation have been removed from the area.

2. Place the GM survey meter either directly on top of the source or at a d istance
of 5 em.

3. Measure the exposure rate in counts per min ute (cpm). Note the source acti vity
and calibration da te and compu te its curren t activi ty in microcuries (kilobec­
querels). Divide the exposure ra te by the acti vity to get th e efficiency factor of
the meter in counts pe r minute per microcurie (cp m per kilobecqu erel). This
factor should be recorded on a label affixed to the detector.

This type of calibration of a thin-window GM counter is useful for assessing removable
contamination from rad ioactive material packages of beta-emitting radionuclides such as
32p, 8':lSr, and ':loy, since these nuclides cann ot be counted in a gamma scin tillation well
counter.

Constancy Check

All survey meters should be checked each day before use with a long-lived reference
so urce. The reference so urce is typically a plastic d isk impregnated w ith 1 to 10 IlCi (37
to 370 MBq) of mcs, and its reading should be es tablis hed at the time the survey meter
is calibra ted. The geomet ric ar rangement of the source and survey me ter probe should be
noted and reproduced for each daily chec k of the meter response. Verify that the meter
g ives a read ing w ithin 10lYo of the so urce va lue documented at calibration.

QUALITY CONTROL ISSU ES RELATED TO PET DRUG PROD UCTS

Section 121 of the Food and Drug Administration Modernization Act of 1997 (FDAMA)
requires that FDA estab lish approval proce dures, that is, new drug applica tion (N DA) or
abbreviated NDA (ANDA) and CGM P for PET drugs."" The 1997 FDAMA instituted an
am endment to the fede ral Food, Drug, an d Cos metic Act, in which a com pounded PET
drug is deemed to be adulterated if it is compounded, processed, packaged, or held othe r
than in accordance w ith PET compounding standards and the official monographs of
USP."" However, the compounding of PET drug products will be subjected to NDA or
ANDA and CGMP regulations 2 years after FDA establishes these requirements as stip­
ulated in the "sunse t" clause of Section 121 of 1997 FDAMAlm

In the process of establishing app roval procedures for PET d rugs, FDA issued a d raf t
CMC section, which con tains a subsection of regulatory specifications, stan dard tes ting
procedures, and testing sch edules."

Although USP stip ulates acceptance criteria as w ell as testing procedures for d rugs,
it does not specify the freq uency for conducting the required QA tests, nor does it indicate
whether drug preparations can be released for patient administration before complet ion
of required QC tes ting. This may be because USP tests are commonly used either in
challenges to certain claims mad e by consumer organizations or in evaluations of marketed
drug products conducted by gov ernment regulators. iO-l However, specifying testing sch ed­
ules could help end users to ensure th at necessary QA tests are initia ted within an
appropria te time frame, and to know whet her a drug can be released before comp letion
of QA tests. USP General Chapter 823 does give guidelines regard ing testing frequency
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and release criteria for PET drugs,"? However, this chapter applies only to compounded
PET drug products and will not be applicable to the QC of PET drugs once the "sunset"
clause of Section 121 of 1997 FDAMA exp ires."·IOJ

PET dru gs are unique among radiopharmaceuticals because of their short physical
half-lives, ranging from a few seconds to several hours. Consequently, PET radiopharma­
ceuticals are typically prepared using a cyclotron that is located at or near the PET im aging
facility. Most PET centers in the United States are part of an academic medical institution
that has its own cyclotron and radiochemistry laboratories for producing PET radiotracers
for clinical and research applications.

Notices issued by FDA in 1995 and 1997 concerning the regulation of PET radiophar­
maceuticals indicate that FDA has considered the production of PET drug products to be
significantly different from the production of conventional drugs in a number of important
ways, as follows. lOs,lOn

I. Because of the short physical half-li ves of PET radioisotopes,
• Pro longed preparation time sign ificantly erodes the useful clinical life of PET

drug products;
• PET facilities generally produce PET drug products in response to daily

demand;
• PET radiopharmaceuticals must be administered to patients shortly after pro­

duction because of the short half-lives of the PET radioisotopes.
2. Only a few lots are produced per day, with one lot eq ua ling one multiple-dose

vial, for a relatively small number of patients.
3. An entire lot may be administered to one or several patients, depending upon

the amount of radioactivity remaining at the time of administration. Conse­
quently, administration of the entire quantity of a lot to a single patient should
be anticipated for every lot prepared.

4. Since each multiple-dose vial contains a homogenous solution of a PET drug
product and equals one lot, results from end-product testing of samples drawn
from the vial may be representative not only of the entire lot but of all doses
administered to patients.

5. The quantities of active ingredients con tained in each lot of a PET drug generally
vary from microgram to nanogram amounts.

6. PET drugs do not usually enter a general drug d ist ribution chain. Rather, the
entire lot (one via l) usually is distributed directly from the PET facility either to
a single nuclear medicine department or physician for administration to patients
or to a nuclear pharmacy for dispensing. Distribution to other PET centers may
occur when geographic proximity allows for d istribution and use within the
parameters of the PET drug product's half-life.

On April 1, 2002, FDA issued a preliminary draft proposed rule, which includes
proposed regulations and the ra tionale and inten tion of the draft rules on CGMP for PET
drug products. " A companion d raft gu idance on CGMP for PET drugs was also released
on the same day." The draft guidance provides details and recommendations on compli­
ance, based on size, scope, and complexity of PET center operations." CGMP is not merely
focused on identity, strength, quality, and purity of the finished PET d rug products;
manufacturing practices mu st also use adequate and validated personnel, facil ities, equip­
ment, and controls in the preparation, packaging, and holding of PET drugs in order to
ensure that the drug products meet safety and quality requirements . Unique QC issues
related to the preparation, packaging, and holding of PET drugs, as outlined in these two
draft documents, are summarized as follows.
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Personnel and Resources

Radiopharmaceuticals in Nucl ear Pharmacy and Nuclear Medicine

A PET facility must have a sufficient nu mber of personnel to satisfactorily complete all
required tasks in a timely manner. In addition, the var ious stages of production and test
veri fication must be checked by a second person. However, if a PET center is operated by
one person, FDA allows that ind ividual to perform the production and QC functions as
well as to self-check his or her own work.

Quality Control Unit

Each PET drug product producer must have a QC unit to oversee its production operations
to ensure the safety and quality of PET drug products. Decisions made by the QC un it to
reject batches should not be subject to fur ther review or revocation by anothe r organi za­
tional unit or person . In large PET centers, the QC unit should be independe nt from the
production unit. Since the QC unit in a small PET cen ter may be indistinguishable from
the production un it, an independen t expert or an outside consultant should periodically
audi t the performance of the QC unit.

Facilities and Equipment

Critical act ivities involved in the production and testing of a PET drug product that exp ose
the PET drug product or the ste rile surface of a container and closure system to the
environment should be conducte d within an aseptic workstation wi th a rating of Class
100 (e.g., a laminar-airflow workstation or ba rr ier isolator). Examples of these activities
include (1) aseptic assembly of sterile components (e.g., syringe, needle, filter, vial), (2)
storage of sterility samples an d finished PET drug products, (3) sterility testing of the
finished PET drug product, and (4) dose withdrawal for quality control or pa tient admin­
istra tion. The aseptic processing facility and the aseptic work area should be properly
certified, cleaned, and validated in accordance wi th standard procedures, such as those
listed in US? General Chapters 797, Pharmaceutical Compounding-Sterile Preparations,
and 1208, Sterility Testing-Validation of Isolator Systemslll7."~

Similarly, equipment used in the production and QC of a PET drug product should
be adequately certified, ma intained, and validated. The following reference sources (in
descending order) can be used to control the usage and maintenance of such equ ipment:
(1) manufacturer 's instructions, (2) relevant US? general chapters, and (3) wri tten proce­
dures developed by each individual PET center. The warranty of any piece of equ ipment
is normall y valid if the operat ion procedures and maintenance schedule stated in the
owner's manual are properly followed. Additionally, the ma nufacturer may have specific
requirements for the calibration, performance, and maintenance of the machine. Hence,
it may be prudent to rely primarily on the ma nufacturer's instructions regarding equip­
ment issues, with the US? general chapter and self-establis hed proced ures as alternative
sources when the manufactu rer's instructions are inadequate.

Control of Components, Containers, and Closures

The components used in the production of PET drugs, including containers and closures
used to package final products, mus t be properly controlled. Identity testing needs to be
performed on each lot of a component that yields an active pharmaceutical ingredient.
For the produ ction of 18F-FDG injectio n, the components that yield the active pharmaceu­
tical ingredients are ''C)-water, mannose triflate, and "F-fluoride if it is obtained from an
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outside supplier.The use of a certi ficate of analysis to replace identity testing is permissible
in regard to (1) reagents, solvents, gases, pur ification columns, and other auxiliary mate­
rials, (2) containers and closures, and (3) inactive ingredients (e.g., a diluent, stabilizer, or
preservative) obtained from a reliable supplier. However, if an inactive ingred ient (e.g.,
0.9% sod ium chloride solution) is prepared on site, identity testing on the components
used to prepare the inactive ingredient must be performed before its release for use .

Production and Process Controls

PET drug producers must have adequate production and process con trols (i.e., master
production and control record, ba tch production and control record) in place to ensure
consistent production of a PET drug prod uct tha t meets applicable standards for identity,
strength, quality, and purity. The d raft guidance suggests that "Corrections to pa per entries
should be dated and signed or init ialed, leaving the original entry still readable. Correc­
tions to electronic records should be recorded according to Par t 11 (21 CFR Part 11,
Electronic Records; Electronic Signatures), and there should be an audit trail to document
the changes. Each batch record should be reviewed and approved for final release (signa­
ture/initials and date) ."!"

Since most PET drug p roducts are ad ministered to patients by injection, they must be
produced by personnel who are trained in ase ptic technique. An operator is initi ally
certified to perform aseptic process ing by completing three successful media-fill runs and
thereafter is requalified by passing an annual med ia-fill run test.

Aseptic processing of PET drug products sho uld involve microbiolog ic contro l of all
components as follows: (1) Tubing and glassware should be washed and rinse d with Water
for Injection USP (prefe rab ly) or purified water, wrapped in aluminum foil, and depy ro­
genated us ing a suitable dry-heat oven cycle, (2) transfer lines are suitab le for reuse;
however, they should be promptly cleaned after each use by rins ing with Water for
Injection USP then flush ing with volatile orga nic solvents (e.g., etha nol and acetone), and
finally drying with nitrogen, (3) low-microbial grade resin column mater ial should be
used in order to limit bioburden, (4) a sample of sterilizing membrane filter should be
tested before use; integrity testing of the membrane filter should be pe rforme d after
fil tration (i.e., bubble-point test), and (5) the environmen t should be periodically monitored
by methods such as the use of swabs or contact plates to test the aseptic wo rkstation
surfaces and the use of settling plates or dynamic air samples to evaluate air quality of
the aseptic facility and workstation.

Validation of a new process or of a sign ificant change to an already validated process
should be conducted prospectively. However, if a PET center has an established history
ofproducing a particular PET drug, validation of the production process can be conducted
retrospectively if the process has been shown to be capable of yielding batches meeting
required specifications. In addition, a concurrent valida tion can be justified if the short
half-life of the PET drug prohibits the use of either a prospective or a retrospec tive
validatio n process. In any event, the draft guidance recommends the respective order of
preference in regard to process validation to be prospective, retrospective, and concurrent.
However, each PET d rug producer should weigh the p ros and cons carefully in considering
which type of valida tion scheme to use.

laboratory Controls

If a reference standard is obtained from an officially recognized source (e.g., USP), no
further test ing is required . However, if the reference standard is purchased from an
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alternative source, a reference spectrum or othe r sup porti ng data to fully con firm the
identity and purity of the reference standard must either be obtained from the supp lier
or established by the PET center.

Stability Testing

The draft guidance suggests that establishment of the stability tes ting program be based
on at least three production runs of the fina l d ru g product. This evaluation sho uld be
conducted under the follow ing conditions: (1) set the radioactive concentration to be at
or near the highest leve l, (2) store the whole batch volume in the in tended container and
closure system, and (3) study for a time period eq ua l to the stated shelf life of the PET
drug prod uct.

Finished Drug Product Contro ls and Acceptance Criteria

The preliminary draft proposed rule indicates tha t PET centers must establish specifica­
tions for each batch of a PET drug prod uct, including criteria for identi ty, strength, quality,
purity, and if appropriate, sterility and pyrogen icity (for parenteral drug products). The
proposed rule also states that the accuracy, sens itiv ity, specificity, and reproducibility of
each testing procedure must be established and documented . These controls and accep­
tance criteria are requirements that must be met before a PET center may give final release
to a finished PET drug product.

However, modifications to these standard gui d ing princi ple s may be justifiable. For
exa mple, the prerelease of PET drug products for commercial distribution before comple­
tion of all required QC testing may be appropriate because of transporta tion dead lines.
Reduced testing frequency (e.g., initial validation w ith annual testing the reafter) of certa in
QC procedures (e.g., radion uclidic purity, chemical p urity for 2-chloro-2-deoxy-o-glucose)
may be necessary because of constraints rela ted to the cos tly QC equipment (e.g ., MCA,
special HPLC system)."?

For a PET drug product that has a very short half-life (e.g., UN-ammonia), production
usually involves multiple subbatches on the same day. The draft guidance recommends
that the initial subb atch be used as the represen tati ve sample of the entire batch. Thus,
the release of subsequent subbatches can be qu alified for acceptance, provid ed the initial
subbatch meets all acceptance criteria.

The preliminary draft proposed rul e states that it is under consideration whether to
include a provi sion in the CGMP regulations to allow the fina l release of a PET drug
product if a particu lar required QC test cannot be completed because of equipment failure.
The suggested prerequisites of such a "conditiona l release" include (1) previous successful
completion of the incomplete tes t, (2) complet ion of the omitted test, if applicable, after
the equipment is repaired, (3) notification of the rece iving facility, and (4) proper calibra­
tion, operation, and maintenance of all equipmen t.

labeling and Packaging

If a sticky label is not suitable for the immediate container (includ ing the vial or sy ringe)
because of a limited surface area or high radiation cons iderations, the draft guida nce
allows the use of a string label as long as there is a proced ure in place to associate the
label wi th the via l or syringe if the label were to come off.
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For PET centers that d ist ribute PET drug products to affiliated institutions, outside phar­
macies, and outside clients, a recall system must be in place to permit any recall notification
to promp tly reach the receiving facility, pha rma cist, and the patient's phys ician, if known.

Complaint Handling

It is the responsibility of the QC uni t to handle all complain ts related to a specific PET
drug product. An investigation must be initiated as soon as possible to collect all relevant
information in a timely manner. Corrective action should be implemented immediately
to avoid a similar inciden t in the fu ture.

Records

All records should be kept for at least 3 years from the date of release of a PET d rug
product, whe reas the validation reports should be kept as long as the systems are in u se.
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13 Brain

Radiopharmaceuticals for central nervous system (CNS) evaluation can be divided into
five main groups: (1) nondiffusible tracers, (2) diffusible tracers, (3) metabolism markers,
(4) cerebrospinal fluid (CSF) agents, an d (5) receptor imag ing agents.

NOlldifflisible tracers were the first compoun ds used for brain imaging. They are gen­
erally characterized as ionized hydrophilic compounds with nonspecific mechani sms of
localization in bra in lesions. They are excluded from en tering the normal brain by an intact
blood-brain barrier (BBB). However, un der cond itions in which the ba rrier is d isrupted
by brain pathology, these tra cers leave the vascular space and concentrate in lesions.
Pathologic lesions, such as tum ors, subdural hematom as, and arteriov eno us malforma­
tions, typicaJJy appear as localized areas of increased uptake of radioactivity against a
normal brain that is devoid of activity. Include d in the nondiffusible tracer group are - Tc­
sodium pertechnetate, 9'lmTc-penteta te (9'lmTc-DTPA), 9'lmTc-gluceptate (99mTc-GH), and the
positron emission tomograp hy (PET) imaging agent "'Rb-rubidium chloride. These agents
are no longer widely used in brain imaging, primarily because ana tomic brain lesions are
better evaluated with other d iagnostic modalities such as computed tomography (CT) and
magnetic resonance imaging (MRI). However, some clinical applicat ions for these agen ts
still exist.

Difflisible tracers have the capacity to en ter normal brain through an intact BBB. This
is possible because these agents are neutral lipophilic complexes that passively diffuse
through the endo thelial ceJJs of the brain's capillaries. The diffusible tracers includ e 9'lmTc_
exametazime (- Tc-HMPAO) and 9'lmTc-bicisate (-Tc-ECD). These complexes ente r nor­
mal brain tissue in proportion to reg ional cerebral blood flow (rCBF). Conse quently, on
brain images, regions of nor mal brain that are adequately perfused demonstrate up take
of radioactivity, whereas brain lesions (such as infarcts) that have diminished or abse nt
blood flow appear as areas of decreased rad ioactivity. The develop ment of d iffusible
tracers revitalized brain imagin g, beca use nuclear med icine stud ies with these agents often
provide functional informa tion that complements the diagnostic find ings of CT or MRI
images.

Metabolism markers are agents tha t localize in regions of the brain that are associated
with metabolic and hypermetabolic activity. The principal metabolic ma rker used in PET
imaging is I'F-fludeoxyglucose (I'F-FOG). As a glucose analogue, FOG localizes in tissu es
that use glucose as an energy substrate. Brain lesions such as seizu re foci and brain tumors
have elevated energy needs and demonstrate increased uptake of FOG relative to normal
braio. The imagin g advantage of I' F-FDG, compared with radiolabeled glucose, is that
FOG is only par tially metabolized and becomes trap ped in lesions. The accumulation of
18F-FDG permits localization of the lesions with a PET camera . As a short-lived positron
emitter, I'F-FDG is gaining more widespread use becau se of the greater availability of PET
cameras at nuclear medicine facilities and the availability of I'F-FOG from cyclotron-based
nuclear pharmacies located near hosp itals and n uclear medicine clin ics.

Radiopharmaceu ticals for evaluation of the CSF spa ce com prise agents that remain
confined to the CSF space after a lumbar injection . These radiotracers are used to eva lua te
the dynamics and dist rib ution of CSF in various d isease states. Hydrocephalus is routinely
evaluated with 1111n-pentetate (111In-DTPA).

451
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Radio pharmaceuticals for brain receptor imaging are currently used prim arily in
research. Receptor-avid compounds labeled with 9'JmTc and other rad ionuclides are being
developed and should gain more routine application once their effectiveness in va rious
disease states is vali dated and their use is approved by the Food and Drug Ad minis tration
(FDA). These agents hold promise for the detection and quantitation of biochemical
func tion in the brain. Studies have already shown that positron-emitting, isoto pica lly
labeled radiotracers such as "C-N-methylspiperone can measure the occupancy ra te of
dopamine receptors in the brain. Other studies have demonstrated that 9'JmTc-TRODAT
localizes in the basal ganglia through its ability to bind to the dopamine transporter (OAT)
in the brain.I.2 A large number of receptor-binding tracers have been developed tha t target
dopamine, ~-adrenergic, steroid, and muscarinic receptors in the brain.' These rad iotracers
are expected to allow noninvasive monitoring of changes in receptors as a func tion of
disease.

FUNCTIONAL IMAGING

The greatest strength of nuclear medicine lies in its ability to assess biologic fun ction rather
than anatomic structure. Instrumentation and radiopharmaceuticals with the ability to
measure cerebral blood flow (CBF), metabolism, and biochemistry using tomographic
imaging have changed the role of brain imaging from ana tom ic visualization to functional
assessment. Functional analysis not only complements the anatomic information provided
by CT and MRI but can add new information not provided by any other d iagnostic
modality.

Physiologic Principles

In this first clinical applications chapter, brief cons ideration is given to the processes
involved in transport across membranes in the body. More detail can be found in basic
ph ysiology and pharmacology textbooks. The localization of drugs and radiotracer mol­
ecules depends on these processes, and transport phenomena in the brain are of great
importance and complexity.

M embrane Structure and Transport Processes

The plasma membrane that surrounds a single cell in the body is composed of a phospholipid
bilayer interspersed with protein molecules.' The individual phospholipid molecules making
up each layer are composed of a hydrophilic "head" (phosphate or carboxylate po rtion) and
a hydrophobic "tail" (fatty acid portion) . The two layers of phospholipid molecules are
aligned so tha t the head por tion of one layer is oriented toward the ou tside of the
membrane and the head por tion of the other layer is oriented toward the inside (cyto­
plasmic side) of the membrane. The tail portions of each layer are oriented toward each
other on the inside portion of the membrane. Thus, the interior of the membrane is lipoid
or hydrophobic, an d the exterior of the membrane is ion ic or hydrophilic. The proteins in
the membrane, which are mostly glycoproteins, are located on the exter ior surface or
protrude through the membrane. The exterior or peripheral proteins act almost en tirely
as enzymes.'

Transp ort across the cell membrane occurs by one of three mai n processes: passive
diffusion, facilita ted diffusion, and active transport.' The process of passioe diffusioll for
nonelectrolytes is controlled by the relative concentrations of the substance on each side
of the membrane, with the direction being from higher concentration to lower concentration.
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Diffusion of charged molecul es (electrolytes) is driven by the electrochemical po tential
across the membrane (i.e., it is affected by the difference in chemical concentration an d
charge concentra tion). Nonionic lipid-soluble molecules are favored in diffusion through
the cell membrane . Their rate of diffusion is determined by the lip id solubility of the
substance. Small ionic substances and water di ffuse through minute pores in the me m­
brane believed to be spaces w ithin the protein molecules that penetrate all the way through
the membrane.

Substances that are not lip id soluble but are necessary for cell viability, such as sugars
and amino acids, cross the cell membrane by facilitated diffusioll. Facilita ted diffusion is a
downhill transport process (high to low concen tration) and is ste reospecific and sa turable.
It involves the transport of a subs tance across the membrane by an enzymatic carrier. The
transport of glucose into cells occurs by facilitated d iffus ion. The effect of the carrier is to
makeglucose soluble in the membrane, in which it would otherwise not be soluble because
of its hydrophilicity.

Active transport across the cell membrane is an energy-dependent uphill moveme nt
from a lower concentration to a higher concentration if the substance is a nonelectro lyte
and from a lower to a higher electrochemical potential if it is an electrolyte. In general ,
the process involves combining the substance with a carrier protein (enzyme) at the outer
membrane, diffusion through the me mbrane, and cleavage of· the substance from the
enzyme at the inner membrane-cytop lasm interface. The freed substance then diffuses
into the cytoplasm. Adenosine tr iphosphate (ATP) provides the energy required for the
cleavage. The primary di fference be tween facilitated diffusion and active transport is that
active transport can move subs tances from low to high concentra tion, whereas facilita ted
diffusion can move substances only from high to low concentrations . The principal d if­
ference between passive di ffusion and facilitated di ffusion is that the latter is limited by
the amount of carrier present to transport molecules. A prime examp le of an active
transport process in the body is the sodium-potassi um pump, which is present in all cell
membranes of the body.' It carries potas sium into the cell and sodium ou t of the cell at a
net transfer rate of th ree sodium ions out for two potassium ions in. The carrier protein
is sodium-potassium (Na-K) ATPase, which is capable of transporting ions and sp litting
ATP to provide energy for the pump. The pump can transport sodium ions and potassium
ions agains t concentration gra d ients of 20 to 1 and 30 to 1, respectively'

A fourth method of transport across cell membranes is pillocytosis. The mechanis m of
pinocytosis varies amo ng cell types and is quite active in gastrointestinal absorption.
Pinocytosis involves contact of a substance, such as a macromolecule or particle, w ith the
outer cell membrane, which invaginates to engulf the molecu le. The invagination pinches
off to form a vesicle that slowly transports the substance to the inner membrane and
releases it into the cytop lasm. Pinocytosis can transport substances against an electrochem­
ical gradient, similar to active transport, but it is a much slower process . It is an important
transport process for h igh molecular we igh t proteins, which cannot navigate through the
small pores of the cell membrane.'

Nonneural Capillaries

The circula tory system supplies essential nutrients to all tissues of the body via the
capillaries. Blood flow into the capillaries is controlled by the precapillary sp hincter, which
contracts and relaxes 5 to 10 times per minute and is autoregulated by tissue oxygen
concentratio n.' With some exceptions, the walls of nonneural capillaries through which
fluid and ion exchange occur in the body are composed of a unicellu lar layer of endothe lial
cells on the luminal side and a basement membrane on the abluminal side (Figure 13-1).
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FIGURE 13-1 Transport processes through neural capil laries and nonneural capillaries from bloo d
into extracellu lar fluid (ECF). See text for de tailed explanation.

Intercellular clefts form a thin (&-7nm) space between the endothelial cells, through wh ich
water and water-soluble ions can pass between the blood and the interstitial fluid'

Capillary permeability to substances is a fun ction of molecular size . Endothelial cells
con tain p inocytotic vesicles tha t serve as transporters of high molecular weight substances
and small particles. Some capillaries con tain fenestrae (oval windows) through the middle
of the endothelial cells, throu gh which large volumes of substances can pass by simple
diffus ion. These can be found in the glomerular capillaries, which allow filtration of large
amounts of fluid for ur ine forma tion . Fenestrae are also fou nd in the hepatic portal blood
vessels, where they facilitate the flow of large amounts of nu trients from the blood to the
liver parenchymal cells. The intercellular junction between endothelial cells is open and
the basement membrane is discontinuous to allow free flow of substances. Endothelia l
cells also contain proteins that facilitate transport of specifi c substances, such as glucose
and amino acids, from the blood into the tissu es.

Neural Capillaries

Neural cap illaries in the brain d iffer from standard nonneural capillaries in at least three
important ways (Figure 13-1). First, the intercellular clefts or junctions are tightly app osed,
limiting the free flow of substances. The tight junctions consist of fibrils that connec t
ad jacent cell plasma membranes and occur as complete bands or bel ts aroun d connected
cells ' The fibrils surround the apical margins of ep ithelial cells of the choroid plexus and
also form between end othelial cells of blood vessels in the brain. They are also present
between barrier cells at the arachnoid membrane (Figure 13-2)' A second difference in
neural cap illar ies is tha t they have a basement membrane that is con tinuous, thereby
further restricting simple di ffusion processes. Third, neural capillary cells have a paucity
of pinocyto tic vesicles to transport high molecular weight substances.

These st ructural d ifferences in neural capillaries pre sent a barrier to simple d iffusion
of substances between the blood and the brain extrace llular space; this is known as the
blood-brain barrier (BBB) . Only uncharged, lipophilic molecules can diffuse across the
brain endothelium as they can across other cellular membranes in the body. A few sub­
stances that are solub le in the lipid of the cell membrane as well as in water and can cross
the BBB are oxygen, carbon dioxid e, alcohol, and fatty acids' The one similarity between
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neural and nonneural capillaries is the presence of endo thelial cell membran e tran sport
proteins for glucose and am ino acids.

Blood-Brain Barrier

An understanding of drug and radiotracer localization in the brain requires knowledge
of the various compartments in the brain, illustrated in Figu re 13-2. The BBB separates
the two main compartments of the CNS, the brain and CSF, from the third compartment,
the blood, which is supplied to the brain by the cerebral capillaries, the meningeal capil­
laries, and the cap illaries of the choroid plexus..

The blood-brain extracellularfluid (ECF) barrier is found at the interface of the brain ECF
and cerebral capillaries . Here, because of the tight junctions, wa ter-soluble molecules are
immediately restricted from crossing the endothelium into the brain ECF. This barrier 's
selective permeability permits the passage of only uncharged, lipid-soluble molecules.

The blood-eSF barrier is found at the interface of the CSF and the capillaries of the
choroid plexus. The choroid endothelial cells are fenestrated and freely permeable to
water-soluble molecules, which can diffuse from the choroid capillary blood into the
interstitial space and between the choroid epithelial cells up to the tight junctions' How­
ever, the tight junctions between the epithelial cells prevent substances from entering the
CSF. Another potential site of exchange between the CSF and blood is the ara chnoid
membrane. The meningeal cap illaries of the dura are fenestrated and pe rmit free passage
of water-soluble substances into the d ura l extra cellular spa ce but not into the CSF,because
of tight junctions in the outermost layers of the arachnoid membran e'

The CSF-braill barrier is at the pia mater overlying the brain surface and at the
ependyma lining the ventricu lar system .. At this interface no barrier appears to exist
because the ependy ma and p ia allow rapid equilibration of water-soluble molecules
between the bra in ECF and the CSF. This distribution has been de monstra ted by the
injection of horseradish peroxidase (molecular weight [MW] 43,000) directly into the CSF;
the molecule not on ly penetrates the ependyma and bra in parenchym a but also permeates
the basement membrane and the clefts between ad jacent cerebral capillary endo thelial
cells up to the tight junctions.v Injection d irectly into the CSF is therefore an effective
wayto deliver drugs to the brain. The CSF itself and small substances in the CSF less tha n



456 Radiopharmaceutic als in Nuclear Pharmacy and Nuclear Medicine

'-- Middle Cerebral

FIGURE 13-3 Arterial circulation at the base of
the brain.

1 11m in size can egress from the eSF space through the porous arachnoid granulations
into the venous blood of the superior sagittal sinus.

Historically, the conce pt of the BBB developed from the observat ion that trypan blue
dye, w hich is bound to plasma protein, caused staining of tissues except the brain when
injected intravenously in to rabb its. The brain, howe ver, could be stained when the dye
was injected di rectly into the eSE' The barr ier, therefore, appea rs to protect the brain from
va rious water-so luble substances present in the blood in order to maintain its homeosta tic
neurona l environment.' This ba rrier, however, can be disrupted by va rious pathologic
condit ions . When the BBB is d isrupted, hyd rophilic radiotracers are able to enter the brain
and iden tify lesions.

Cerebral Circulation

Blood is supplied to the brain by the
carotid and vertebral arteries, as shown in
Figures 13-3 and 13-4. Only the major ves-
sels are shown; the minor arteries have Internal

been omitted for clarity. T1,e righ t and left caroud ~~, ..,

vertebral arteries join to form the single
basilar artery that supplies blood to the
brain s tem and the occi pital cortex
through the posterior ce reb ral arteries.
The internal carotid arteries divide into
the anterior and middle cerebral ar teries
and contribute communicating branches
that anastomose w ith the posterior cere­
brals, The circle of Willis at the base of the
brain is formed by the interconnection of
the tw o anterior cerebrals, the two poste­
rior cerebrals, the two internal carotids,
and the anterio r and posterior communi­
cating arteries.

The right and left anterior cerebral
ar teries ru n side by side in the longitu di ­
na l fissure along the medial surface of each hemisphere and end near the terminal branches
of the pos terior cerebral ar teries . The righ t and left middle cerebra l arteries arise as the
largest branches of the in ternal carotid arteries. Each ru ns, at first , laterally in the sylvian
fissure, then back and up , where its eight di screte branches di stribute blood on the lateral
surface of each hemisphere.

Blood drains from the brain through large venous sinuses. The superior sagi tta l sinus
is the large ve nous cha nnel that runs posterior from the nasal cavi ty over the top of the
bra in between the two hemispheres to the occipital region, ending in the confluence of
sinuses (to rcula). Other major sin uses that drain into the torcula include the strai ght,
occipi ta l, and inferior sagittal sinuses. From the torcula, blood drains bilaterall y into the
right and left tra nsverse sinuses, which ru n hor izont ally, later ally, and rostrally to termi­
na te as the internal jugular veins, which return blood to the heart.

Brain Uptake and Extraction

Figure 13-5 illustrates the uptake of compounds in the brain . A drug in the blood may
exist as free drug or drug bound to plasma protein. In general, only free drug can pass
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FIGURE 13-4 Cerebral delive ry of radioactivity after intravenous injection of a radiop harmaceutical.
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through the cap illary endothelium into the inte rstitial space of the brain. The amount of
intravenously ad minis tered d rug delivered to the brain that is taken up as the blood first
passes through the brain is known as the first-pass extraction fraction . The extraction
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fraction is the amount of drug extracted (difference between the arterial and veno us
concentration of drug) divided by the am ount delivered (arterial concentration of drug).
The extraction fract ion of any compound that localizes by passive diffusion is influenced
by several factors, including lipophilicity, protein binding, molecular size , and ionic
cha rge. In general, neu tral lipoph ilic molecules that are not protein bound in plasma (free
drug) can passively diffuse through a biologic membrane, whereas cha rged hydrophilic
molecules cannot. Studies conducted during the development of rad iotracers for brain?
and heart'? imaging have demonstrated a parabolic relationship between tracer lipophi­
licity and organ uptake. Thus, drug up take increases in proport ion to lipophilicity but
falls off at high lipophilicity because of drug binding to red blood cells and plasma protein .
The op tima l partition coefficient (log P,,,) is between 0.9 and 2.5.· Permeability is linear
with lipophilicity up to a molecular we ight of 400-"

Drug that enters the bra in ECF is likely to diffuse back out unless it is trapped, either
by undergoing a bioch emical conversion to an ionized form or by becoming bound to a
protein or a specific stereochemical recep tor in the brain.

A compound with an extract ion fraction of 1.0 will be completely extracted per pass
throu gh the brain. The sta ndard for flow measurement in expe rimental anima ls is rad io­
labeled microspheres, which have an ext ract ion fracti on of 1.9because of trapping in the
small brain capillaries; microsphere uptake in the brain is thus linearly rela ted to the
amount of blood flow. Microspheres, however, are a nondiffusible marker, unlike most
radiotracer molecules, wh ose extraction is related to diffusion across the BBB. To have
high extraction, a diffusible marker must have high lipophilicity to ensure rapid perme­
ation across the capillary membrane. If the permeability of a radiotracer is very high
(extrac tion fraction near 1.0), then its brain uptake will be linearly proportional to blood
flow, tha t is, brain uptake will be flow limited and reflect local pa thology. Most radio­
ph armaceuticals for measuring CBF clinically de monstrate nonlinearity at high flows
becau se of a diffus ion limitation at these flows. Any rad iot racer with low extraction will
have up take not related to flow and will no t be a good marker of rCBE No radiotracer is
ideal, and none exhibits 100% extraction.

Blood Flow

The resting ave rage blood flow to the brain is 50 m L/ minute per 100 grams.12 Most of
this flow is to the gray ma tter, which has a high energy need. CBF changes in response
to local metabolic needs (glucose and oxygen utilization), pH, and the levels of carbon
dioxide . Carbon dioxide is the most po tent cerebral vasod ilator known. As a product of
metabolism, carbon dioxi de moves readily across cell membranes to lower the pH of the
smooth muscle, causing vasod ilation. !" There is a d irect coupling between rCBF and
metabolism in the normal brain, but this does not always exist in abnormal states. For
example, in acute cessation of arterial blood flow to the brain, such as in a stroke, there
is reduced CBF to the ischemic area. This is the reverse of the no rma l response and is due
to loss of carbon dioxide reactivity in the ischemic zone, with blood shunting to regions
still respons ive to carbon dioxide. This has been termed intracerebral steal."

There are several methods for measuring CBF with radiotrac ers . They are compli­
cated procedu res that involve special techniques and equipment.'! In routine nuclear
medicine procedures, radiotracers are used to assess relative d ifferences in blood flow
to regions of the brain, p rincipally in the evalua tion of cereb rovascular d isease, demen­
tias, and epilepsy.
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Brain imaging was initially conceived to localize intracranial tumors . George Moore." a
neurosurgeon at the University of Minnesota, first attempted to visualize tu mors during
brain surgery by using ultraviolet light to detect p reviously injected fluorescein , which
concentrated in tumors. This was followed by the use of radiolabeled 131I-diiod ofluorescein
and then 13II-labeled hum an serum albumin (13II_HSA)1'.17 Altho ugh l3lI-HSA demon­
strated high tumor-to-brain ratios, blood clearance was slow.

In 1959 Blau and Bender!" introduced lffiHg-chlorm erod rin for brain imaging. This
shortened the time between dose administration and imaging because this agent was
cleared quickly from the blood by the kidney. It also had better physical properties for
imaging. This was followed soon by the introduction of 1'nHg-c hloromerodrin19 Both of
these agents had shortcomings. The ~nHg label produced a high kidney radiation dose
because of its beta radiation and long effective half-life, an d the 77 keY photons of 197Hg
were easily attenuated in brain tissue .

In the 1960s, 99mTc was introduced. The 99mTc genera tor was developed at Broo khaven
National Laboratory and refined for medical use by Richards.'o.21 Harper et al.'2 first used
the generator eluate to scan mice and found tha t 99mTc-pe rtechne tate activity localized in
the stomach, salivary glands, and thyroid gland . The physical propert ies of 99mTc (short
half-life, efficient pho ton detection, no pa rt iculate radiation) were more suited to the
gamma camera, and large amoun ts of activity could be give n with a smaller radiation
dose. wmTc-sodium pertechnetate soon became the agent of choice for brain scanning,
requiring only prior ad ministration of potassium perchlorate to retard its uptake in the
choroid plexus. When the " Sr-"Rb generator became available, the principal nondiffusible
tracer for PET imaging was " Rb-rubidium chloride.

The desire to shorten the time between 99mTc-sod ium pertechnetate administration and
imaging, normally 3 to 4 hours, led to investiga tion into the use of technetium complexes
wilh faster blood clearance." 99mTc-DTPAand 99mTc-GH we re compa red with 99mTc-sod ium
pertechnetate.o" Although the complexes had faster blood clearance, images obtained at
early times (1.5 hours) after 99mTc-DTPA or 99mTc-sodium pertechnetate injection were less
accurate than images at delayed times (3 hours). The 99mTc-GH complex had better accuracy
atearlyand de layed times after injection an d became the agent of choice for brain imaging.

The principal ima ging device used with the 99mTc nondiffusible tracers is the planar
gamma camera. A routine brain scan with these agents is conducted in two phases: a
dynamic phase (flow study) and a static phase (delayed imaging). For the flow study, the
radiopharmaceutical is injected into an arm vein. Brain perfusion is monitored with a
gamma came ra, which records the blood activ ity as it arrives and leaves the head (Figure
13-6). The major vessels seen during the arterial pe rfus ion phase are the internal carotid
arteries, the circle of Willis, the anterio r cerebral arteries, and the middle cerebra l arteries .
After the arterial phase, the re is a blush of activity throughout the head as the rad iophar­
maceutical distributes into the capillaries. Subsequently, venous drain age is seen by visu­
alization of the superior sagittal sinus, the lateral (tra nsverse) venous sinuses, an d the
jugular veins, whi ch return blood to the heart. Obstructions to blood flow are seen as
activity deficits in those areas. In the static phase, delayed images of the brain are taken
3 or more hours after injection to identi fy lesions that may concen trate activity. When
nondiffusible tracers are used for brain imaging, the normal brain is devoid of activity
because of BBB exclusion, whereas lesions such as tu mors take up activity. Figure 13-7
illustrates two brain scans performed with a gam ma camera and 99rnTc-sodium pertech­
netate. A similar pattern is observed with 99mTc-DTPA or 99mTc-GH. It illustrates a norma l
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FIGURE 13-6 Normal posterior radion uclide cerebral angiogram (flow study). Images show n are
made at 2 second intervals after intravenous injection of 20 mCi (740 MBq) ofwJnTc-gluceptate (IJYmTc_
GH). The arterial phase (first 2 to 6 seconds) is cha rac terized by visua lization of the two internal
caro tid, two middle cerebra l. and pararned ial posterior cerebral arteries. This is followed by a
capillary "blush" p hase leading quick ly to the venous phase, which is recognized by the appea rance
of ac tivity in the superior sag itta l sinus (mid line). Subsequent images show venous drainage through
the la teral (transverse) veno us sinuses and the jugular veins, which return b lood to the heart.

FIGURE13-7 Brain scan (right lateral view)
illustrating typical distribution pa ttern of a non­
di ffus ible tracer, ':NmTc-sod ium pertech ne tat e.
No rmal brain, w ith intact BBB, is devoid of
act ivity. Tumors, such as mening iom as, typi­
cally demonstrate increased uptake of activity. Normal Brain Scan Meningioma

scan devoid of cra nial activity an d an abn ormal scan in a patient with a meningioma,
showing uptake of activity in the tumor.

Brain imaging in nuclear medicine decl ined significantly with the introduction of CT
because of CT's supe rior anatomic imaging capability. Brain imaging was revitalized with
the developmen t of d iffusible tracers.

Diffusible Tracers

In 1978, OldendorF" called attention to the decreasing number of brain scans be ing per­
formed in nuclear med icine and pointed out tha t the lipophilic agent 123I-iod oantipyrine
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PIPSE

FIGURE 13-8 Chemical structures of am ine-type first-generation diffusible tracers for brain imaging.

had shown brain uptake proportional to CBP' Although iodoantipy rine readily crosses
the BBB, it also diffuses back out and therefore has limited usefulness without a brain
trapping mechanism, Oldendorf encouraged nuclear medicine scientists to direct their
efforts toward the development of lipophilic ""mTc tracers that could cross the BBB so that
(BF could be measured . To this end, Loberg et al.J() prepared a series of ""mTc-labeled
iminodiacetic acid ana logues with varying octanol-to-water partition coefficients. They
demonstrated that brain uptake was proportional to lipop hilicity; however, because of
high plasma protein binding , none of the agents tested had clinical potential. Abo ut the
same time, Kung and Blau'" developed two d iamine compounds, di -f3-(piperidinoethyl)­
selenide (PIPSE) and di-f3-(morpholinoethyl)-selenide (MOSE), labeled with " Se for brain
localization (Figure 13-8). The ir work was based on the pH-gradient hypothesis. This
hypothesis assumes that an un-ionized amine species in the blood at pH 7.4 is lipo philic
and will freely diffuse across the BBB. Once the amine molecule gains access to the brain's
more acidic (pH 7.0) ECF, it is protonated and ionized and unable to diffuse back ou t."
Although PIPSE and MOSE never becam e useful brain imaging agents, their introduction
led to the development of useful CBF agents. The pH-gradient concept also suggested a
mechanism by which agents could become trapped in the brain, a necessary requirement
for eventual tomog raphic imaging with SPECT.

fH,
0_CH_NH_CH(CH,l,

Y IMP
I

MOSE

Blood Flow Tracers

Approximately 15% of cardiac outp ut is d istributed to the brain, where it must provide
substrate for the brain's metabolic needs. The brain acquires the oxygen and glucose it
needs by increas ing rCBF. It has been shown that blood flow and metabolism in the brain
are coupled and that cerebrovascular dis ease can produce local changes in CBF, hence the
importance of having agents in nuclear medicine tha t can measure rCBF.

Blood flow tracers for SPECT and PET imaging in nuclear medicine have three basic
requirements: (1) They must be able to readily cross the BBB, (2) they must have bra in
retention long enough to acquire images (this is more critical for SPECT than PET), and
(3) they must have a fixed regional distribution ." In the early 1980s two radioiodinated
amine compounds, N-isopropyl-p-123I-iodoamphetam ine (l23I-IMP or iofetaminej" and
hydroxy l23I-iodobenzyl propy l diam ine (I2' I-HIPDM),34 that had high first-pass extraction
and potential for measuring regional cerebral perfusion were introduced for brain imaging
(Figure 13-8). FDA originally app roved l2'I-IMP in 1988. The ma nufacturer eventually
withdrew it from the market for clinical reasons. The principal problem with l23I-IMP was
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that its original brain localization at the time of injection began to red istribute 1 hour afte r
dosing, leading to ina ccurate imaging at later times." This redistribution was ascribed to
continual input, as sequestered lung acti vity was slowly released into the circulation, and
the differential washout of initially localized IMP and its metabolites from regions of the
brain.v-" The in vivo profiles of 123I-IMP and l23I-HIPDM were found to be similar." For
a number of reasons, including uncertain brain retention mech anisms, inconvenience, and
the cost of us ing mI, neither of these compounds became routine brain imaging agents.

In th e early 1980s a number of technetium coordination compounds were also being
d eveloped for perfus ion brain imaging, Sign ificant among these were the techne tium bis­
aminethiol complexes ("'rnTc-BAT) by Bums et a1.38 and Kung et a[39 an d the technetium
propyleneamine oxime ("'rnTc-PnAO) complex by Volker t et al.i" BAT, also known as
d iaminedith iol (DADT), is an N2S, ligand, while PnAO is a tetraamine (N, ) liga nd . The
first generation of these neu tra l lipophilic comp lexes demonstrated brain uptake, but
reten tion in brain was poor an d unsuitable for SPECT imaging." Subsequently, severa l
derivatives of these ligands were p rep ared wi th amine side chains as fun ct iona l groups
that could potenti ally improve brain retention . The derivatives, however, yield ed di aste­
rioisom ers that had to be separated by high -performance liquid chromatography in order
to isolate the isomer w ith highest brain uptake , Most of th e Tc-BAT deriva tives that
exhibited increased retention in brain had side chains containing carboxyester groups or
pendent amine func tionalities ." The most successful of these was the L,L-isomer of
Tc(V)oxo-1,2-N,N'-ethy lenedyl bis-L-cystein e diethyl ester ," '+! Othe rw ise known as 99rnTc_
bicisate ("'rnTc-ECD) (Neurolite, DuPont Me rck), it is a diester derivative that undergoes
in vivo hydrolysis in the brain to yield an ionized metabolite that is retained :"

While the "'rnTc-PnAO com plex showed rapid brain uptake after intravenous admin­
istration, its rapid washout precluded its use for SPECT imag ing. Sub sequently, several
deri vatives of 'NmpnAO were synthesized with methyl groups on the amineoxime bac k­
bone, in the hope of find ing an agent that remained fixed in the brain. One of these wa s
the hexamethyl derivative, 99rnTc-hexamethylpropyleneam ine oxime (99rnTc-HMPAO), o th­
erwise known as """Tc-exametazime (Ceretec, Arnersharn). This comp lex is ne utral and
lipophilic but uns table in aqueous so lution , The instability was found to be a conve rsion
from the prima ry lipophilic complex to a secondary hydrophilic complex and was med i­
ated by red ucing agents'S Studies in animals and humans demonstrated that the IIICSO­

isomer had greater in vitro sta bility but little brain retention, while the D,L-isomer had
poor in vitro stab ility but high brain retention . It was then surmised that brain uptake
was caused by the lipophilic complex and brain retention was cause d by its in tracellul ar
conversion to the nondiffusible hydrophilic complex, The brain convers ion was shown to
be caused by the intracellul ar red ucing agent glutathione' ;

99mTc-exametazime was eventually approved by FDA in December 1988 and "'mTc­
bicisate in November 1994. Both of these agents have high first-pass extraction in to the
brain (99"Tc-exametazime 70%'· and 99mTc-bicisate 60%47). This property makes them useful
markers for assessing relative CBF in the evaluation of cerebrovascular disease, particu­
larly stro ke.

Metabol ic Markers

After the development of CT, in terest in and the u sefulnes s of conventional p lanar brain
imaging w ith the gamma camera d eclined sign ificantly. Only those studies that provid ed
dynamic or physiologic information were of interest, and these were few because of the
limited arsenal of radiopharmaceuticals. Th e desire for physiologic information from brain
imaging led by necessity to the development of compounds labeled w ith carbo n, nitrogen,
and oxyg en isotopes, Ho wever, the only practical ra dionuclide choices of these elements
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are the short-lived positron emitters lie, 13N, and 15(), which require PET. Research was
eventually conducted with 2-deoxY-D-glucose labeled with I'C for animal studies and IIC
and !SF for clinical studies.Fr'" The results of this work demonst rated that 18F-2-deoxy-2­
fluoro-o-g lucose (fludeoxyglucose or FOG) was an accurate marker of glucose utilization
in the brain and that it was a useful tool for studying the brain's response to no rmal,
pathologic, an d interventional stimuli." These investiga tions were ab le to demonstrate
further that deoxygluco se crosses th e EBB and is phosphorylated similarly to glucose;
however, unlike glucose, deoxyglucose-6-phosphate is retai ned in tissue for an extended
time, which facilitates imaging stu dies.

FDA orig inally approved I8F-FDG in July 1994 at the Downstate Clinical PET Center
for the identification of regions of abnormal glucose metabolism associated with epileptic
seizure foci. Since then, 18F_FDGhas sh own wide applicability in cancer diagnosis in many
different organ systems, for identifying primary tumors and differentiating recurrent
tumor from radiation necrosis.

Receptor Imaging Age nts

Another area in which radiopharmaceuticals have mad e important contributions to the
understanding of brain fun ction in disease is receptor imaging. A large nu mber of receptor­
based radiotracers have been investiga ted, but none has been approved for routine use.
Because of the stereochemical specificity of receptors, many of the agents that have been
investigated are labeled with IIC and 18F for PET imaging. SPECT agents are labeled
typically with rad ioiod ine, but some technetium-labeled agents are being deve loped .' A
wide range of brain recep tors exist for which imaging agents can potentially be developed.
Radiotracers have been develop ed for brain receptors of the neurotransmitters acetylcho­
line/ norepin ephrine, dopamine, serotonin, histamine, and somatostatin. Diseases are
thoughtto be associated with changes in the concentra tion of receptors (up-regulation or
down-regulation), which could be measured with an appropriate receptor-binding
radiotracer. For example, sch izophrenia, tardive dyskinesia, and Huntington's chorea are
thought to be associated wi th an increase in dopamine receptor concentra tion, while
Parkinson's disease is associated with a decrease in dopamine receptors.' Because so many
receptor-bind ing agents have been investigated, other references on this topic may be of
interest to readers.2,3,51- 53

BIOLOGIC PROPERTI ES OF BRAIN IMAGING AGENTS

Nondiffusible Tracers

Nondiffusible tracers are no longer routinely used for brain imagin g. The properties of
"""Tc-sodium pertechneta te will be described in this chapter, however, because it is still
used for certain nuclear med icine p roced ures. It is also the primary starting material for
all "'"Tc-Iabeled radiopharmaceuticals and thus may be present as an impurity in these
compounds. The biologic properties of the other 99mTc complexes that were once used in
brain imaging, 99mTc-DTPA and 99mTc-GH, will be discussed in other chapters.

Sodium Pertechnetate Tc 99m Injection

The clinical use of 99mTc as the per technetate anion, Q9mTcO~, began in 1961 at the Un iversity
of Chicago. Many comprehens ive investigati ons have been made wi th this agent, and its
biologic behavior has been reviewed by Lathrop and Harper." Sodium pertechnetate Tc
99m injection (99mTc-sodium pertechnetate) is usually administered by intravenous injection,
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FIGU RE 13-9 Total body image 2
hours after intravenous adminis­
tration of 10 mCi (370 MBq) of
"v'Tc-sod ium pertecbnetate. Nor­
mal uptake of activity is seen in
the salivary glands, thyroid gland,
and stomach. Activity is also seen
in the oral and nasopharyngea l
regions and the urinary bladder.

but it may be administered ora lly. Of the total act ivity circu lating in the blood stream 1
hour after injection, an ave rage of 30% is contained in the red cell fraction and 70% in the
plasma." The activity is freely diffusible into and out of the red blood cells and can be
removed by serial washing of cells in saline. Approximately 75% of plasma activity is
protein bound, wi th one-third of this very loosely bound. The disappearance of activity
in blood after intravenous injection is multiexponential and shows wide variation in
individuals, with ha lf-lives in the ranges of 1 to 2 minutes (50%-60%), 5 to 20 minu tes
(15%), and 100 to 300 minu tes (20'Y.~30%) wi thout the coadministration of potassium
perch lorate. These times are significantly prol onged if perchlora te is given."

One hour after intravenous administration, <lYmTc_
sodium pe rtechne tate has the following organ distribu­
tion : 30% in gastric mucosa and juice, 2<X) in the thyroid
gland, and 5% in salivary gland s and saliva ." Similar to
th e iodide ion, pe rtechnetate is concentrated and
secreted by the m ucoid cells of the gastric glands, but
not by the peptic (chief) cells or oxyntic (parietal) cells
(Figure 13_9) .55.50 In the thyroid gland, pertechnetate is
not metabolized as is iodide, and its accumulation is
limited to the ion-concentrating mechanism of thyroid
epithelial cells (i.e., it is trapped but no t organified). The
striated epithelial cells of the salivary glands have concen-
trating mechanisms for the group VII anions, including
iodide and its analogu es (such as pertechnetate, thiocyan-
ate, and perchlorate).

Tissue d istribu tion and blood clearance of " mTc­
sodium pertechnetate are sim ilar to those of iodide, but
its excretion from the body is somewhat different. The
renal cleara nce of pertechnetate (17 mL/minute) is about
ha lf that of iod ide." This represents about 14% of the
inulin clearan ce, an d thus about 86% of pertechnetate is
reabsorbed by the renal tubule, assuming tha t the filtra­
tion fract ions for pe rtechnetate and inulin are similar.
This explains why plasma clearance is so slow after
intravenous admi nistration of 99mTc-sodium pertechne­
tate. Another important difference between pertechne­
tate and iodide occurs in the bowel. Although iod ide is
completely absorbed by the intestin e, perte chn etate is
partly bound to fecal material after its secretion into the
intestin al lumen and is excreted with a half-life depen­
dent upon the mov ement of mater ial ou t of the intes­
tine .58 For these reasons, by 72 hours on ly 50% of
pertechnetate is completely eliminated from the body by
urinary and fecal routes, whereas iodide excretion exclu­
sive of thyroid activity is greater than 98% by this time .

The long-term retention of techn etiu m in humans after 9'JmTc-sodium pertechne tate
administration has been measured using the longer-lived isotopes 95mTc (T" = 60 days)
and 96Tc (T" = 43 daysi .?' After oral or intravenous ad ministration, ur inary excretion of
pertechnetate is rapid within the first 24 hours but drops dram atically on the second and
third d ays, with less than 1% excreted per day thereafter. Fecal excretion begins more
slowly bu t is the principal route of elimination 1 day after administration; it reaches a
max imum by the fourth or fifth day and decreases thereafter. Cu mu lative urinary and
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fecal excretion is 30% in 1 day (27% urine, 3% fecal), 72% in 4 days (31% urine, 41% fecal),
and 90% in 8 da ys (34% urine, 56% fecal)." Long-term retention studies estim ate that 77%
of the dose is eliminated with a bio logic half-life of 1.6 days, 19% with a ha lf-life of 3.7
days, and 4% with a half-li fe of 22 days ."

99mTc-sodium pertechnetate has been reported to concentrate in the choroid plexus of
the brain.'" lt has been shown previously that radioiod ide also concentrates in the choroid
plexusby a process of active transport from sp ina l fluid into the blood and that this process
can be retarded by perchlorate. Coben et al.61 demons trated tha t perchlora te increases the
blood-to-CSF transport of iod id e and decreases the reverse process of CSF-to-blood trans­
port.This phenomenon suggests that the blood-CSlt barrier is due to active tran sp ort from
CSF to blood rather tha n to membrane hindrance of transport from blood to spinal fluid."
That is, iodide that readily d iffuses from blood to spi nal fluid is rapidly transported back
to blood by an active process , and this creates the blood-Cbf barrier. Harper et al."
visualized the CSF space with 99mTc-sodium pertechn etate by pretreat ing the patient with
perchlorate to prevent active tran spor t of pertechnetate from the CSF to blood. Oral
administration of pe rchlora te prevents accumulation of pe rtechne tate in the choroid
plexus and readily displaces what has already accumulated.'" Perchlorate may be given
orally at any time before or after the injection of 'i9mTc-sodium pertechnetate, p rovided the
perchlorate administration precedes imaging by at least 60 mmutes.v The usu al oral dose
ofsodium or potassium perchlorate is 200 to 1000 mg . Up to 450 mg of sodium perchlorate
has also been given intravenously"" Uptake of wmTc-sod ium pertechnetate in the thyroid
andstomach is also retarded by perc hlorate.

99mTc-sodium perte chnetate is excreted in human milk, and it is recommended that
breast-feeding be suspended for 48 hou rs after rad ionuclide stud ies ." ""

99mTc-sodium per technetate also un dergoes placental transfer, which is reduced by
perchlorate; however, posttreat ment with perch lorate does not release WmTc from the
fetus." 'i9mTc-sodiu m pertechnetate, like all radiopharrnaceuticals, is contraindicated dur­
ing pregnancy.

Technetium Tc 99m Pentetste and Technetium Tc 99m Gluceptete

Technetium Tc 99m pentetate and techn etium Tc 99m gluceptate replaced wmTc-sod ium
pertechnetate for bra in scanning when agents that did no t penetrate the BBB were rou­
tinely used for brain ima ging. These agents demonstrated higher target-to-background
ratios because of faster blood clearance and did not require perchlora te pretreatment.
Details of their biologic proper ties are discussed in Chapter 18.

Mechanisms of Localization of Nondiffusible Tracers

Nondiffusible tracers typi cally are charged hydrophilic compounds and therefore cannot
diffuse directly through the brain endothelium. They are able to enter the brain , however,
when this barrier is disrup ted in some way as a result of a pathologic condition . Basic
mechanisms for localization of these agents in brain tumors have been described by Tator?
and are summarized as follow s (see also Figure 13-10).

Vascularit y

Many tumors are highly vascu larized, and a large fract ion of their radioactive content is
due to their increased amount of blood . Examples include hemangiobla stomas, vascular
meningiomas, arteriovenous malformations, and certain malignant gliomas.
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FIGURE 13·10 Basic mechanisms for the localization of radiopharmaceuticals in brain tumors. (A)
Circumscribed neop lasm with increased vascularity surrounded by normal brain. Small dots rep­
resent radioactive tracer. (B) Marked accum ulation of radioactive tracer in the interstitial space of
neoplasm. (e) Increased vascular permeabili ty of tumor capillaries, w ith radioactive tracer passing
di rectly th rough endothelial cells (A), via gaps between endothelial cells (B), and by pinocytosis
(e). In a normal brain where endothelial cells are tightly appos ed, the tracer is confined to the
blood stream. (D) High int racellular uptake in neoplast ic cells. (E) Neoplastic cell uptake of tracer
as a substrate for grow th (A) or energy (B) and ad sorption of the an tigen-antibody com plex (C).
(Reprinted with permission of the Society of Nuclear Medicine from reference 67.)

Interstitial Fluid

Almost all brain tumors con tain more interstitial fluid than normal bra in tissue. Many
substances ha ve a tendency to accumulate in this space, especially small molecules such
as 99mTc-sodium pertechnetate and its comp lexes .
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Capillary Permeability

The endothe lial cell junctions in many tumors widen, and large molecules can readily
diffuse through the open pores into the brain. Additionally, pinocytosis, not widely present
in normal endothelial cells, is present to a greater extent in brain tumors. Front and Israel"
have shown that meningiomas and ,;Iioblastomas that take up 9YmTc-sodium pertechnetate
and "Co-bleomycin also demonstrate, histologically, many pinocytotic vesicles and fenes­
trated endothelial cells, whereas tumors that exhibit no uptake of activity have normal
endothelial architecture with tight junctions and few pinocytotic vesicles.

Tumor Cell Uptake

Mechanisms of uptake directly within neoplastic cells may involve substances that are
substrates for energy requirements (glucose and phosphates) and for growth (am ino
acids). FDG localization is a good example. There may also be some intracellular protein
present in tumors that binds trace r that is not present in normal cells. This has been no ted
with "Ga uptake in tumors outside the brain.

Diffusible Tracers

Technetium Tc 99m Exametazime Injection

Technetium Tc99m exametazime injection ('9mTc-HMPAO) is a neutral lipophilic complex
with a MW of 384. Its octanol-to-water partition coefficient is 80 (i.e., log Poet 1.9).69 These
properties permit 9YmTc-HMPAO to readily diffuse through the BBB. The compound exists
in two diastereoisomeric forms, D,L- and meso-." However, only the D,L-isomer demon­
strates significant brain uptake (Figure 13-11).71 The two isomeric forms are separated by
fractional crystallization so that the kit contains only the o.i-cnantiomer, Figure 13-12
shows the chemical structure of 99mTC-D,L-HMPAO. The n.i.-isomer will be referred to
henceforth as 99mTc-HMPAO.

After intravenous injection, a mean of 72% of the primary lipophilic complex is
extractedduring the first pass into the brain at resting CBF (59 mL/minute per 100 grams),
but this extraction decreases at higher flow rates." Once the primary complex has crossed
theBBB, its fate is determined by a competition between rapid conversion to a no ndiffus­
ible hydrophilic complex and washout to the blood. These two routes of loss of diffusible
complexare of approximately equal importance, so tha t only about 50% of the 9'lmTc activity
entering the brain is retained.? When 99mTc-HMPAO is injected into an arm vein during
aclinical study, only a fraction (approximately 15%) of the injected dose (ID) reaches the
brain, and a mean of 4.1% (3.5%-7 .0%) of the 10 actually localizes there." The amount
trapped in the brain reaches equilibrium by 2 minutes and remains steady over the first
8hours. Brain retention is due to a glutathione-mediated conversion of the lipop hilic
complex to a hydrophilic form that cannot diffuse out of the brain."

Lassen et al.72 described a kine tic model in which 99mTc-HMPAO exists in the blood
and brain compartments in an exchangeable lipophilic form and in a retained brain
compartment as a nonexchangeable hydrophilic form. The model explains that the decline
in extraction at high CBF is due to back diffusion of the exchangeable lipophilic complex
frombrain to blood. The amount that back diffuses was shown to be around 15%, and
the back diffusion occurs within the first 2 minutes after injection.s"?' When a correction
is made for this back diffusion, the relationship between rCBF and 99mTc-HMPAO distri­
bution is more linear.? One hundred percent extraction can never be achieved with 99mTc_
HMPAO; a portion of the 10 is already in the hydrophilic form because of in vitro
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FIGURE 13 -11 Anterior whole-body scans of - Tc-HMPAO isomers 4 hours afte r injection. (A)
Mix ture of U, I.- and meso-isom ers, with uptake seen in bra in, ske leta l muscle, and lung. Excretion is
hep atobil iary: kidneys, bladder, live r, and sma ll intesti ne all are visible . (8) Meso-iso mer, with
d istr ibu tion similar to the mixture but with lower lung uptake and obvi ou s concentration of materi al
in lacrimal glands. Brain uptake is only slightly higher than so ft tissu e uptake. (C) o.t- tsomer,
showi ng high uptake in brain. Uptake is also clearly seen in myocardium, subcu taneous fat of
buttocks, and medial aspect of thig hs. Retention of materia l in left brachiocephalic vein, into which
mater ial is injected, is a co mmon feature of these materials. Activ ity is also seen in the urinary
bladd er, but amounts in the intesti ne are relatively small . (Reprinted w ith permis sion of the Society
of N uclea r Medicine from reference 71.)

99mTC-O,L-HMPAO 99mTC-L,L-ECD

FIGURE 13-12 Chemical structures of 9'oImTc-o,L-HM PAO and 9'JmTC-L,J.-ECD .
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conversion prior to injection and in vivo conversion once in the blood.74,75 The radiochem ­
ical purity of lipophilic "'mTc-HMPAO, assessed by octanol extraction, has been shown to
be approximately 90% in normal saline, 40% in p lasma, and 20% in whole blood by 10
minutes after tracer addition." The stabilized kit reduces the chance of in vitro conversion.

99mTc-HMPAO exhibits bo th hepatobiliary and urinary excre tion. Twenty minutes afte r
injection, liver uptake is 10% and urinary excretion is about 2.5%, increasing to 35% in 24
hours.'! About 30% of the 10 is in the gas trointestinal tract immediately after injection,
and about one-half of this is excreted via the intestinal tract by 48 hours." About 40% of
the ID is excreted by the kidneys into urine over 48 hours." Soft-tissue distribution is
predominantly in skeletal muscle. Twelve percent of activity remains in the blood 1 hour
after injection." The biologic half-life in the bra in is estimated to be 71 hours.77,7B

99mTc-HMPAO, with or without stabiliza tion, is indicated for detection of altered cere­
bralperfusion in stroke. The usual adult administered activity is 10 to 30 mCi (370 to 1110
~lBq) . Thecritical organ listed in the package insert is the lacrima l glands, wi th a radia tion
absorbed dose of 5.6 rad(cGy)/20 mCi; however, this figure has been challenged and
reported to be significan tly lower (1.02 rad(cGy)/20 mCi) and to occur in only 11% of
patients."

Technetium Tc 99m Bicisate Injection

Technetium Tc 99m bicisate injection ("'mTc-ECD) is a com plex of technetium with ethyl
cysteinate dimer. It is a neutral lipophilic complex wi th MW of 436. It can ha ve four
possible isomeric forms (D,D-, t..t-, L,D-, or D,i.-) depending on whether it was synthesized
with t-cysteine, o-cyste ine or o.i-cysteme .v Both the L,1.- and D,D-isomers de monstrate
brain uptake, but only the i..t- isomer exh ibits brain retention." Brain retention is no t only
stereospecific but species-specific in that 99mTc-L,i.-ECD (Figure 13-12) localizes only in the
brains of primates (monke ys and human s). Its octanol-to-water pa rtition coefficient is 51,
andits gray-to-white matter ratio is abo ut 4.5, demonstra ting its po tential usefulness in
assessing rCBE' ! The L,L-isomer will henceforth be referred to as 99mTc-ECD.

After intravenous injection, "'mTc-ECD demonstrates a high first-pass ext raction into
brain (47%", 60%"). Friberg et a1." measured brain dynamics and demons trated that
uptake and retention were triexponential, representing a vasc ular input sp ike, a back
diffusion from brain to blood, and a very slow loss due to incomplete retention of hy dro­
philicmetabolite. The dist ribution, however, does not change wi th time in the brain, and
the lossappears to be the same from all regions. The reta ined fract ion in the brain is 44%."
Walovitch et a1."' demonstrated that "'mTc-ECD is rapidly metabolized in brain tissue,
primarily in the cytoso l, to a monoacid ester that is selectively trapped in primate brains
but not in the brains of other species.

99mTc-ECD brain uptake correlates with CBF, but above 50 mL /minute per 100 grams
it underestimates flow by as much as 20%." Lassen and Sperling"" com pa red the distri­
bution of- Tc-ECD and CBF measured with 13JXe in patients with dementia, head trauma,
epilepsy, brain tumo r, and stroke. Good agreement was found in all cases except in
;ubarnte stroke patien ts, who failed to show reflow hyperemia in the infarct area. It was
noted thai this finding may be useful, particularly in subacute cases, when other SPECT
methods present difficulties becau se of reflow masking the size and severity of the lesion.

Innormal human subjects after intravenous ad ministration, -Tc-ECD demons tra tes
amaximum brain up take of 6.5% in 5 min utes, slow ly declining thereafter to 5.2% by 1
hour and 3.8% by 4 hours.87M Figure 13-13 illustrates the total body d istribution of -Tc­
ECO. Kinetic analysis demonstrates that 40% of brain activity washes out quickly (T~ =
1.3 hour), while 60% clears much more slowly (T~ = 42.3 hour) ." Blood activity declines
rapidly to 4.9% in 1 hour because of rapid plasma conversion to the monoethyl ester
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A B c o

FIGURE 13-13 Whole -bod y distribution of 'I'JmTC-L,L-ECD in a normal subject. Anterior views were
obtained at (A) 5 minutes, (B) 1 hour, (C) 2 hours, and (0) 4 hours. (Reprinted with permission of
the Society of Nuclear Medicine from reference 87.)

metabolite, which has high renal clearance (75% ID in urine with in 6 hours)." Some of
the tracer is excre ted through the hepatobiliary system, with ini tial liver uptake of 17% at
5 minutes declining to 25% by 4 hou rs, with prominent gallbladder activity. Fecal excretion
is 11% in 48 hours.v

The use of 99mTc-ECD in brain imaging is indicated as an adjunct to CT and MRI in
localization of stroke in patien ts diagnosed with stroke. The usual adult administered
activ ity for brain imaging is 10 to 30 mG (370 to 1110 MBq) by intravenous injection . The
critical organ is the urinary blad der wall, wi th a rad iation absorbed d ose of 0.11
rad(cGy)/ mCi.90

Table 13-1 summarizes the properties of the blood flow radiotracers 99mTc-ECD, 99mTc_
HMPAO, and mI-IMP. In general , 123I-IMP is no longer availab le; it was shown to redis ­
tribute in brain at times later than 1 hour after injection and was therefore unreliable for
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TABLE13·1 Properties of SPECT Blood flow Markers for Brain Imaging
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Property

Molecular cha rge / lipophilicity

Brain extrac tion efficie ncy

Maximum brain uptake

Brain washout

Blood levels"

Excretion

Critical organ

~ 10 = injected dose.

123I-IMP

Neu tral/lipo ph ilic

74-92%
6.5% (20 min)
Stea dy up to 1 hr
Redi stributes by 3 hr

2.5% lO (20 min)
Urine (20% in 24 hr)

Urinary blad d er wa ll

1.38 rad /6 mG

Neutral /lipophilic
72-80' X,

4.1% (20 min)

15% over 2 min

T",,=72 hr

(slow component)
12% ID (1 h r)
Urine (40% in 48 hr )

Hepatobiliary

(30'% immed iate)

Lacri ma l glands

5.16 rad /20 mCi

Neutral /lipophilic

47-60%

6.5% (5 min)

20% over 1 hr
T ", :: 42.3 hr
(slow com ponen t)

5% 10 (1 hr)

Urine (72% in 24 h r)

Hep atobiliary
(12% in 48 hr)

Urina ry b ladder wall

5.6 fad / 20 mCi

o-Gluco se z-oeoxy-o-Glucose z-nuoro-z-oeoxv-o-ckcose

(FOG)

fIGURE13·14 Chemical struc­
tu res of o-glucose, 2-deoxy-o­
glucose, and 2-fluoro -2-deoxy­
o-glucosc (FDG).

identifying altered regional cerebra l perfusion. - Tc-HMPAO demonstrates slow blood
clearance of its metabolite, causing lower target-to-background ratios than 99mTc-ECD,
which exhib its rapi d removal of its pla sma me tabolite' ! Both agents are stable in kit form,
although 99mTc-ECD is stable for a longer tim e (4 hours for stabilized 99mTc-HMPAO versus
6 hours for 99mTc-ECD). Neither agent redistributes in brain an d both are retained long
enough for SPECT imaging. 99mTc-ECD has a h igher brain uptake initially than 99mTc_
HMPAO, bu t 'l9mTc-ECD was hes out of the brain more rapidly than 'l9mTc-HMPAO. How­
ever, brain washout of each agent is slow and does not appear to affect imaging .

Fludeoxyglucose F 18 Injection

Fludeoxyglucose F-18 injection (I8F-FOC) is a glucose ana logue with a fluorine atom
replacing a hyd roxyl group in the C-2 position of o-glucose (Figure 13-14). !8F-FDG is use d
to measure tissue metabolism in a variety of clinical applications. Because glucose is the
primary energy substrate in brain metabolism, FOC, as a glucose ana logue, will demon­
strate high uptake in the brain cortex. The key difference between glucose and FDG, and
the reason that !'F-FOC is a useful tracer and radi olabeled glucose is not, is their different
metabolism. Glucose is transported across the capillary endothelium by facilita ted di ffu­
sion into the brain interstitial fluid an d subsequently into the neuronal cytoplasm. In the
cytoplasm, glucose unde rgoes enzymatic metabolism, wi th the first step being ph ospho­
rylation by hexokinase to glucose-e-phospha te, followed by a second step via glucose
phosphate isomerase to fruc tose-6-phospha te. From this poin t it eithe r undergoes conver­
sion to glycogen or enters the glycolytic pathway with ultimate conversion to carbon
dioxide and water. FDG is modified by su bstitution of the C-2 hy droxyl group of glucose



472 Radiopharmaceuticals in Nuclear Pharmacy and Nuclear M ed icine

Blood Glucose

capillary IfMembrane

Brain ECF Glucose

CellMembrane \
\

Cytoplasm \

Glucose·6-P04

Fructose-6-PO..

/\
Glycolysis Glycogen

I

lSF_FDG

H
18F_FDG

i
/

I

][ Hexokinase

18FDG_6_P04

]f Hexose-Pos-tsomerase

NO PRODUCT

(FDG Trapped)

FIGURE 13-15 Metabolic scheme for glucose and FDG transport and metabolism in the brain.

with fluor ine . This modification permits FOG to continue to be a substrate for the glucose
transporter and for hexokinase conversion to FDG-6-phosphate, bu t it cannot be me tab­
olized beyond this first step (Figure 13-15). Consequently, J8F-FDG is trapped in tissue as
FOG-6-phosphate and its distribution can be used to map glucose metabolism. FOG also
differs from glucose in that it does not undergo tubular reabsorption and is readily excreted
in the urine.

Routine procedures for brain imaging require that the pa tient fast for at least 4 hours
before the study; if the patient has an elevated blood glucose level, poor brain uptake of
FOG will occur. The patient is injected with I8F-FDG in a qui et room and should remain
inactive for at least 45 minutes to 1 hour to minimize uptake of 18F-FOG in muscle and
other tissue. The waiting time is necessary to maximize brain uptake because the first­
pass extraction of FOG is low. During this time 18F-FDG activity will accumulate in the
urine, and the patient should void just before en tering the PET scanner to reduce radiation
dose to the bladder and surrounding organs.

The use of 18F-FDG for measuring regional cerebral glucose utilization (rCMRglc) was
validated by Phelps et al.so This investigation demonstrated that tota l I'F activity, as FOG
and FOG-6-phosphate, in brain tissue increases slowly after intravenous injection of 5 to
10 mG (185 to 370 MBq) into an arm vein. Accumulation in gray and white matter reaches
a plateau at about 90 minutes. The average con centration of 18F in gray matter was 2.1
times that in white matter. TIssue concentration of total 18F decreases after 120 minutes.
The ave rage tissue clearance half-time of FOG from brain was rep orted to be 9.1 hours.
Within 1 hour after injection, the blood activity of I'F-FDG falls to about 15% of its initial
value.so."? For measurement of rCMRglc, the op timal time for data acqu isition is between
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60 and 120 m inutes after injection because during this time the rCMRglc rem ains
constant."

18F-FDG ha s fairly w ide clinical app lication as a metabolic marker and has been used
to assessbrain disorders such as dernentias, Parkinson's d isease, and epilepsy. It has also
beenshown to be effective in the diagr.osis and staging of several types of cancer, including
brain, lung, colorectal, breast, and prostate cancer. Because tu mor growth requires glucose
utilization, "F-FDG can readily iden tify p rimary and metastat ic lesions. "F-FDG PET can
determine if a previously resected or radiation-treated brain tumor has become viable.9l-95

Apatient's deterioration in the months after trea tment may be due to tu mor regrowth or
radiation injury, and it is usually not possible to disting uish the difference by radiographic
(IT) or clinical findings." The differentiation is important because resection of necro tic
tissue may halt deteriorat ion and should be done at an early stage, while tu mor recurrence
requires early ins titu tion of chemotherapy. I8F-FDG PET therefore provides functional
information that improves diagnosis and facilita tes pa tient care . At the time of di agnosis,
l'F-FDG PET provides information concerning the degree of ma lignancy and patient
prognosis. After therapy, lRF-FDG PET is able to assess persistence of tumor, determi ne
degree of malignancy, monitor progression, differentiate recurrence from necrosis, and
assess progno sis."

The usual ad ult dosage of l'F-FDG is 6 to 15 mCi (222 to 555 MBq). Brain imag ing
typically begins 45 to 60 minutes after 18F-FDG injection . The p rincipal route of elimination
is urinary, with 20% of the dose excreted 2 hours after injection." The critica l organ is the
urinary bladder wa ll, with a radiation absorb ed dose of 7 rad(cGy)/10 mCi based on a
4.8 hour bladder voiding interval. The effective dose equivalent is 1.1 rem / l0 mCL'"

ThaJlous Chloride T1 201 Injection

Thallous chloride Tl 201 injection ("'lTI-thallous chlo ride) has been shown to be effective
in localizing bra in tumors with SPECT imaging. Its mechan ism is believed to inv olve
thallium's uptake by the Na-K ATPase pump in the membrane of viable tumor cells.
Generally, imaging of brain tumors is begun within 5 minutes of administering 2 to 4 mCi
(74 to 148 MBq) of 201TI-thallous chloride by int ravenous injection. In a comparative study
of2lJITl-thallous chloride, 99mTc-gluceptate, and "Ga-ga llium citrate with pa thologic corre­
lation in patien ts with glioma s, 20lTl-thallous chloride identified viable tumor more accu­
rately than the other agents and was minimally affected by concomitant corticosteroid
therapy?" Black et al. too developed an index to disting uish between low-grade and high­
grade intracranial tumors based on the ratio of thallium tumor uptake to normal brain
uptake. An ind ex grea ter than 1.5 was compa tible with high-grade malignan cy with 89%
accuracy. Thallium is taken up in viable malignant tumors bu t ;'ot in area s of radia tion
necrosis.'?'

RADIO PHARMACEUTICALS FOR CISTERNOGRAPHY

( SF Physiology

The entire cavity enclosing the brain and spi nal cord has a volume of approxima tely 1650
ml..' The major st ructures are show n in Figure 13-16. The brain an d sp ina l cord are ba thed
in CSE In human s, the total volu me of the CSF space is about 150 mL, 30 mL of which is
in the spinal can al. The rate of CSF forma tion is about 30 to 35 mL per hour; CSF is chiefly
produced by choroid p lexus secretion. Norma lly about 800 mL of CSF is produced each
day. The composition of CSF is d ifferent from tha t of interstitial fluid in tha t CSP's
concentration of sodium is 7°,{, higher, glucose is 30% less, and potassiu m is 40'X, less.
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FIGURE 13-16 The brain and CSF space, showing the site of CSF production (choroid plexus) in
the lateral, third, and fourth ventricles. CSF flow proceeds out of the ventricles in a caudad direct ion
around the spinal cord and cephalad over the cerebral hemispheres and is abso rbed at the arachnoid
villi into the superior sagittal sinus. The cord cross-section shows the meninges and subarachnoid
space.

Protein concentration is extremely low (only about 0.025%) an d is similar to tha t of brain
interstitial fluid . Normal CSF pressure is 10 mm Hg (equ ivalent to 135 mm HP), ranging
from 6 to 14 mm Hg. .

The choroi d plexus is a caulifl owerlike tuft of in folding capillaries covered by a thin
coat of ependymal cells, which elaborate the CSF.These cells also actively transp ort foreign
substances from the CSF into the blood . The plexus projects into the tem poral horn s of
the lateral ventricles, the posterior portions of the third ventricle, and the roof of the fourth
ventricle. Fluid normally passes from the lateral ventricles through the foramen of Monr o
into the third ventricle and through the aqueduct of Sylvius into the fourth ventricle. Flu id
escapes from the fourth ventricle through the med ian foramen of Magendie and two lateral
foramina of Luschka to enter the cisterna magna. From the cistern it flows in the sub­
arachnoid space through the tentorial opening and ou t over the cerebru m, where it passes
through the arachn oid granulations into the venous sinuses of the brain. Flow through
the one-way valves of the arachnoid membrane has minimal resistance; large mo lecu les,
suc h as proteins and other substances up to 1 11m in size, readily pass th rough the
membrane into the sagittal sinus . As the CSF flows over the ventricular and pial surfaces
of the brain, it sweeps away substances that d iffuse from the brain into the CSF space.
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A small quantity of CSF is formed by the blood vessels of the bra in and sp ina l cord
parenchyma and meninges. This fluid combines with that from the choroid plexus to flow
through the subarachnoid space of higher levels. Most of the CSF bathing the sp inal cord
comes from this source.

A single layer of ependymal cells lines the walls of the ventricles and sp inal cord
(Figures 13-2 and 13-16). TIght junctions do not connect these epithelial cells, and the
ependyma the refore is not a diffusion barrier to small solutes. Drugs placed into the
ventricles readily pass into the bra in extracellular spaces The apical microvilli of the
choroid plexus facing the CSF have tight junctions that prevent diffusion of large molecules
but are "leaky" to small ions (e.g., Na" and K+).'

Development of CSF Imaging Agents

The technique of rad ioisotope cistemography was first described by DiChiro et al.,102who
injected I3I I-rad ioiod inated serum albumin (RISA) into the lumbar subarachnoid sp ace to
evaluate CSF dy namics. RISA was not ideal because the 1311 label restricted the adminis­
tered activity to 100 IlCi (3.7 MBq), and there were isolated reports of aseptic meningitis
that was ascribed to the amount of albu min ad ministercd.P>!"

The desire for a higher pho ton yield and lower radiatio n d ose led to the development
of other radiopharmaceuticals. 9'lmTc-albumin was introduced for CSF rhinorrhea studies
in 1968, which allowed administration of 2 mCi (74 MBq) doses.P' However, the use of
- Tc in cistemography was limited to short-term studies, suc h as for CSF leaks, because
ofits 6 hour half-life. Routine cisternography for hydrocepha lus evaluation requires imag­
ing periods ranging from 6 to 72 hours, which necessitates a radiotracer with a longer
half-life.

In 1970, '·'Yb-DTPA was introduced for cisternography.J'F Its advantages were a highly
stable complex and a 32 day ha lf-life that permitted strict quality con trol before hum an
use. Additiona lly, it ha d a biologic half-life in the CSF compartme nt of about 10 hours,
which was long enough for the study but short enough to keep the radiation dose low,
except in patients with red uced renal clearance.

In 1971, III In was introduced for CSF studies as a transferrin complex and as a colloid .lOS
The physical p roperties of II lln (2.8 day half- life, no beta emission, and two pho tons) were
well su ited for cisternography. The colloid preparation was unsatisfactory because it
collected in the basal cisterns. The transferrin complex was inconvenien t because it
required in-house labeling of the patient's own serum. Also, when compared with DTPA
or EDTAcomplexes, the transferrin complex had a slower rate of clearance from the blood
and the CSF space, which was attr ibuted to its high molecular weight1 09 III In-DTPA had
essentially the sam e biologic properties as I69Yb-DTPA but significantly lower rad iation
absorbed dose to the spinal cord (Table 13-2) . Its half-life permitted comme rcial prod uction
and availability with a reasonable shelf life. All of these properties made III ln-DTPA the
agent of choice for cisternography, and FDA approved it for rou tine use in 1982.

For short-te rm studies such as the localization of CSF leaks (rhinorrhea and otorrhea),
'N"'Tc-DTPA has been used, although this is not an approved indication in the product
labeling.11O,11l

Indium In 111 Pentetate Injection

The product ion and phys ical properties of indium In 111 pentetate injection (IIIIn-DTPA)
have been well described and are discussed in Chapter 9.112After injection into the lumbar
subarachnoid space, IIIIn-DTPA moves slowly, with the natural flow of spinal fluid, away
from the injection site toward the head (Figure 13-17). Leakage at the injection site can be
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TABLE 13-2 Radiopharmaceuticals Used in Cisternography, Past and Present

Photon rad/Administered Study
Decay Physical Effective Energy Ad min istere d Activ ity' beyond

Agent Mode Half-life Half-life· keV % Activity (mCi) (spinal cord) 24 hr?

l3I I-HSA p 8 days 26 hr J6.I 83 0.1 7.1 Yes

l .....Yb-DTPA EC 32 da ys 12 hr 177 22 0.5 8.0 Yes

IYH 35
Illln ·DTPA Ee 2.8 da ys 10 hr 171 91 0 .5 1.9 Yes

245 94
<NmTc-DTPA IT 6 hr 5 hr 140 HH 2.0 5.0 No

~ Data from refe rence 111.

FIGURE 13-17 Right lateral view diagram of the
brain and spinal canal illustrating th e tempora l
movement of rad iotracer from the lumba r injection
site to the parasagitta l region of the brain.
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minimized by admin istering the
Parasagitta l Reg ion

radiopharmaceutical in two to three .;-__.......
times its volume of sterile 10% de xtrose
injection.l' " This also improves its rate
o f transpo rt cephalad. In normal
human subjects, the trac er migrates
fir s t to the basal cis te rns. Activity
appears there in about 1 hour, achiev­
ing peak concen tration at 4 hou rs.'!'
Tracer then flows over the cerebral con­
vex ities to the parasagitta l region .
Activity first appears in this region at 4
hours, reaching peak levels at abo ut 14
to 17 hours. The activity in this region
then falls, decreasing to hal f the peak
va lues 10 to 14 hours la ter, be ing
absorbed into the blood through the
arachnoid granulations . Activity does
not normally en ter the ventricular sys­
tem; however, in certain types of hydro­
cephalus, act ivity may reflux into the
ventricles.

Upon absorption into the blood, JII In-DTPA follows a normal urinary route of excretion
through glomerular filtration. About 65% of the 111ln-DTPA chelate is eliminated in the
urine in 1 day, increasing to 85% in 3 days.l'" The systemic d istr ibution of 11I In-DTPA is
described in Chapter 18.

The usual adult intrathecal dosage of 11 1In-DTPA is 500 /lCi (18.5 MBq) (maxim um
dosage). The crit ical organ is the spinal cord surface, with a rad iation absorbed dose of 5
rad(cGy)/500 /lCi.

Mechanisms of Drug Transport in the CSF

To remain in the CSF, a radiopharmaceutical must have certain properties, as ou tlined by
Bell et al115 First , it must not be lipid soluble, or it will diffuse through the pia mater into
the underlying nervous tissue. Also , CSF enzymes must not metabo lize it. This may pose
a problem for protein tracers , but the currently used DTPA chelates are not metabolized.
Removal of substances from the CSFspace occurs primarily thro ugh the arachnoid membrane



in thesagittal sinus, which, because of its porosity, permits the egress of substances with
awide range of molecu lar weigh ts . Substances can also d iffuse through the pia mate r and
ependymal ce1ls into the brain ECF. This d iffusion is favored for lipophilic molecules, bu t
ithas also been shown to occur with water-soluble molecules, such as inulin and radio­
graphic contrast ma teri al (me trizamidej.vl'<"?

Transport of tracer molecules in the spinal fluid occurs by bulk flow or diffusi on.
Smaller molecules favor diffusion; proteins favor bulk flow. Theoretically, a tracer that
mobilizes by bulk transport in the CSF would be a be tter marker of CSF flow. Th is would
favor the use of radiolabc1ed proteins, but there are inherent d isadvantages to their us e.
Albumin has been associated with aseptic meningitis and its 1311 label confers a h igh
radiation dose, and labeled transferrin has to be prepared ex temporaneously from patient
serum. These disa dvantages have favored the use of radiolabeled chelates ,

lllIn-DTPA appears to mobilize by bulk flow and diffusion. ll s ,lI s Egress of this chelate
through the arachnoid granula tions is facilitated by the porosity and by the difference in
pressurebetween the dural venous bloo d (about 90 mm H,O) and the me an CSF pressure
(about 135 mm H,o)n8 Agents such as 111In-DTPA may also undergo transepend ymal
diffusion, because nearly normal clearance has been shown to occur with 169Yb-DTPA
during spinal canal obstruction.n a High molecu lar weight molecules, such as RISA, have
beenshown to clear the CSF space m uch more slowly tha n chelates, leading to potent ia1ly
excessive radiation dose to the spinal cord .!"

Some agents are cleared rapid ly from the CSF space by active transport through the
choroid plexus epithe lium . The se agents include iodide, b romide, th iocyanate, pheno l red,
and phenolsulphonthalein.P" Notably, "'mTc-pertechnetate clears by this mechanism, bu t
itsrate of clearance can be significantly reduced by oral perchlorate."
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Safety Considerations for Intrathecal Injections

Injection of foreign material into the spinal fluid, where it may come into intimate con tact
with the spinal nerves and the brain, deserves special a tten tion because of potential
adverse reactions. The integrity of nerve function is closely related to proper control of
fluid pH, electrolyte balance, and osmolarity!" In addition, drug substances may have a
direct effect on nerve function.m ,l 23 In pa rticu lar, depletion of calcium ion readily causes
tetany,l21 and low pH causes dil at ion of pial blood vessels.!" Several cases of asep tic
meningitis have been reported that were related to the chemical amounts of albumin
administered during radioisotope cisternography.I03-IOS Reacti ons believed to be assoc iated
with pyrogenic contaminatio n in supposedly "pyrogen-free" injections have also been
reported.P' According to this report, anion exchange resins and b uffers used in the man­
ufacturing of 13I1-HSA and 111In-DTPA were contaminated with pyrogens at levels be low
those detectable by the tradi tional rabbit pyrogen test. It was surmised that the react ions
might have been due to the amount of endotoxin present in the radiotracer. Endotox in is
muchmore potent in prod ucing a feb rile response when administered by the in tra thecal
route than by the intravenous rout e. Limulus (ba cterial endotoxin) testing is 5 to 10 tim es
moresensitive than the rabb it test in detec ting endotoxi n. A1l radiopharmaceu ticals today
are tested for pyrogenic contamination with the USP bacterial endotoxins test.

Certain cisternography procedures req uire the inject ion of substantial amounts of fluid
intothe spinal cana l.!" For such procedures it is reco mmended that the fluid used have
a composition similar to Elliott's B Solution (artificial CSF; Orphan Medical), to avoid
possible complications arising from changes in spinal flui d pH, electrolytes, and osmolar­
ity.Table 13-3 gives the composition of ar tificial CSF.
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TABLE 13-3 Artificial CSF (Elliott's B Solut ion)

In gred ien ts In stru ctions

1. NaCl
2. Na 2C03 . H20

3. KCI
4. Na2HP04

5. Glucose
6. Acid salt solution gsa to pH 7.4
7. Sterile water for injection (SWFI) qs to 1000 mL

Acid Salt Solution

csci,
MgCI1·6H10

HCI12 M qs

5.608 grams
2.557 grams
0.285 gram

0.076 gram
0.758 gra m

2.0 grams

1.0 gram
25.0 mL

Dissolve ingredien ts 1 to 5 in 970 mL
SWFI. Add d rop wis e (with glass p ipette)
the acid salt solution (abou t 2 m L) with

st irring to pH 7.4 and qs to 1000 mL.
Filter th rou gh a 0.22 urn sterile
membrane into vials or syringes for
immediate use.

Dissolve salts in 20 rnl. of Hel with

he ati ng. Cool and qs to 25 mL.

Content of Fina l Preparation (mg/IOO mL)

No ' 318.0
CI- 450.0

K' 14.9
Ca2+ 5.5
Mg2+ 0.9

P 1.7
HCOi 126.0
Glucose 76.0

" qs = Add a sufficien t quantity.
Source: Reference 111.

NUCLEAR MEDICINE PROCEDURES

Nuclear medicine imaging of the CNS can be divided into two categories: imaging of the
brain and imaging of the CSF.Although there continues to be an important role in nuclear
medicine for brain imaging, most CNS imaging is no w done by MRI or CT. These modal­
ities offer good anatomic information. Howe ver, nuclear techniques are valuable when
there is a question of abnormal reg iona l blood flow in the brain or abnormal flow of CSF.

Normally, the BBB restricts many substances in the blood from entering the brain.
Three main categories of brain imaging agents are used on the basis of this principle. One
category, nondiffusible tracers, cannot cross the BBB. These radiopharmaceuticals can be
used to evaluate blood flow to the brain and to determine if there is a focal abnormality
or breakdown in the BBB. The second category, diffusible radiotracers. are newer and are
more commonly used for brain imaging. They are typically lipophilic and readi ly cross
the BBB to localize in brain tissue in proportion to blood flow. The third category is
radiopharmaceuticals associated with PET, which are used in evaluating metabolic activity
in the brain or to measure receptor density and binding affinity.'"

RADIONUCLIDE BRAIN IMAGING
Brain Death

Rationale

Dynamic blood flow imaging of the head is obtained to determine the presence or absence
of cerebral perfusion in a patient who is suspected to be brain dead. In the appropriate
clinical setting, lack of cereb ral perfusion can confirm the clinica l diagnosis of brain death.
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Procedure

The study typically consists of a cerebral radionuclide angiogram followed by static
images. If a nondi ffusible agent like 99mTc-DTPA is used, usually 10 mCi (370 MBq) of
activity is administered intravenously into an antecubital vein in a bolus. During the
angiogram portion of the study, a series of 2 to 10 second per frame anterior images of
the head are obtained. Image acquisition is star ted just as the bolus of radiotracer is
administered and is continued for 1 to 2 minutes. Static an terior and lateral blood pool
images are generally obtained 5 to 10 minutes afte r completion of the blood flow por tion
ofthe study. It can be helpful to place an elas tic band over the pati ent's head jus t above
the orbits to minimize blood flow to the scalp vessels.

Pharmaceuticals

The radiopharmaceuticals most commonly used for cerebral angiography are 99mTc-DTPA
and 99mTc-sodium pertechnetate. However, agents that cross the BBB, such as 99mTc_
HMPAO and 99mTc-ECD, can also be used.

Interpretation

If a patient is suspected to be bra in dead upon clinical eva luation and there is no evidence
of cerebral per fus ion on the rad ionuclide angiogram, the diagnosis is certain. Normally,
when the radiot racer bolus is injected into a peripheral arm vein, it travels to the right
side of the hea rt, then to the lungs and back to the left side of the heart. It is visible in the
carotid arteries shortly af ter this. As it enters the bra in, radiotracer becomes appa rent in
the cerebral arteries and in the sagittal sinus (Figure 13-6). If a nondiffus ible tracer is used
(e.g., 99mTc-GH, 99mTc-DTPA, or 99mTc-sodium pertechnetate), no radiotracer uptake will be
eviden t in the brain on the delayed images because the trace r does not normally cross the
BBB (Figure 13-7). However, if a diffusible tracer is used (99mTc-HMPAO or 99mTc-ECD),
activity will accum ulate in the brain over time (Figures 13-11 and 13-13).

When there is brain death, internal caro tid artery blood flow ceases becau se of
increased intracranial pressure or clotting. During the angiographic phase of the study,
there is flow to both carotids, but the flow stops at this level (Figure 13-18). There is no
blush of rad iotracer activity in the cerebral artery territories or pooling of rad iotracer in
the sagittal sinus. Since blood flow is blocked in the internal carotid arteries, blood is
shunted to the external caro tid arteries. The increased flow in the external caro tid ar teries
can be seen as increased flow of activity to the nasal region. This is often called the "hot
nose" sign . After the angiogram phase, the blood pool ima ges fail to demonstrate
radiotracer activity in the sagittal or transverse sinuses.

Epilepsy

Epilepsy is a disorder of the brain characterized by recurring excessive neurona l di scharge
resulting in repeated episodes of seizures . Seizures occur when there is an abnormal focus
of neuronal discharge. Epile psy affects approximately 0.5% to 1% of the pop ulation . For
patients with refractory part ial seizures tha t cannot be ade quately controlled with medi­
cation, surgery is an importan t treatment option if the seizure focus can be located.
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FIGURE 13~1 8 Brain dea th. Absence of cerebral perfusion after intravenous injection of 'l4mTc-glu­
ceptate (99mTc-GH) is seen in this 11 month old child, a victim of smo ke inhalation in a house fire.

Rationale

During a seizure, there is an increase in blood flow in the region of the neuronal discharge
associated with the seizure fOCU S.I26 In the period between seizures, there is normal or
decreased blood flow to the region of the seizure focus. Thus, radiopharmaceuticals that
cross the BBB and are taken up in the cortex in proportion to blood flow are usefu l in
identifying the seizure focus. SPECT imaging with diffusible perfusion tracers such as
99mTc-HMPAO, 99mTc-ECD, and " F-FOG is most commonly used to evaluate brain pe rfu­
sion for epilepsy. SPECT imaging of the brain can be done either during a seizure (ictal
SPECT) or between seizures (interictal SPECT). Since blood flow can be normal between
seizures, ictal SPECT is more sensitive for detecting the seizure focus.

Pharmaceuticals

The most common rad iopharmaceuticals used for radionuclide cerebral perfusion imaging
during the ictal period are agen ts tha t cross the BBB, such as 99mTc-HMPAO and 99mTc­
ECD. These agents are lipophilic and are transp orted across the BBB by diffus ion . They
are taken up by brain cells in the cerebral cortex in proportion to blood flow and do no t
significantly red istribute. 99mTc-HMPAO can be recons tituted in stabil ized and unstabilized
forms. In the unstabilized form it should be administered intravenously no later than 30
minutes after reconstitution . This makes the unstabilized form difficult to use for an ictal
study, in which the dos e should be administered either during a seizure or within 30
seconds after the completion of a seizure. The stabilized form can be used for up to 4
hours after reconsti tution . 99mTc-ECD can be used up to 6 hours after reconstitution .

PET with \SF-FOG can also be used to localize the seizure focus. During a seizure there
is increased glucose metabolism at the seizure focus."? Between seizures, the foci generally
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FIGURE 13-19 (A) ""rnTc-HMPAO ictal brain SPECT scan showing a focal area of increased uptake
in the right inferior fron tal lobe in a patient with complex partial sei zu res. (B) II'F-FDG interictal
PET brain study in the same pa tient showing a foca l area of hypometabolism in the in ferior righ t
fronta l lobe that corresponds to the focus of increased uptake on the icta l scan.

demonstrate reduced glu cose metabolism. Because 18F has a physical half-life of only 110
minutes, it is difficult to have a dose ready and immed iately available for an ictal study.
Also, FOG continues to accum ulate in the bra in over 30 to 40 minutes, which is typically
much longer than the d uration of a compl ex partial seizure. It does not ha ve the high
fi rst-pass extraction and retention that the 99mTc diffusi ble agents have. Thus, metabolic
brain imaging with " F-FDG is usually performed duri ng the inter ictal period . Often an
ictal SPECT study done with either 99mTc-HMPAO or 99mTc-ECD is compa red with an
interictal "F-FDG PET study.

Procedure

Prior to either ictal or interictal imaging studies, pa tients are monitored by electroenceph­
alography. If an ictal study is desired, eithe r stabilized 99mTc-HMPAO or 99mTc-ECD is
prepared for use and is kep t read ily ava ilable. The activity is usu ally between 15 and 30
me i (555 to 1110 MBq). The pa tient is monitored for seizure activi ty. At the onset of a
seizure, the dose is ad ministered intravenously. To obtain an ad equate ictal study, it is
important tha t the dose be administered either during the seizure or within 30 seconds
after completion of the seizure. SPECT imaging of the brain is usually performed 30 to 60
minutes later. Because these radiopharmaceuticals do not redi str ibu te, imaging can be
delayed as much as 4 hours after administration.

Interpretation

If an ictal SPECT study is performed, seizu re foci are seen as areas of increased activity
because of the increased perfusion. During interictal studies, seizure foci demonst rate
either areas of dec reased radiot racer uptake or normal uptake. If ISF-FOG is used for an
interictal study, the seizure focus may be seen as an area of decreased uptake related to
hypometabolism (Figure 13-19).

Dementia

Demen tia is a general mental deterio ratio n due to organic or phys iologic factors tha t is
categorized by some degree ofdisor ientation along with impairment in judgment, intellect,
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and memory. In vascular dem entias, such as multi-infarct dementia, cognitive decl ine is
often abrupt and stepwise.F" In Alzheimer's disease, mental deterioration is typ ically
gradua l. Although clinical eva luation along with anatomic ima ging such as CT and MRI
is important in screening for reversible causes of dementia, nuclear medicine techniques
can often improve diagnostic acc.lfacy.

Rationale

Several forms of dementia are treatable. For example, dementia may occur in normal­
pressure hydroceph alus. Thus, it is important to try to determine the cause of new-onset
dementia. Both PET and SPECT have been useful in help ing to de termine the cause of
dementia by evaluating regional blood flow and metabolic abnormalities in the bra in.

Interpretation

There is norma lly symmetric perfusion to the cerebral hemispheres in dementia. However,
in Alzheimer's disease there is a classic pattern demonstrating decreased perfusion and
metabolism in the temporoparieta l regions. As mental deterioration worsens, hypometab­
olism in the frontal lobes is also observed."

Multi-infarct dementia is caused by repeated infarcts in the brain. Brain imaging with
either pe rfus ion agents or metabolic agents typically demonstrates multiple asymmetric
defects occurring in the brain. These defec ts can occur anywhere in the cortex.

PET Imaging for Tumor Recurrence

"F-FDG is taken up into the brain tissues similarly to glucose. Normally, the gray ma tter,
basal ganglia, and thalami show the greatest amount of uptake in the bra in, with much
less uptake in the white matter. The amount of uptake in the bra in tissue is related to
blood flow an d metabolic act ivity.

Tumors often have increased metabolic activity compared with most tissues, which
makes PET imaging very important in oncology. However, since the brain is highly
metabolic, PET imaging is no t always ideal for tumor imaging in the brain. An important
excep tion to this is after a bra in tumor has been surgically removed. Most often the patient
has also had adjuvant radiation therapy to the tumor region. In this case, if the tumor has
been removed, there should be only scar tissue in the surgical bed. Using CT or MRl, it
is often difficult to determine whe ther the rema ining tissue in the surgical bed is residual
or recurrent tumor or scar tissue secondary to radiation necrosis . Scar tissue is not hyper­
metabolic like malignant tumor. In this scenario, if the bra in is imaged wi th PET usin g
I'F-FDG, focal areas of hypermetabolism in the surgical bed suggest residual or recurrent
tumor. Lack of significant radiotracer uptake in the surgical bed is more consistent w ith
radiation necrosis (Figure 13-20).

(SF Imaging

Mos t of the CSF is formed by the choroid plexuses of the lateral, third , and fourth
ventricles . The CSF prod uced in the lateral ventricles flows though the interventricular
foramina into the third ventricle. The flow continues through the cerebral aqueduct into
the fourth ventricle and from there into the subarachnoid space around the brain and
spinal cord .P' Most of the flow of CSF in the subarachnoid space is cephalad around the
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FIGURE 1 3~20 (A) MRI of the brain in a patient after surgery and radiation therapy for brain
metastasis. There is some enhancement along the posterior aspect of the lesion in the left frontal
lobe,which suggests recurrence. There is also evidence of a small metastasis in the right fron tal lobe
inthewhite matter. (B) lHF-FDG PETbrain study demonst rating two focal areas of hypermetabo lism
in the frontal lobes corresponding to the MRI findings and consistent w ith metastases. The focus
on the left is adjacent to an area of decreased activity, likely a central area of necrosis. There is
decreased metabolism in the left occipital region where the patient had surgery and radiation
therapy, consistent with no evidence of recurrence in this region.

cerebral convexities toward the superior sagittal sinus. The main site of absorption of the
(SF back into the venous system is through the ara chnoid villi.

( SF imaging is often use d to de tect and eva lua te normal-pre ssure hyd rocephalus in
a patient with clinical symptoms of dementia, gait disturbance, and urinary incontinence.
In these patients, there is di latation of the vent ricles with normal CSF pressure. Imaging
is also useful for detecting suspected CSF leaks and evaluat ing existing ventriculoperito­
neal shunt function.

Normal-Pressure Hydrocephalus

Rationale

Hydrocephalus refers to enlargement of the ventricles caused by excessive accumulation
of (SF. This can be due to overproduction of CSF by the choroid plexus, obstruction of
flow to the arachn oid villi, or an abnormality in absorption . Enlargement of the ventricles
can some times be a normal finding on MRI and CT ima ging, secondary to age-related
cerebra l atrophy. The clinical symptoms associated with normal-pressure hydrocephalus
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can show improvement after placement of a shunt to divert CSF from the ventricles back
to the venous sys tem, such as a ventriculopertioneal (VP) shunt.

Evalua tion of CSF flow is usually accomplished by administering a radiopha rmaceu ­
tical intrathecally. The radiotracer has to be diffusible throughout the CSF space bu t remain
in the CSF space until it can be absorbed with the CSF using the normal pathway th rough
the arachnoid villi.

Procedure

A lumbar puncture is performed us ing a small-gauge spinal need le. Typically, 500 >LCi
(18.5 MBq) 111 In-DTPA is administered intrathecally into the subarachnoid space. Initial
anterior images of the head are obtained 6 hours after administra tion of the radiophar­
maceuti cal. Sometimes, posterior images of the back can be obtained to evaluate whether
the injection was successful. Anterior images of the head are obtained at 24 hours and 48
hours after injection. Sometimes images are also obtained at 72 hours.

Pharmaceuticals

The short physical half-life (6 hours) of ""mTc radiopharmaceuticals limits the ir use to
shorter-duration studies such as CSF leak and VP shunt evaluation. Evaluation of normal­
pressure hydrocephal us usually takes 2 to 3 days . Because of this, a radionuclide with a
longer ha lf-life is necessary for imaging. Typ ically, J11In-DTPA is used in distinguishing
normal-pressure hydrocephalus from hydrocephalus secondary to age-related atrophy.
The physical half-life of 67 hours and principal photon energies of 173 keY and 247 keY
make J111n more appropriate for these studies.

Interpretation

After the radiopharmaceutical has been successfu lly injected into the lumbar subarachnoid
space, it begins to ascend through the sp inal cana l. In adult pat ients , act ivity can normally
be seen accumulating in the basal cisterns by 2 to 4 hours. Activity can also be seen in the
interhemispheric and sylvian fissures at this time. Normally, rad iotracer is not seen enter­
ing the lateral ventricles at any time. Over the next 24 hours, radiotracer should ascend
over the cerebral convexities to the sagittal sinus, and activity in the basal cis terns should
begin to clear (Figure 13-21).

Patients wi th normal-pressure hydrocephalu s demonstrate a different flow pattern.
Early on, there is reflu x of radiotracer into the lateral ven tricles. This will persist on the
delayed images. In add ition, ascen t ove r the cerebral convexities is usually markedl y
delayed (Figu re 13-22).

CSF leak

Rationale

The most common cause of CSF leaks is trauma. Most CSF leaks are located in the skull
base between the region of the sphenoid sinus and temporal bone. CT imaging is most
often used to evaluate a CSF leak. However, when this is nondiagnostic, nuclear imaging
can be useful in helping to confirm and localize the leak site.
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FIGURE 13-21 Normal CSF cisterno­
gram. lllIn-DTPA study showing nor­
mal radiotracer accumulation in the
basal cisterns and interhemispheric and
sylv ian fissures on the 4 hour images
(t riden t ap pearan ce). Images at 24
hours demonstrate normal ascent of the
radiotracer over the convexities to the
superior sagittal sinus.

Right Lateral

6 hr .r

24 hr
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FIGURE 13-22 Normal-pressure hydrocephalus. The 6 hour images demo nstrate "t ln-D'I'PAactivity
in the spinal subarachnoid space, basal cisterns, and lateral ventricles. At 24 hours the activity
persists in the lateral ventricles, and in this patient there is very slow progression over the hemi­
spheres. This pattern is essentially the same at 48 hou rs and indicates extraventricular obstruction
and normal-pressure hydrocephalus.
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Procedure

To eva luate a possible CSF leak, pled gets are typically placed at the suspected leak site
prior to administration of the radiopharmaceutical. If the suspected leak is from the nose,
pledgets are usually placed in locations near the sphenoethmoidal recess, the cribriform
pla te, and the middle meatus, bilaterally, If the sus pec ted leak is from the ear, a pledget
is placed in the ear canal. As in the evaluation of normal-p ressure hydrocephalus, a lumbar
puncture is then pe rformed and the radiopha rmaceutical is administered intrathecally.
The patient is p laced in the prone position or a position that most exacerbates the leak.
Anterior, posterior, and lateral imaging of the head is performed, usually 2 to 4 hours
later.A sample of the patient's blood is collected to measure activity in the blood or plasma.
The pledgets are also collected and measured for activi ty using a well counter. Both pledget
and plasma activity are usually measured as counts per minute pe r gram, and pledget­
to-p lasma activity ratios are calculated.

Pharmaceuticals

Because the duration of these studies is typ ically only about 4 hours, 99mTc radiopha rrna­
ceu ticals such as 99mTc-DTPA can be used. The usual amount of administered activity is 1
to 3 mCi (37 to 111 MBq).

Interpretation

After the radiopharmaceutical has been successfully injected into the lumbar subarachnoid
space, activity is usually seen in the basal cisterns by 2 to 4 hours. It is impo rtant to wait
until the radiotracer accumulates in the suspected site of the leak before imaging the head
and subsequently removing the pledgets. Normally, there should be no accumulation of
rad iotracer outside the cranial vault. Images positive for CSF leak demonstrate focal
accumulations of radiotracer ou tside the cranium (Figure 13-23).

Radiotracer activity should no t be seen in the systemic circulation until the radiotracer
is absorbed into the venous system by the arachnoid villi. Thus, there shou ld be no
appreciabl e activity in the blood at 4 hours. Likewise, if there is no CSF leak, the re should
be no appreciable activity in the pledgets, and the pled get-to-plasma activity ratio should

FIGURE 13-23 CSF leak in a patient with rhi­
norrhea after a motor vehicle accident. Lateral
image of the head 1 hou r after intrathecal injec­
tion of2 rrrCi (74 MBq) """Tc-DTPAat the lumbar
spine level demonstrates activity in the nose
cons isten t with a CSF leak. Pledget-to-plasma
ratios (Table 13-4) show the main area of the leak
to be in the leftcribrifonn/middle meatus region.

i
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TABLE13 -4 Nasal Pledget-to.Plasma Activity Ratios in Assessment
of Positive CSF Leak with 'l9mTc-DTPA (see Figure 13 -23) '
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Pledget Plac ement

Right crib riform
Right middle meatus
Right sp hen oid
Left cribr iform
Left middle meatus
Right sphenoid
Plasma

Net Coun ts per Minu te

84
590

2,627

126,169

111,795

53,881

350

Pledget-to-Plasm a Ratio

0.24
1.7

7.5
360
319

154
1

~ 2 mL of plasma, ob tained at end of procedure, is counted along wi th each
nasal p ledget suspended in 2 mL of saline.

be1.Pledget-to-plasma ratios greater than 1.5 to 1 are conside red positive for CSF leak.P'
Inthe nose, the pledget with the highest ratio suggests the location of the leak (Table 13-4).

Shunt Evaluation

Rationale

VP and ventriculoatria l (VA) shunts are used to treat patients with obstructive hydroceph­
alus. If clinical symptoms begin to retu rn or interval enlargement of the ventricles is seen
on MRI or CT, the shunt may be obstructed. Anatomic studies such as p lain film x-rays
can determine if the shunt tubing is broken or kinked . If there is no evidence of this,
nuclear medicine techniques can examine shunt function.

Procedure

To evaluate for shunt patency, radiotracer is injected into the shunt port using sterile
technique (Figure 13-24). There are three par ts to a VP or VAshunt: (1) the shunt port, (2)
the proximal limb from the port to the ventricle, and (3) the distal limb from the port to
either the atrium or the pe ritonea l cav ity. To evaluate the proximal limb of the shunt,
radiotracer is injected while man ua l compre ssion is maintained on the di stal limb near
the port. This should force the radiotracer into the proximal limb and into the ventricle.
Dynamic images of the head can be obtained by using a transmission source behind the
patient to verify radiotracer accu mulation in the ventricle. After radiotracer is seen in the
ventricle, pressure is released from the d istal limb and serial images are obtained to follow
the flow of radiotracer through the distal limb.

FIGURE 13-24 Diagram of the injection port for
radiotracer administra tion during ventric ulc­
peritoneal shunt evalua tion .
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FIGURE 13-25 Venlriculoperitoneal (VP) shunt evaluation."mTc-DTPA study demonstrating patent
VP shunt. With thumb pressure on the distal limb of the VP shunt, radio tracer is injected into the
VP shunt port during the flow phase of the study. Once activity is seen in the lateral ventricle and
obstruction of the proximal limb is ruled out, manual pressure is taken off the distal limb. Activity
is seen to flow freely through the shunt toward the peritoneal cavity-.

Pharmaceuticals

The duration of these studies is typically between 30 minutes and a few ho urs, so 99mTc
radiopharmaceuticals such as 99mTc-DTPA can be used. The usual amount of administered
activity is 1 to 2 mCi (37 to 74 MBq).

Interpretation

With proper manual pressure on the distal limb, there should be prompt visualization of
activity in the ventricle after injection . If the port is accessed properly and radiotracer fails
to appear in the ven tricle, this is evidence of a proximal limb obstruction .

Once proximal limb pa tency is observed, pressure is released from the distal limb.
There should be prompt passage of radiotracer through the distal limb. If the patient has
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FIGURE 13-26 Patent ventr iculoperitoneal shu nt.
Abdominal view of the same patient as in Figu re
13-25 demonstrat ing movem ent of rad iotracer
down the pa tent di sta l limb and spilling into the
peritoneal cavity.

FIGURE 13 -27 Obstructed ventricu ioperitoneal
shunt. 'l4mTc-DTPA study demonstra ting delayed
progression of radiotracer through the distal
limb of the sh un t. There is no evidence of trace r
in the peri ton eal cavity afte r 90 minutes .

a VP shun t, act ivity should be seen spilling freely into the peritoneal cav ity in a few
minutes to an hour (Figures 13-25 and 13-26). There is evidence of obstruction if the
radiotracer fails to ad vance through the shunt tubing or pools at the distal tip (Figure 13­
27). If the patient has a VA shunt, the radiotracer will reach the systemic circulation and
will be seen in the kidneys.
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14 Thyroid
Radionuclide applications to the thyroid gland include all types of nuclear medicine
procedures. Radionuclides are used in the radioactive iodine uptake (RAIU) test to assess
thyroid gland function, in treatments for hyperthyroidism and thyroid cancer, and in
imaging studies to de tect disease within the thyroid gland and scans of the total body to
detect thyroid metastases.

PHYSIOLOGIC PRINCIPLES

The thyroid gland is composed of a large number of follicles, each lined with epithelial
cells and filled with a substance called colloid.' The major constituent of the colloid is
thyroglobulin, which is the base for production and storage of th yroid hormone. Ingested
iodideis taken up from the blood by the thyroid ep ithelial cells. Within the se cells, iodide
is rapidly oxid ized to iod ine by peroxidase enzymes and hydrogen peroxide. The iodine
then reacts with tyrosine residues in thyroglobulin to form thyroid hormone, which is
stored in the colloid .

Trapping of iodide by epithelial cells is the ra te-limiting step in hormone production.
This active transp ort process is capable of concentrating iodide to 40 times the plasma
concentration under normal circumstances, and this may increase lO-fold in the hyper­
thyroid state. The binding of one atom of iodine to tyrosine forms monoiodotyrosine
(MIT), and addition of a second atom forms diiodoty rosine (DIT). The thyroid hormones
are formed by coupling reactions in which one molecule each of MIT and DIT form
triiodothyronine (T3) and two molecules of DIT form thyroxine (T.). This metabolic scheme
isshown in Figure 14-l.

The daily turnover of iodine in the body is shown in Figure 14-2. Iodine metabolism
has a three-compartment kinetic model: compartment I, the extrathyroidal iodide pool (75
~g iodine); compartment II, the thyroid iodi ne pool (6000 J.Ig iod ine); and compartment
Ill, the extrathyroidal iodine hormone pool (500 J.Ig iodinej.s-' The average daily intake of
iodide is about 300 J.Ig, but th is value can vary widely according to geographic location
and dietary habits. Iodide intake is ba lanced by a ur inary loss of 285 J.Ig and a fecal loss
of15 J.Ig. About 75 J.Ig of iodide is made into thyroid hormone and released into the blood .
Ofthis amount, 15 J.Ig is metabolized in the liver and excreted in the feces. The remaining
hormone undergoes enzymatic deiodination in tissues, wi th recycling of 60 J.Ig of iodide
back into compartment I for reus e or renal excretion. During an ave rage day, about 20%
ofthe ingested iodide is organ ified into hormone an d 80% is excreted .

A number of substances either promote or block the synthesis of thyroid hormone.
Thyroid-stimulating hormone (TSH, or thyrot ropin) released from the anterior pituitary
gland controls several of these functions, including iodi de trapping, the coupling reac tions
between MIT and DIT, and hormone release from the colloid into the blood. Excess p lasma
iodide suppresses thyroid gland uptake of iod ide .

The drugs me thimazole (Tapazole, Lilly) and propylthiouracil block the binding of
iodine with tyrosine as well as the coupling reactions. Several ha logen oxyanions and
thiocyanate are capable of inhibiting the iodide-trapping mechanism and also cause dis ­
charge of iodide from the propy lthiouracil-blocked gland. Of the halogenated oxyanions,
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perchlorate (CI0 4- ) is the most effective agent in discharging trapped iodide and is 10
tim es more potent than thiocyanate'

Thyroid gland function is controlled by the hypothalamic-pituitary axis through a
feedback mechanism. When the levels of circulating thyroid hormone decrease, thyrotro­
p in-releasing factor is secreted from the hypothalamus, causing release of TSH from the
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anterior pitu itary, which st imulates the thyroid gland to produce more hormone. Excess
circulating thyroid hormone reverses this process through negative feedback to the hypo­
thalamus, which causes TSH levels to fall and thyroid hormone production to decrease.
In the absence of d isease, this process maintain s thyroid gland homeostasis .

THYROID PATHOPHYSIOLOGY

Nuclear medicine proced ures can be used in the d iagnosis of several diseases of the thyro id
gland, the most common being hyperthyroidism, thyroiditis, and thyroid nodules. In
addition, hyperth yro idism and thy roid cance r can be treated wi th radio iodine.

Hyperthyroidism

Hyperthyroidism is cha racte rized by hype rplastic thyroid tissue. The gland is incre ased
in size 2 to 3 times and secretes excessive amounts of thyroid hormone, as much as 5 to15
times normal.' Plasma TSH levels are far below normal or essen tially zero because of the
suppressive feedback effect on the anterior pituitary gland. A common cause of hyper­
thyroidism is Graves' d isease, in which the gland is a d iffusely enla rged go iter. This di sease
has an autoimmune origin; thyroid-s timu lat ing immunoglobulins stimu late the TSH
receptors on thyroid cells, causing hyperth yroidism . Another cause of hyperthyroidism
is toxic nodular go iter, in which the gland is enlarged either with multiple hyperfunction­
ing nodu les (Plu mmer's disease) or with a solitary nodule that is a hyperfunctioning
adenoma. In each of these condition s, the hyperfunct ioning tissues demons trate increased
accumulation of rad ioiodine or pertechnetate on a thyroid scan.

Thyroiditis

Thyroiditis is an inflamm ation of the thyroid gland. Subacute thyroiditi s is a benign, self­
limiting condition thought, but not proven, to be of vira l originS.' Initially there is a
hyperthyroid phase, lasting for wee ks to several months . This phase is caused by inflam­
mation-indu ced release of stored th yroid hormone from the gland. RAIU is also reduced
because of impairmen t of the trapping mechanism. Hypothy roidism ma y develop, which
canbe treated with thyroid hormone. Upon resolution of the disease, most pa tients return
to normal thyroid function .

Chronic thyroiditis, also known as lymphocytic or Hashimoto's thyroiditis, is an
autoimmune inflammatory d isease wi th evidence of elevated circulating an tithy roid anti­
bodies sim ilar to those associated with Graves' disease.v The thyroid parenchymal cells
are increasingly replaced by lymphocytes and p lasma cells and eventually by fibrosis.
Hypothyroidism is the end resu lt. In the ini tial stages of the disease, TSH levels are
elevated but thyroid hormone levels are low normal. The gland is diffusely enla rged, but
the condition differs from Graves' disease in that pa tients in the latte r stages of thyroi ditis
often exhibit hypothyroidism, and thyroid scan s demonst ra te reduced, nonhomogeneous
uptake of activity.

Thyroid Nodules

Afrequen t ind ication for thyro id scanning is the presence of one or more palpable nodules
in the thyroid gland . Nodules are usually ben ign, bu t they must be evaluate d to rul e out
the presence of cancer. Nod ules tha t accumulate radioiodin e or pertechnetate and appear
"hot" on the thyroid scan are called func tion ing nod ules. Functioning nodules ma y or
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may not be under the control of TSH. A nodule that is not controlled by TSH is called an
autonomous nodule. Sometimes, an autonomous nodule can achieve large size and pro­
duce enough thyroid hormone to supply the entire need s of the body. It may also produce
excessive amounts of hormone, causing the pa tient to become thyrotoxic (hyperthyroid).
Such a toxic nodule can suppress TSH release from the p itu itary and cause suppression
of the remaining normal thyro id tissue." Functioning or hot nodules occur with low
frequency (approxima tely 10%) and typ ically are benign. Most nodules are nonfunc tion ing
(i.e., they do not take up radiotracer); however, some nonfunctioning nod ules may be
cancerous, so further studies are needed to establish a di agnosis.

HISTO RICAL PERSPECTIVES

The first production of radioiod ine for clin ical ap plication was at the Massachuse tts
Institute of Techn ology in 1937, when Robley Evans prod uced "'I by neutron irradiation
of ethyl iodide' Intravenous injection of I2XI into rabbits clearly de monstrated, for the first
time, the rapid accumulation of radi oiodide by the thyroid gland '

After the d iscovery of artifici al radioactivity in 1934, cyclot rons were built at several
research centers in the United States to produce radionuclides, mainly for medical research.
Collaboration between institutions led to the rapid d iscovery of several iodine isotopes.
Large quantities of l2HI were produced at Berkeley, but its 25 minute half-life was too short
for metabolic studies. In 1938, 126( (To., 13.3 days) was produced at Michigan by Tape and
Cork,'? while 1311(To, 8.04 days) was ma de by Livingood and Seaborg" at Berkeley. Hamil­
ton and Soley " reported on the first use of 1311 in hu man subjects wi th thyroid disease.
Keston et al.13 first reported on the uptake of radioiod ine in thyroid metast asis in 1942.
Probably the mos t significant application of 1111, whi ch heralded the value of radioisotopes
in medicine, was use of the 1311 "atomic cocktail" in the treatment of metastatic thyroid
cancer, reported by Seidlin et al.'! in 1946. Before that, 1111 had been used to treat Graves'
disease," but a "cancer cure" had a much more dram atic impact than a trea tment for
hyperthyroidism. Strong public and monetary support for the fledgli ng discip line of
nuclear medicine began with this exp erience.

RADlOPHARMACEUTICAlS FOR THYROID STUDIES

Sodium Iodide ( 123 and I 131 Capsules and Solution
1311is the standard radionuclide used for routine thyro id studies. It is relatively inexpens ive
to produce, and its 8 day half-life allows it to be ava ilable when needed in the nuclear
medicine clinic . I3II-sod ium iodide is avai lable from commercial suppliers in hard gela tin
capsules and in aqueous solution for oral administration. Capsules for dia gnostic studies
are generally available in 15, 25, 50, and 100 !tCi (555, 925, 1850, and 3700 MBq) sizes. The
capsules contain sodiu m radioiodide, either mixed with po lyethylene glycol and thiosul­
fate as a thin film on the inside surface of the capsule or mixed with a granulated powder.
Therapeutic capsules for use in hyperthyro idism and thyroid carcinoma are also ava ilable,
made to order on 24 hour noti ce. I23I-sodium iodide capsules are ava ilable in 100 and 200
!tCi (3.7 and 7.4 MBq) sizes for di agnostic studies.

In thyroid uptake studies to d etermine thyroid function, a capsule is given to the
patient and thyroid gland counts are compared with activity in a standa rd capsule. To
minimize error in thyroid up take measurements, it is important that the activi ty of capsules
within a given lot vary by no more than a few percentage points from the mean capsule
activity in the lot used as the standard. The United States Pluinnacopeia, 24t l1 Revision,
required manufacturers to ensure that at least 19 of 20 capsules in a lot of 1231_or l3lI-sod iu m



Thyroid

1311· Sod ium Iodide Capsule Counti ng Worksheet
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Lot Number 300732F

Activity

Date Counted 1·15·02

Color

Procedure: Count each
capsule collecting at least
100,000 counts per capsule.
Subtract background and
determine the mean count.
Discard any capsule whose
count does not fall within
96.5%and 103.5% of the
mean count. Save as a
standard the capsule whose
count is d oses! 10the mean.

Net Capsule Counts Net Capsule Counts

,. 112 ,919 11. 117,510

2. 115,374 12 113,388

3. 113.590 13. 112 .316

4. 112,782 14. 114,124

5. 111,568 15. 115,102

6. 111,546 16. 110,983

7. 110.635 17. 114,949

8. 114 ,117 18 115,342

9 113.380 19. 116,830

10 114.417 20. 115,182

MeanCo unl = 113802 x 0.965 = 109,820 (Iower limil)

x 1.035 = 117,786 (uppe r limit)

FIGURE 14-3 Capsule-counting
worksheet for statistical analysis
of "tl-sod iu m iod ide capsu les .

iodide contain activity between 96.5% and 103.5% of the mean capsu le activity in the lot.
Figure 14-3 illustrates a method that can be used to ens ure that capsu les are within these
limits.

Some models of uptake probes for counting thyroid gland activity have p rograms
specifically set up for the RAIU study. The capsule given to the pa tient is counted befo re
administration, establish ing the standard cou nts . The counts are stored in the comp uter
and are automatically decay-corrected to the tim e of pa tient counting. The counts in the
patient's thyroid gland are then compared with the standard count. Thus, each capsule
given to the patient acts as its own stan dard .

Chapter 9 inclu des a de tailed discussion of rad ioiod ine chemistry and dosage forms.

Biologic Properties of Rad ioiodide

After oral administr ation of sodium radioiodide, the rate of gastrointestinal absorption is
rapid, on the order of 5% pe r minute, and absorp tion is nearl y complete within 1 to 2
hours." The absorption rate may be delayed if food is p resen t, and it is direc tly influ enced
by thyroid function, being increased in hyperthyroidism and dec reased in hypothyroid­
ism.

Iodide is cleared from the plasma primarily by the thyroid gland bu t also by the
salivary glands, gastric mucosal cells, mammary glands, and kidneys. It is widely di strib­
uted in the body after ad ministration . Most is excreted within the first 24 hours, and the
remainder is localized mainly in the thyroid gland. Bodily distrib u tion of rad ioiod ide
between 1 hour and 80 days is summarized in Figu re 14-4.

Renal Excretion

Renal clearance of iodide is by glomerular filtration at a mean rate of 34 mL/minute, or
27% of the normal glomerular filtration rate. Thus about 73% of filtered iodide is reab­
sorbed by the tubu le. Iodide is not bound in the kidney. Renal clearance of iodi de is fairly
constant over a wide range of plasma concentra tions. After a d ose of 10 JlCi (370 kBg) of
I3I I-sodium iodide with carr ier doses of 0.001, 0.1, 1.0, an d 10.0 mg of stable iod ide, no
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1 nccr

37.6 Excreted

Othltr 2.0
Li ver 0.9
Thyrofd

Intestine

Blood

24 hours

76.1 Excreted

20 daya

87.1 Excret9d

12.2 : Thyroid
:::::::::::: Blood 0.2

ECEV 0.5

80 days

lil3.7 Excnrt9d

FIGURE 14 -4 Est ima ted percentages of ad ministered radioiodine in tissues of the body at various
times after a single oral dose of rad ioiodide corrected for radioactive decay. The ma ximum th yroid
uptake is ass umed to be IS'Yo . ECEV = ext racellu lar extravascu lar space. (Reprinted w ith permission
from reference 21.)

TABLE 14-1 FDA-Recommended Dose of Potassium Iodide
for Thyroid Gland Protection

Age Group

Adult s over 40 yr
Ad ults 18 to 40 yr
Ad olescents 2:'70 kg

Pregnant or lactating wome n
3 yr to 18 yr
1 month to 3 yr
Birth to 1 month

Threshold Dose of Predicted
Thyroid Exposure

Irad or cGy)

;,soo
;::10

>5
zs
;,s
Q

>5

Potassium Iodide
Dose per Day

(mg)

iao­
130

130

130

65
32
16

a 130 mg of po tassium iodi de is con tained in each of the following: One 130 mg
potassium iod ide tab let, 0.8 mL Lugol' s solu tion, 0.13 mL saturated solution of
potassium iod ide (SSKI).

Source: www.fda.gov/cder /guidance/4825fnl.htm.

difference in renal clearance of iodide occurs; however, a significant reduction of thyroid
uptake occurs with the 1.0 and 10.0 mg doses, with uptakes similar to euthyroidism and
the athyroid state, respectively," In some instances it is necessary to administer stable
iodi de to protect the thyroid gland from unnecessary radiation exposure from free rad io­
iodide, such as may occur from radioiodide released by metabolized radioiodinated
radiopharmaceuticals or from accidental ingestion of radioiodide.
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Thyro id-blocking doses of potassium iod ide recommended by the Food and Drug
Administration, based on stu d ies afte r the Chernobyl nuclear reactor d isaster, are shown
in Table 14-1.18 Doses are based on subject weigh t and predicted thyroid exposure dose.
Asingle dose prote cts the thyroid gland for 24 hours. The dose of potassium iod ide should
be administered with milk, frui t ju ice, or a large volume of water to minimize gastric
irritation. These doses of potassiu m iodide can block 90% of radioiodine absorption if the
fi rst dose is given a few hours before or immediately after intake of rad ioiodine; the drug
can still block 50% of rad ioiodine absorp tion if the first dose is administered within 4
hours after exposure." Potassium iod ide (KI) is ava ilab le as potassium iodi de tablets, 65
mg and 130 mg (equiva len t to 50 mg and 100 mg iodine, respectively), as sa turated solu tion
of potassium iodide (SSKI), 1 gram KI per m L, or as Lugol's solution, 130 mg KI per 0.8
mL. Potential adverse effects of potassium iod ide include gas trointestinal d isturbances,
allergic reactions, and minor rashes. IS

The fraction of an administered dose of radioiodide excreted by the kidneys over 24
hours is inversely related to thyroid gland fun ction.P Seventy-six percent of a dose of
radioiodide is excreted in 24 hours in normal subjects with a thyroid uptake of 15% (Figure
14-4).'1

Thyroid Gland Uptake

Measurement of thyroid gland function with radioiod ide is predicated on an amount of
radiotracer that is physiologic (i.e., will not al ter the gland 's normal function) . The amount
administered in thyroid studies easily meets this requirement; the average da ily d ieta ry
intake of iod ide is 300 ~g, and a 10 ~Ci (370 kBq) diagnostic dose of 1311-sodium iodide
contains on ly 8 x 10-5 ~g of iodine (one eighty-m illionth of tota l body iodine).

The RAIU study is one of the oldest in vivo function studies performed in nuclear
medicine. It is based on physiologic incorporation of radi oiodide tracer int o the thyro id
gland followed by determ ina tion of the fract ion of the dose taken up in the gland over a
given time per iod . This study is described late r in the chap ter. For a successful test, it is
important that no substance be present in the blood that will interfere with th yroid uptake
of radioiod ide, and patients mus t be questioned before the test to identify any interfering
substances. Suppression of RAIU by stable iodide has been reported." Table 14-2 lists
common interfering substances.P>' The tab le does no t list all of the radiographic contras t
agents availab le, but all of them contain large amounts of iod ine, and several weeks sho uld
elapse before the RAIU test is conducted in a patien t who has rece ived con tras t material.

Salivary Glands

Asignificant am ount of iodi de is secreted by the salivary glan ds . Mos t of this is swallowed,
but expectora tion of sa liva is a potential source of clothing contamination after the rapeutic
dosing of 1311.This may lead to arti facts on who le-body images . Similar ar tifacts are more
likely to result from urinary contamination; therefore, it is wise to provide clean hos pi tal
gowns before any imaging stud ies. The concentra tion of radioiod ide in saliva ry glands
can produce a metallic taste in the mouth within a few hours after administration of a
therapeutic dose of 1311. Additiona lly, radiation sialadenitis may occur after large thera­
peutic doses of 150 mC i (5550 MBq), producing dry mouth an d swelling and tenderness
of the submaxillary glands.Z.s Chew ing gum or using lozenges that promote saliva tion can
shorten the residence time of 1311 in the salivary glands and may red uce the incidence of
sialadenit is.
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TABLE 14-2 Drugsand Chemical Substances that Decrease 24-hour Thyroid Uptake

Substance

Iodide-Containing DrIlgs
SSKI, Lugol's solution
Vitamin and mineral product s
Pima Syrup (Fleming)
Isopropamide iod ide
Amiodaro ne, benz iod aro ne
Calc ium iodide in Ca lcidri ne syru p (Abbott)

Hydriodic acid syrup

Topical Iodide Products
Iod och lorhydroxyqui n-Clioquinol (Clay-Ad ams)
Iodine tincture

X-Ray Contrast Media

Hypaque Meglumine, Hypaque Sod ium (Winthrop)
Lipiodol. Ethiodol (Fougera)
Cholografin Megl umine (Bracco)
Telepaque (Nycomed)

Antithsuoid Drugs

Propylthio ura cil. methimazole

TIlyroid Medication
Thyroid hormone, thyroxine, liothyronine

Cther Drugs

Phenylbutazone, sulfonamides
Adrenal and gonadal s teroids, ACrn

Sources: References 23 and 24.

Average Duration of Effect

l --4 weeks

1-9 months

2 wee ks

]-2 weeks
1 year o r more
3 mo nths
2 months

2-8 days

1- 2 weeks

1 week
8 days

Gastric Glands

Radioiodide is highly concentrated in the gastric mucosa. Plasma clearance of iodide by
the gas tric glands is on the order of 25 mL/minute, and gastric juice-to-plasma ratios may
be as high as 40.26 This high concentration is inhibited by stable iod ide and by perchlorate,
suggest ing an active tran sport process by the gastric cells. This gastric activity is associated
with the mucoid cells rather than the pa rietal cells. The significance of the gastric concen­
trating mechanism is not kno wn. Secretion of iod ide into the gastric juice at high concen­
tration increases the apparent iodide space of the body, but the iod ide is no rmally rapidly
reabsorbed after passing into the sma ll intestine."

Mammary Glands

Clearance of iodide by the mammary glands may achieve milk-to-plasma ratios up to 33
to 1." Radioiod ide and other radio pharmaceuticals are known to be excre ted in human
milk.28.29 Precautions must be taken to prevent a nursing infant from ingesting contami­
nated milk from a mo ther who has received rad ioactive material. This is especia lly impor­
tant in regard to 1311 because of the potentially high radiatio n d ose to the infant's thyro id
gland. Estimated radiation doses to newborns and 1 year old infants from radio iodide
administered orally or intravenously are listed in Table 14-3.'" 11 is important for a nursing
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TABLE 14-3 Estimated 131 1 and 1231 Radiation Dose to Newborns and Infants
and Time until Breast-feeding Can Resume-

Radiation Dose,
reml.....Ci I>

( 1311 = thyroid dose)
(12';1 = effective do se)

503

Radiopharmaceutical

1311 sodium iod ide
1231 sodium iodide

New bo rn

20

0.0059

1 Year Old

14

0.0041

Tim e until Breast-feeding Resumes"

8 weeks after 5 J.l.C i

2-3 da ys after 10 to 30 J.l.Ci

~ After mo ther ha s received radioi od ide .
... Data fro m reference 30.

c Data from reference 28.

TABLE 14-4 Radiation Absorbed Dose from Radioiodines

Rad(cGy)/mCi of Radioiodine Administered

Targe t Organ

Thyroid g land
Tota l body

"'I

13.0

0.029

890

0.83

790.0
0.49

1311

1300 .0

0.71

Sou rce: Reference 21; values assume a 25% maximum uptake by the thyro id.

mother who receives radioiodide to know when she can resume breast-feeding her infant.
Table 14-3 also gives recommended times to wait before safely resuming breast-feeding."

Placental Transport of Iodide

Several studies reviewed by Brown-Grant" indicate that placental transport of radi oiodide
occurs and high fetal-to-maternal thyroid ratio s are achieved near term in many ins tances.
Studies in humans have demonstrated that the fetal thyro id gland has the ability to
accumulate 1311 iodide by the 12th to 14th week of gestation." ·" Consequently, the use of
radioiodine and any radioactive material during pregnan cy is con traindicated.

Radiation Dose from Radioiodines

The critical organ for radioiodine is the thy roid gland . The magnitude of the radi ation
dose to the gland and othe r organs and the total body depends on the radionuclide
administered and the uptake by the gland. Estimates of radiation do se to the thyroid and
the total body from 12" 1, 1241, 1251, and BlI are shown in Table 14-4. The 1241 and 1251 isotopes
are included in the table because they may occu r as radionuclidic contaminants in rad io­
iodine preparations.

Sodium Pertechnetate Tc 99m Injection

After intravenous administration of sod ium pertechnetate Tc 99m injection (- Tc-sodium
per technetate), the pe rtechnetate an ion is trap ped by the thyro id epithelial cells in a
manner similar to iodide because of its similar ionic charge and volume . Its accumulation
in the gland is limi ted to the trapping mechanism and is metabolized no further. The
normal thyroid gland handles pertechnetate in the same manner that the propylthiouracil­
blocked gland handles iodide, that is, pertechnetate is d ischarged from the gland by
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TABLE 14-5 Radiopharmaceuticals for Thyroid Imaging

Radiopharmaceutical

'vl-sodlum iodide
12~I-sodium iodide
99mTc-sodium pe rtechnetate

Administered Time from Th yroid Dose3 rad(cGy)!
Act ivity Route Dose to Image p.Ci Administered

50-100 MCi Oral 24 hr 1.30

200-400 MCi Oral 24 hr 0.013

2-10 mCi IV 20-30 min 0.0002

.1 Based on 25'70 thyroid uptake. 1231 dose docs no t include any contribution from 1251 or 1241 radiocontaminants.

Source: Reference 21.

perchlorate." Up take of 99mTc-sodium pertechnetate by the thyroid gland is be tween 1%
and 2% of the administered activity in euthyroid subjects but may be 10 times greater in
thyrotoxicosis.P Multirnillicurie amounts of 99mTc-sodium pertechnetate can be adminis­
tered because the radiation dose to the gland is low compared with the dose from radio­
iodines (Table 14-5). 99mTc-sodium pertechnetate is administered intravenously for thyroid
imaging at a dose of 2 to 10 mCi (74 to 370 MBq). Imaging is begun at the time of maximal
uptake, which occurs in 20 to 30 minutes. The ora l route may be used for imaging done
at 1 hour. Chapter 13 contains more complete biologic information on 99mTc-sodium
pertechnetate.

NUClEAR MEDICINE PROCED URES

Two nuclear medicine procedures are commonly used to evaluate patients with suspected
thyroid abnormalities: the RAIU test and the thyroid scan. In addition, 1311 therapy is used
to treat patients with known thyroid gland disease. These procedures are well established
and have been used in nuclear medicine for over 50 yea rs ..14

Radioactive Iodine Uptake

Rationale

The thyroid gland both traps iodine and organifies it into thyroid ho rmone. Epithelial
cells of the thyroid gland have an iodide pump that enables the thyroid gland to concen­
trate iodide to levels higher than those in the plasma (trapping)." The iodide is then used
to synthesize thyroid hormone (organification). RAIU is a measure of iodine metabolism
in the thyroid gland. Determination of the fraction of a dose .of radioactive iodine that
accumulates in the thyroid gland at specific times after ora l administration can be used
to estimate thyroid function. This can be he lpful in evaluating both hypothyroid and
hyperthyroid conditions. In hyperthyroid conditions, the 4 and 24 hour thyroid uptake
values are commonly used in determining iodine metabolism and turnover rates in the
thyroid. These uptake measurements can assist in the diagnosis of hyperthyroidism and
are useful in de termining appropriate 1311therapeutic dosages. RAlU along with a thyroid
scan is also useful in differentiating causes of hyperthyroidism, such as Graves' disease,
Plummer's disease (toxic multinodular goiter), and subacute thyroiditis.

Procedure

Patient preparation is important. Many substances can interfere with the uptake of iodine
in the thyroid gland (Table 14-2). Patients who are taking these interfering substances
sho uld not be scheduled for RAIU testing until the effects of these substances ha ve cleared.
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Administration of antithy roid drugs such as propylthiouracil and methim azo le should be
stopped at least 4 to 5 days before an RAIU tes t. Iodine-containing medications and food
rich in iodine can also decrease rad ioiodine uptake in the thyroid gland. Prior imaging
procedures su ch as computed tomography or angiography that use iodinated contrast
agents can affect uptake of iodine in the thyroid for weeks. The pa tient should take no thing
by mouth for 4 hours before ad ministration of radioiodi ne to ensure adequate intestinal
absorption . Food in the stomach can interfere with early iodine uptake.

Pharmaceuticals

To measure rad ioiodine uptake, a sma ll amount of radioiodine is administered orally.
Either mI_or nJl-sodium iodi de can be used. 13II-sodium iodide is used more often, because
it is inexpensive and readily available.

Uptake measurements are usually taken a t 4 hours and 24 hours after administration
of the rad iotracer. The dose is usually 4 to 10 /lCi (148 to 370 kBq) of I31I-sodium iod ide.
The patient is p laced in front of a thyroid p robe and counts are obtained at the neck.
Patient background coun ts are measured at the thigh. Counts are also obtained in a neck
phantom, either from a calibrated stand ard capsule represen ting the pa tien t dose or from
the actual capsu le given to the patien t. Background counts are also obtained . The resulting
RAIU is expressed as a percentage .

Neck (cpm) - Thigh (cpm)
RAlU = xl00

Administered dose (cpm) - Background (cpm)

Interpretation

The normal range for these values is different for populations with different iodine intakes,
and results should be interpreted in the context of other clinica l inform ation . In general,
the norma l range is cons idered to be 5% to 15% for 4 hour uptake an d 10% to 35% for 24

·1 hour uptake.>
In certain hyperthyroid individuals, 4 hour uptake will be higher than 24 hour uptake.

For these individuals who demonstra te more rapid than normal turnover of iod ine in the
thyroid gland, it may be appropriate to use a higher 1311 dose in rad ioiodine therap y.

Thyroid Scan

Rationale

Thyroid scanning can be used to relate the struc ture of the gland to its function. Thyroi d
scans are often obtained to eva lua te a single pa lpa ble nodule, multiple nodules, or an
enlarging gland. The scan is useful in de termining the functional na ture of a pa lpable
thyro id abnormality and is often useful in d istinguishing benign from malignant d isease.

In patients with hyperthyroidis m, thyroid scans can be useful in d istinguishing Graves'
disease from toxic ad enoma or toxic multinodular goi ter. This information helps to dete r­
mine the amount of I3II-sod ium iodide need ed for approp riate thyroid therapy.

Scanning is useful in determining if a thyroid nodule is fun ctional. Altho ugh the
major ity of thyroid nodules are ben ign, hypofunction ing or "cold" nodules are at increased
risk for malignan cy."

Scanning is also useful in differentiating Graves' d isease from subacute thyro iditis, post­
partum thyroid itis, and factitiou s thyroiditis. Graves' disease causes prominent diffuse
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radiotrace r uptake throughout the thyroid gland, whereas the other conditions demon­
strate low rad iotracer uptake and poor visua lization of the thyroid gland.

Thyroid scans can also be used to locate ectopic thyroid tissue, such as in substernal
goiter or lingual thyroid.

Procedure

Just as in RAIU testing, attention shoul d be paid to patient preparat ion . The pa tient should
not be pregnant or lactating, especially if radioiodine therapy is being considered. The
patient shou ld avoid interfering me dications such as antithyroid drugs, iodine-rich foods
such as kelp produ cts, and iodine-containing medications such as amiodarone for an
app ropriate period of time. In many instances, the thyroi d scan is obtained after the RAIU,
and patient preparation has already been considered.

The patient is posi tioned supine with the neck extended . This is usually accomplished
by placing a pillow or blanket under the patient's shoulders. Images of the neck are
obtained using a gamma camera equipped with a pinhole collima tor. Time to imaging
varies with the radiopharmaceutical used .

Images are usu ally obtained 15 to 30 minutes after intravenous ad minist ration of"""Tc­
sodium pertechn etate. The usual ad ministered d ose is between 2 and 10 mCi (74 to 370
MBq). Anterior, right an terior oblique, and left anterior oblique images typ ically are
obtained. If there is a palpable nodule, imaging may be rep eated with a lead marker or
point source placed on the patient's skin overlyi ng the pa lpa ble abnormality. This can be
used to confirm that the palpable abnormality corresponds to a cold, hot, or warm nodule.

If 12'I-sodium iodide is administered orally for the thyroid scan, images are usually
obtained 16 to 24 ho urs later. The administered dose is usually between 200 and 600 IlCi
(7.4 to 22.2 kBq) 12J1.

Pharmaceuticals

Both 1231-sod ium iodide and """Tc-sodium pe rtechn etate are used for thyroid imaging.
Both of these are trapped by the thyroid gland (i.e., transported into follicular cells of the
thyroid). However, only the iodine is organified or synthesized into th yroid hormone.
Both """Tc-sodium pertechnetate and l2'l-sod ium iodide are adequate for anatomic imag­
ing, but 1231 is more accurate for functional imaging . 1311 can also be used for imaging the
thyroid, but it is not preferred becau se of its higher radiation dose to the gland, which is
the resu lt of a long half-life of 8.04 da ys and beta particl e emiss ion.

123I-sod ium iodide is the imaging agent of choice because of its excellent imaging
characteristics. It has a short half-life of ap proximately 13 hours, a gamma energy (159
keY) tha t is efficiently detected with the gamma camera, and absence of beta emissions.
However, it is more expensive than 99mTc-sodium pertechnetate and is produced in a
cyclotron, making it harder to obtain . 9'!mTc-sodium pertechnetate is readily availab le from
a 9'JMo_99mTc generator and is much low er in cost. Thus, in mos t institu tions, 99rnTc-sodium
pe rtechn etate is the imaging agent of choice for thyroid scanning.

Interpretation

The thyroid gla nd is a bilobed st ructure that normally demonstrates homogeneous
rad iotracer uptake throughout both lobes (Figure 14-5). The two lobes are joined, inferiorly
and medially, by the thyroid isthmus. The isthmus often demonst rates less uptake of
radioactivity than the remainder of the gland. Commonly, pat ients have a pyrami dal lobe,
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FIGURE 14-5 Normal thyroid gland in a 25year
old woman. Anterior pinhole image obtained
approximately 30 minutes after administration
of "v'Tc-sodi um pertechnetate 10 mCi.
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FIGUR E 14-6 Large, toxic thyroid adenoma (hot
nodule). Anterior image of the thyroid gland 30
minutes after intraven ou s admini stration of
<J<lmTc-sodium pert echne tate 10 mei demon ­
strates a hyperfunctioning nodule in the right
lobe of the thyroid w ith supp ress ion of the
remaining gland.

which arises from the isthm us or the medial aspect of one of the thyroid lobes, extending
med ially and superiorly. In ad ults, the thyroid gland usu ally weighs between 15 and 25
grams. The right thyro id lobe is often larger than the left, extend ing more superiorly and
inferiorly.

Palpable thyroid nodules are the mos t com mon indication for thyroid scanning. Imag­
ing of the thyroi d demonstrates the fun ctiona l status of the pa lpable nodule and will
sometimes identify other nodules. Nodules that correspond to focal areas of increased
radiot racer accumulation in the thyroid gland are referred to as "hot" or hyperfun ctioning
nodules. Nod ules that correspond to focal areas of absent radiotracer accumulation in the
thyroid gland are referred to as "cold" or hypofunctioning nodules. Nodules that dem­
onstrate some activity or activi ty similar to the rest of the gland are often called indeter­
minate or "warm" nodules. The main role of thyroid scintigraphy is to determine which
nodules should undergo fine-need le asp iration biopsy.

Ho t nodules are almost always beni gn hyperfunctioning thyroid ade nomas. Autono­
mous functioning nod ules can prod uce enough thyroid hormone to block the secretion of
TSH from the p ituita ry gland, caus ing supp ression of the remaini ng normal thyroid tissue
(Figure 14-6).

About 85% to 90% of pa lpable thyroi d nodules are cold nodules. Cold nodules are
most commonly benign colloid cys ts or other benign lesions (Figure 14-7). Howe ver, some
6% to 10% of cold nod ules are malignant.v Therefore, cold nodules demand further
evaluation, such as by ultrasonography or fine-needl e aspiration biopsy. Warm nodules
can be cold nod ules that are embedded in the gland with overlying normal thyroid tissue.
Warm nodules are approached procedurally as if they were cold nodules.

Multinodular goi te r is usuall y see n as an enlarged gland with he terogeneous
radiotracer up take throughout the gland with hot, cold, and warm nodules (Figure 14-8).
Cold nodules in multinodular goiter are less likely to be cancerous. However, a dominant
cold nodule in a multinodular goiter also wa rrants further investigation (Figure 14-9).

Patients with Graves' disease usuall y have some degree of thyromegaly along with
suppressed TSH. Thyroid scan usu ally demonstrates prominent, homogeneous radiotracer
uptake throughout the thyroid gland. Many times there is a prominent pyramidal lobe
(Figure 14-10).

Thyroid scanning can also be useful in hypothyroid states. An example of this is docu­
menting the lack of thyroid tissue in a newborn with elevated TSH levels (Figure 14-11).
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FIGURE 14-7 Cold nodule. Palpable right thy­
roid nodule in a 30 yea r old woma n. Anterior
p inhole image of the neck obtained 30 minutes
after intraven ous ad ministration of <l9mTc-sodium
pertechneta te 10 mCi demonstrates a focal area
of absent rndt otra ccr accumulation in the right
thyro id lobe cons istent wi th a cold nodule.

FIGURE 14-8 Multinodular goi ter. Sixty-se ven
year old woman w ith hyperthyro idism and an
enlarged, nodular thyroid by palpation. An ter ior
pinhole image of th e neck obtained 30 minutes
after int rav enous administ ra tion of 99mTc-sod ium
pertcchnetat e 10 mCi demonstrates mult iple
focal areas of both incre ased and decreased
rad iotrace r accumulation cons istent with toxic
mul tinodular go iter.

':
FIGURE 14-9 Thy roid s ca n AN ROO

demonstra ting heterogeneous ..
uptak e in the thyroid gland
with multiple focal areas of
increased u ptake in both
lobes compatible with multi­
nodular go iter. Th ere is also a
do m ina nt foc a l a rea of
decreased uptake involving
the mid to lower right thy­
roid lobe, which correla ted
with a palpable nodule.
Although most "cold" nod ules in a multinodular goi ter are benign, dominant cold nod ules are
usually investigated further wi th ultrasound or fine-needle aspira tion biop sy. Thi s cold nodule was
found to be a Hurthle cell neop lasm.

FIGURE 14·10 Graves' disease. Twenty-nine year old man
with hyperthyroid ism. Anterior pinhole image of the neck
obtained 30 minutes after int ravenous administration of WmTc­
sodium pertechnetate. Scan demonstrates prominent homoge­
neous uptake in an enlarged thyroid gland. Uptake is also seen
in a prominent pyramidal lobe.
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FIGURE 14-11 Agenesis of the thyroid. Twelveday old girl with elevated TSH. Anterior and left
lateral pinhol e images obtained after intravenous admin istration of "v'Tc-sodium pertechnetate.
There is no evidence of radiotracer accumulation in the thyroid gland.

Radioiodine Therapy

Rationale

Radioiod ine therapy is animportant op tion in the treatment of hyperthyroidism associa ted
with Graves' disease, toxic thyroid adenoma, and toxic multinodular goiter or Plummer 's
disease. The options for treating hyper thyroidism include an tithy roid medications, sur­
gery, and 131I-sodi um iodide abla tion therap y. Before radioiodine thera py is administered ,
it is important to confirm tha t the pa tient has hyperthyroidism both clinically and
biochemically. The na ture of the hyperthyroidism should also be de termined . RAIU and
thyroid scanning can help in differentiating thyroidi tis from other conditions. Special
considerations must be ma de if the patien t is p regnant or is at high risk for th yroid storm.

Rad ioiodine therapy is also an option in nontoxic or euthyroid multinodular goiter in
a patient with dy sphagia who is not a good surgical cand ida te. 1311 therapy is also used
as adjuvant treatment after surgery for pa pillary or follicular cell- type thyroid cancers.
Controversies still exist regarding the administered dosage of 13l1-sodium iodide in each
of these cond itions.

Procedures

Graves' Disease

There are several approaches to selecting the dose of 1311-sodi um iodide for the treatment
of Graves' disease . One of the most common methods of dose determination involves
estimating the size of the thyroid gland and determining the 4 and 24 hour thyroi d uptake
values. The administered oral therapy dose of I3II-sodium iodide is calculated by the
following form ula:

131 ( .) Estimated gland weight [grams] x No. ~Ci desired per gram of tissue
I dose mCl = -------''-------=---::-'-=------:-'------:...,...,--...,...,------''---=----­

% up take at 24 hr x 10

There is wide va riation in the recommende d d ose in activity per gram of tissue . Generally,
this varies between 55 and 200 ~Ci (2.035 and 7.4 kBq) per gram of tissue3 '!-1l The h igher
doses are used for patients with severe hyperthyroi d symptoms or underlying card iac
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problems, for whom it wo uld be advantageous to induce clinical hypothyroidism as soon
as possible.

f3-Adrenergic blockers such as atenolol are administered to help control hyperthyroid
symptoms until the patient becomes euthyroid. A single 1311 dose of 10 mG (370 MBq)
wiJI induce a euthyroid or hypothyroid state in 90% of patients, with a relapse rate of
only 10% to 25%."

Uninodular and Multinodular Goiter

Most hot or hyperfunct ioning thyroid nodules are benign.'" Toxic autonomously function­
ing thyroid ade nomas are relatively radioresistant, an d larger doses of radioiod ine are
used . Toxic multinodular goiters also require a larger dose of 1311 than is used for Graves'
disease. Typically, the maximum ou tpatient dose that has been used to treat these condi­
tions is around 30 mG (1110 MBq) of 1311-sodium iodide.

Well-Differentiated Thyro id Carcinoma

Thyroid carcinomas typically start out as cold nodules on thyroid scans . Well-differenti ­
ated thyroid carcinomas such as papillary, follicula r, and mixed tumors wiJI concentrate
radio iod ine. However, thyroid cancer does not concentrate iodine as well as normal
thy roid tissue. Becau se of this, it is necessary to surgically remove as much normal thyroid
tissue as possible before definitive 1311therapy for thyroid cancer. When most of the normal
thyroi d tissue is absent, TSH wiJI rise, which will increase the function of the thyroid
cancer cells.

Therapy for thyroid cancer starts with near-total thyroidectomy. The patient is not started
on thyro id hormone rep lacement therapy after surgery. Replacement therapy is wi thhe ld for
6 weeks to allow the endogenous TSH to rise. When the TSH is high (>30 I1IU/mL), a 1231
total-body scan is done to visualize the rema ining functional thyroid tissu e. The ad min­
istered dose is usua lly around 2 mG (74 MBq) of 1231-sodium iod ide, and imaging is
performed the next d ay.

Depending on the amount of residual thyroid tissue or tumor and the location and
extent of disease, an appropriate dose of l3l1-sodium iodide is administered. Typically,
doses range from 150 to 200 mG (5550 to 7400 MBq). Scans are often obtained a few days
after trea tment to fur ther evaluate the extent of disease (Figure 14-12).

Follow-up 1231 tota l-body scans are usually do ne 1 year afte r 1311 therapy to assess for
residual or recurrent thyroid cancer after the patient has been off thyroid hormone rep lace­
ment for 6 weeks (Figure 14-13). Thyroglobulin (Tg) levels are also used to eva luate for
recurrent disease.

Sometimes there is recurren t thyroid carcinoma, as evidenced by rising Tg, bu t the 1231
or 1311 whole-body scan is negative. In this subset of pa tients, pos itron emission tomogra­
phy using 18F-fludeoxygluc ose has sho wn some value in identifying and localizing recur­
rent disease .w"

SAFETY CONSIDERATIONS IN RADIOIODIN ETHERAPY

Patients who receive n Il radi oiodine therapy need to take precautions to minimize radi­
ation exposure of others. In the United States, anyone who uses radioiodine mus t be
license d by the Nu clear Regulatory Commission (NRC). Until recently, patients treated
with more than 30 mG (1110 MBq) 131[ needed to be hospitalized in a private room with a
private toilet and monitored until the administered activity fell below 30 mG (1110 MBq).
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FIGURE 14-12 Metastatic thyroid cancer
in a patient after thyroidectomy. Scan
obtained 5 days after oral adm inistration
of 131I-sodium iodide 175 mCi. The prom­
inent focus of activity in the neck in the
region of the thyroid bed is cons istent wi th
uptake in residual thyroid tissue or thy­
roid cancer.There is a starlike artifact asso­
ciated with the prom inent focus of activity
in the neck. The high-energy photons of
1311penetrate the collimator septa, causing
this star artifact, known as septal penetra­
tion. The multiple focal areas of accumu­
lation in the lungs are cons istent with
metastatic thyroid cancer.

FIGURE 14-13 Thyroid cancer after ther­
apy. I21J scan of the same patient as in
Figure 14-12, obta ined 1 yea r after 13I1
therapy. Scan shows only a sing le focus of
residual cancer in the anterior neck. The
patient subsequently underwent a seco nd
treatment with 13lI-sodium iodide .

However, this guideline is no longer in effect, and pa tients now are frequen tly released
after ha ving received much larger doses, even cancer therapy doses of 150 to 200 mCi
(5550 to 7400 MBq) 1311. In accordance wi th TItle 10 of the Code of Federal Regulations,
Par t 35.75, NRC now permits a licensee to "au thorize the release from its contro l of any
indi vidual who ha s been administered radiopharmaceuticals or permanent implants
containi ng rad ioactive ma terial if the total effective dose equ ivalent to any other ind i­
vidual from exposure to the released individual is not likely to exceed 5 millisievert (0.5
rem) ."'" The licensee must "provide the released indi vidual wi th instruc tions, includi ng
w ritten instructions, on actions recommende d to maintain doses to other ind ividua ls as
low as reasonably achievable if the total effect ive dose equivalent to any other individ ual
is likely to exceed 1 millis iever t (0.1 rem) .":" These authorizations for release are based
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TABLE 14-6 Release Criter ia, Instructions, and Records Required for Patients Treated with 131 1

Patient Group

All pati en ts,

including
patients wh o
are breast­
feeding

Patients who
are breast­
feeding

Bas is for Release

Administered

act ivity
Retai ned activity

Measured dose
rate

Patient-specific
calculations

All the above
bases for release
apply

Cri te ria for Release

If $33 mCi is given

If $.13 mCi is

retained
If ~7 mR /hr @ 1 ill

If EOE" is ::;0.5 rem

to any individual

Ins tructio ns Needed ?

Yes, if >7 mG is given

Yes, if >7 mCi is

retained
'res. if >2 mR/hr@ 1 ill

Yes, if ED E is >0.1 rem

Added inst ructi ons"
required
if >0.4 IJCi given
or
if calculated do se to
child is >0.1 rem

Records Needed?

No

Yes

Yes

Yes

Need record that

instruc tions we re
prov ided if
>2.0 IlCi given
or
calc ulated dose to
child is >0.5 rem

3 Effective dose equivalent.
h NRC recommends discontinuance or int err uption of breast-feeding.

Source: Reference 46.

on patient-specific calculat ions. In most cases, NRC requ ires that records of the basis for
authorizing patient release be maintained for 3 years'" A summary of release criteria,
instructions, and record s required for patients who receive 1311 is given in Table 14-6.
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Coronary artery disease (CAD) is the third-ranking cause of years of potential life lost
before age 65 in the United States, behind accidents and cancer,' CAD arises principa lly
from a gradual na rrowing of coronary ar ter ial lumen caused by atherosclerotic de posi ts.
The progressive narrowing of lumen diameter eventually predisposes the patient to myo­
cardial ischemia, a condition in which coronary blood flow dec reases to a level below tha t
needed to mee t oxygen demand. When coronary arterial lumen diameter is reduced by
50%, perfusion abnormalities can be detected bu t pa tients are usually asymptoma tic.'
When lumen diameter is reduced by 70%, clinical symptoms (angina) occur during myo­
cardial stress because tissue oxygenation is temporarily below tha t required for adequa te
function. In advanced ischemic CAD, in which blood flow and tissue oxygenation are too
low to sustain cardiac function at rest, myocardial infarction (MI) results, and the affected
muscle dies. It is important to be able to distinguish between ischemic and infarcted
myocardium, becau se ischemic, viable myocard ium can be restored to health by medical
and surgical intervention .

Cardiac imaging plays a key role in the d iagnostic work-up of pa tients with CAD.
While the goals of cardiac imaging are broad, encompassing assessment of the cardiac
chambers, myocardial perfusion, meta bolism, an d infarction, the majo r focus is the assess­
ment of myocardial perfusion. Precise measurement of regional myocardial perfusion in
humans has clinical applicab ility for identifying ischemia, defining the extent and severity
of disease, assessing myocardial viability, establishing the need for medical and surgical
intervention (revascularization), and monitoring the effects of treatment.

Most clinica l nuclear medicine studies today use sing le-photon em ission compu ted
tomography (SPECT) methods for da ta acquisition; however, positron emission tomogra­
phy (PET)methods are increasing as PET centers become established. Approximately one­
third of all nuclear medicine procedures involve heart studies. Most (84%) of these studies
involve myocardial perfusion imaging (MPI), 15% are radionuclide ventriculography, and
the remainder are miscellaneous studies such as infarct imaging and meta bolism stud ies.'
Myocardial perfusion imaging provides information about coronary artery blood flow, an
indirect measure of oxygenation and metabolism in the myocardium, whereas ventricu­
lography provides information about card iac function.

The radiopharmaceut icals used to eva luate heart disease fall into four ma in groups:
(I) perfusion agents (SPECT and PET) for eva luating coronary artery blood flow and
ischemia, (2) blood pool agents for eva lua ting heart function, (3) infarct-avid agents for
assessing MI, and (4) metabolism agents for assessing myocardial viability (Table 15-1).
The principal agents used in SPECT imaging are "'mTc-labeled red blood cells for blood
pool studies and 2<1ITI- thallous chloride, -Tc-sestam ibi, and "'mTc-tetrofosmin for myo­
cardial perfusion studies. "F-fl udeoxyglucose ("F-FDG) is the ma in PET agent used for
myocardial viab ility studies . Its reasonably long ha lf-life allows it to be ava ilab le from
regional PET nuclear pharmacies. The other agents used in PET imagi ng are "Rb-rubidium
chloride, I'C)-water, and 13N-ammonia for perfusion studies and IIC-acetate and IIC-pa lm­
itate for metabolism stud ies. These agents, because of the ir very short ha lf-lives, are
primarily used at facilities that have their own cyclotron and radiochemistry laboratories.
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TABLE 15-1 Myocardial Imaging Agents

Planar and SPEer Agents

Blood pool markers

<lQn'Tc-albumin

"v'Tc-red blood cells

Infarct-avid age nts

'l'moTc-pyrophosphate

"t ln- lmciromab pe nteta te-

Perfusion agents

2OlTI-thalJous chloride

"""'Tc-scstamibi

"v'Tc-te trofosmin

<NmTc-teboroxirne>

WmTc-nitrido di thioca rba ma te ITc-N-(NOEthl

~ No longer marketed in the United States.

PET Age nts

Perfusion agents

!!.2Rb-rubid ium chloride

"Ocwater

oN -ammonia

Metabolism agents

lie-acetate

He -palmitate

" Efl udcoxyglucose

Infarct-av id agents for localizing MI, such as "'mTc-pyrophosphate, are now infrequentl y
used; however, newer agents are being develope d for this application .

PHYSIOLOG IC PRINC IPLES

Blood Flow to the Heart

Blood flow to the normal heart varies, with the greatest flow per gram to the left ventricle
and the least flow to the atria. Because of its greater mass com pared with other heart
cha mbers, the left ventricle receives abou t 80% of blood flow to the heart. Because of its
greater th ickness, the left ventricle is the pred ominant regio n seen in cardiac imaging,
while the right ventricular wall is faintly visualized (Figure 15-1).

Restin g myocard ial blood flow to most regions of the left ven tricular myocardium
ranges from 0.6 to 0.8 mL/minute pe r gra m.' At rest , the oxygen extraction efficiency of
the heart is about 70%, compa red with 20% for skeletal mu scle.' An increased myocardial
need for oxygen necess itates increased coronary blood flow. Coronary blood flow can
increase in almost d irect proportion to the metabolic consumption of oxygen by the hea rt.
Under no rmal cond itions and after ap propriate stimuli, such as exercise or the ad minis­
tration of specific ph armacologic agents, blood flow can increase 5- to 6-fold , or up to 3
to 4 mL/ minute per gram .' However, in the clin ical setting with healthy volunteers and
patients , maximal indu ced flows are typically in the range of 2 to 4 times ba seline.v ? The
difference between baseline flow and maximal flow is known as coronary flow reserve.
This reserve is progress ively lost as vessels become stenosed and ha rdened by atheroscle­
rosis.

Stud ies in dogs ha ve shown that resting corona ry blood flow does not change until
coronary diameter stenos is exceeds 85%,whereas maximal coronary blood flow begins to
decrease when di ameter stenosis exceeds 45% (Figure 15-2).' Thus, only the mos t severe
coronary obstruction is likely to be detec ted by per fusion imaging under resting condi­
tions. It follows, then, that assessment of regional myocardial pe rfus ion under conditions
of cardiac stress substantially increases the sensitivity for de tecting obs truc tive CAD.
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FIGURE 15-1 Anterior and posterior projections of the two main coronary arteries arising from the
aorta. The right coronary artery supplies the lateral and posterior wa lls" of the right ventricle and
inferior wall of the left ventricle; the left anterior decending branch supplies the anterior wall of the
right ventricle and the septum, apex, and anterior wall of the left ventricle; the left circumflex artery
supplies the lateral and posterior wall of the left ventricle . (Reprinted wi th permission of Bristol­
MyersSquibb Medical Imaging Inc. from Introduction to Nuclear Cardiology, 3rd ed. North Billerica,
MA: DuPont Pharma Radiopharmaceuticals; 1993:75.)

FIGURE15-2 Relationship of coro­
nary artery stenosis (x-coordinate)
to alteration in coronary blood flow
(y-eoordinate) at resting flow (bot­
tom curve) and at hyperemic flow
(top curve). (Reprinted with per­
mission of Excerpta Medi ca Inc.
from reference 8.)
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Nuclear medicine procedures are typically conducted in conjunct ion with card iac stre ss
induced by either exercise or the use of pharmacologic agents in order to identi fy regions
of subcritical coronary stenosis.

During induced ma ximal coronary dilatation after exercise or pharmacologic stress, a
greater portion of the increased blood flow to the heart goes to normally perfused myo­
cardial reg ions, with lesser amounts going to myocardium supplied by stenosed coronary
vessels because of their limited vasod ilatory reserve s The basis for detecting CAD with
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FIGURE 15-3 Metabolic processes occurring in the myocyte, illustrating the membrane uptake
mechanisms for monova lent cations eOlTl+and 82Rb+) via Na-K AI'Pase and FDG and glucose via
the glucose transporter. While glucose is metabolized completely, FDG is trapped as FDG-6-phos­
pha te after enzymatic conversion by hexokinase. Fatty acids, as the preferred metabolic substrate
for energy, can be converted into triglyccridcs or phospholipid stores or shunted via the carnitine
shuttle into mitochondria for beta oxidation. (Reprinted with permission of W.B. Saunders from
Schwaiger M, Hutchins GD. Evaluation of coronary artery disease with positron emission tomog­
raphy. Semin Nucl Med. 1992;22:210-23.)

I·

cardiac stress imaging is the ability to assess the difference in flow between well-perfused
and poorly perfused myocardium. Early on, it was shown wi th 20ITl-thallous chloride that
imaging defec ts are detectable during induced hyperemia when flow into normal coronary
vessels exceeds that into stenotic vessels by a ratio of 2.4 or greater9 The stressing methods
used in nuclear medicine procedures are capable of achieving this blood flow differential.

Metabolism

Under rest ing conditions, the myocardium derives most of its energy from aero bic metab­
olism of fatty acids (Figure 15-3)' More than 95% of the energy liberated during metab­
olism is in the form of adenosine triphosphate (ATP). However, during hypoxia or
ischemia, glucose becomes an important source of energy. This mechanism is less efficient,
requiring tremendous amounts of blood glucose with the formation of large amounts of
lactic acid in cardiac tissue' Accumulation of lactate in tissue inhibits glycolysis, leading
to a reduction in ATP.During coronary ischemia, ATP degrad es to adenosine diphosphate
(ADP), adenosine mo nophosphate (AMP), and adenosine. Adenosine readily diffuses
through the cell membrane and is one of the principal substances that causes dilatation
of the coronary arter ioles during hypoxia. Its loss from the cell is much faste r than its
resupply under severe hypoxic conditions. Thus, within a short period of time after MI
or cardiac arrest (around 30 minutes), myoca rd ial cells begin to die.

Viability

Myocardial cells are considered to be nonviable when some basic aspect of cell behavior
no longer functions." When CAD is present, the progression of atherosclerosis causes
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cium ion transport between myocyte cyto­
plasm and interstitial fluid, demonstrating
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arterial stenosis and a gradual loss of arterial compliance, resulting in a temporary reduc­
tion in blood flow and oxygen supply to meet demand (myocardial ischemia)." A principal
symptom is chest pain up on exertion, believed to be caused by lactate accumulation . Other
changes include electrical conduction abn ormalities and loss of contrac tile function in the
affected muscle. The loss of functional integrity in ischemic but viable myocardium can
be reversed if bloo d flow is restored to the ischemic regions. However, when flow is not
restored, insufficient oxygenation eventually causes the cells to die (MI).

Two primary cellular fun ctions can be used to measure viability: membrane ion trans­
port and intermedi ary metabolism." Under norma l circumstances the sodium-potassium
(Na-K) ATPase membrane pump maintains cell function and volume through high extra­
cellular sodium ion concentration and high intracellula r potassium ion concentration
(Figure 15-4)' It is believed that the energy ava ilable for the pump is dec reased during
ischemia, so that sodium ions along with chloride ions and wa ter accumula te within the
cell and potassium ions leak ou t into the extracellula r space. This process decreases the
intracellular-extracellular potassium ion concentration ratio and produces a ma rked effect
on membrane polarity and heart muscle function. This disparity in ion shif t is the bas is
for using potassium analogues such as ' . ITl+and "Rb+ for imaging. These agents partic­
ipate in the ion tran sport p rocess in a manner similar to po tassium and are able to assess
membrane integri ty and cellular viability."

Several functions involved in intermediary metabolism can be exploited for assessing
myocardial viability. They include glucose utilization measured by "F-FOG up take, fatty
acid metabolism measured by " C-palmitate uptake, and oxygen consumption measured
by "C-acetate uptake. '! Each of these agents has been used with PET, but the most useful
is "F-FOG. WITI as a membrane viability agent has been compared with IRF-FOG as a
metabolism marker. Both agents ha ve been shown to be equi valent un der the right con­
ditions and correct protocol for assess ing myocardial viability.'!

PE RFUSION IMAGING

Two condi tions mus t exist for the measurement of coronary bloo d flow deficits: (1) coro­
nary blood flow must be elevated to near maximum levels, and (2) a radiotracer whose
myocardial extraction is proportional to coronary ar tery blood flow must be used. The
key aspec t of perfusion imaging is the induct ion of a disparity of flow between well­
perfus ed and poorly perfused myocardium. Under these circumstances, radiotracer
uptake is increased in normally perfused regions of the heart, whereas regions supplied
by stenosed arteries demonstrate decreased uptake of radiotracer (Figure 15-5).The curren t
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FIGURE 15-5 Schematic representation of the
principle of rest-stress myocardial perfusion
imaging. Top; Rest and stress diagrams of two
branches of a coronary artery, one normal (left)
and one stenotic (right). Middle: Myocardial
perfusion images of the territories supplied by
the two branches. Bottom: Coronary blood
flow in the branches at rest and during stress.
At rest, myocard ial blood flow is equal in both
coronary artery branches. When a myocardial
radiotracer is injected at rest, uptake is homo­
geneous (normal image) . Du ring stress, coro­
nary blood flow increases 2.0 to 2.5 times in
the normal branch, but not to the same exten t
in the stenosed branch, resulting in heteroge­
neous distribution of blood flow. This hetero­
geneity of blood flow can be visualized with
"t' F l-rha llou s chloride, 9'1mTc-sestamibi, or
"v'Tc-te trofosrrun as an area with decreased uptake (abnormal image with a myocardial perfusion
defect). (Adapted from reference 17 and used with permission of the Society of Nuclear Medicine.)

methods used to achieve maximal coronary dilatation are intense exercise and adminis ­
tration of pharmacologic agents that increase blood flow through either coronary vasodi­
latation or increased cardiac output.

I
1

Exercise Stress
Exercise is a natural method of stress that increases cardiac work and metabolic demand
on the heart. When challenged by an increased physical workload, segments of the myo­
cardium perfused by stenotic arteries are likely to become ischemic because of inadequate
blood flow to meet oxygen demand. Ischemic cells lose thei r ability to retain ion-transport
radiotracers (e.g., 201T)+) because of altered membrane integrity. Therefore, ischemia is
readily detected after exercise as less tracer is localized in these regions because of reduced
tracer delivery (low blood flow) and reduced trace r extraction (leaky cells).

In general, treadmill exercise is used with a modified Bruce protocol. In this method,
speed and grade of the treadmill are increased in a stepwise manner to achieve the required
workload on the heart.'>End points that have been used for achieving adequate levels of
cardiac stress are 85% of an age-related maximal predicted heart rate determined by the
formula 220 minus the patient's age in years and a pressure-rate product (systolic blood
pressure times heart rate) of 25,000 or higher. Heart rate!" and the pressure-rate product"
have been shown to increase linearly with workload, and coronary blood flow is closely
related to the pressure-rate product." In general, exercise stress under this protocol
increases blood flow to about 2 times the resting flow, which is adequate for diagnostic
evaluation. Exercise stress provides important prognostic information. Experience has
shown that patients with CAD have a better survival rate if they can exercise longer than
stage IV of the Bruce protocol (at least 12 minutes), achieve a heart rate higher than 160
beats per minute (bpm) at peak exercise, and show no ST-segment depression on the
exercise electrocardiogram (ECG).17

A maximal increase in coronary blood flow after exercise is often difficult to achieve
clinically, because many patients suspected of having heart disease cannot exercise at the
intense level required to produce maximal coronary dilatation. Furthermore, exercise
cannot be used in some patients because of claudication, cerebrovascular accidents, arthri­
tis, amputation, severe anxiety, or current use of ~-blocking medications.
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FIGURE 15-6 Chem ical structures of caffeine and the pharmacolog ic in terventiona l agents adeno­
sine, dipyridamole , and do butamine.

Pharmacologic Stress

An alterna tive to exercise stress is pharmacologic stress with agen ts such as dipyridamole,
adenosine, or dobutamine (Figure 15-6) .' l'-~1 Dipyridamole and adenosine are coronary
vasodilators. After ad ministration of either of these agen ts, normal vessels dilate ma xi­
mally, but stenosed, noncompliant vessels fail to d ilate sufficiently, crea ting a perfusion
deficit. Hence, a heterogenei ty of blood flow to the heart is create d relative to the severity
of CAD. True ischemia may deve lop with these agents but is not necessary to produce
the disparity in flow. Maximal corona ry dilatation is more cons isten tly achieved with these
agents than with exercise.

Dobutarnine is a predominant ~l-agonistl increasing heart rate and myocardial con­
tractility and systolic blood pressure.P Consequently, dobutamine increases myocardial
oxygen demand, being more akin to exercise. Normal coronary arteries dilate to increase
perfusion in order to meet the deman d, while stenotic ar ter ies may not be able to increase
flow to the same degree as norma l vessels, crea ting a perfusion deficit as in exercise stress.

Adenosine

Adenosine is an endogenous nu cleoside present in all cells of the body, including the
myocardium. It is p rod uced by enzymatic dephosphorylation of ATP by 5' n ucleotidase
(Figure 15-7). Interstitial concentrations of adenos ine rise in response to increased meta­
bolic oxygen requirements or ischemia in the heart. " Adenos ine readily diffuses into the
interstitial space, where it causes vasod ilation by activating the adenosine type 2 (A,)
receptors on coronary endothelial cells and by increasin g intracellular cAMP. Its half -life
is very short, reported to be between 4 and 10 seconds .252 6

Adenosine's stimulatory effect on A,-receptors is blocked by methylxan thine com­
pounds such as caffeine, theophylline, and am inophylline-" Thus, food or beverages
containing caffeine and met hylxanthine medications mu st be discontinued for at least 12
hours before adenosine administration . Because of potenti ation, patients taking oral dipy­
ridamole should di scontinue this medication for 12 hours before adenosine stress testing."

Adenosine also activates Aj-receptors on myocardial cells, causing a slowing of elec­
trical conduction through the atrioventricular node, potentially causing first-, second-, and
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FIGURE 15 -7 Mechanisms of adeno­
sine production and interaction in tis­
sues . Adenos ine is produced by
m yoc y tes and o the r ce lls u p o n
demand by dephosphorylation of
ATP.Adenosine causes vasodilatation
by activa tion of Az receptors on vas­
cular endothe lial ce lls. Receptor acti­
vation is blocked by me thylxanthine
compounds such as caffe ine and ami ­
nop hylline. Adenos ine is rapidly
absorbed into cells, where it is con­
verted back to ATP or metabolized to
uric acid . This reuptake mechanism is
blocked by dipyridamole.
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FIGURE 15-8 Adenosine dosing, rad iotracer
injection, and imag ing protocol during phar­
macologic stress imaging .
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third-degree heart block. Thus, the use of ad enosine (an d dipy ridamole) in patien ts with
these conditions should be approached with caution and may be contraindicated ." Ad en­
osine ha s been shown to cause bronchospasm in asthmatic patients, and both it and
dipyridamole are contrai ndicated in thes e patients.''!·''

For card iac imaging, adenosine is ad ministered at a standard d osage of 0.140 mg /kg
pe r minute for 6 minutes to achieve maximal corona ry vasodilation (Figure 15-8).
Radio tracer is injected at 3 minutes, wh en vaso dila tion is maximal. Adenosine infus ion is
con tinued for 3 ad d itional min utes to facilitate tracer uptake and localization in the
myocard ium under the stress condition. Upon cessa tion of adenosine infusion, imaging
can begin with in a few minutes with 201TI-thallous chloride, or at later times (30 to 60
minutes) with 99mTc-sestamibi or 99mTc-tet rofosmin to allow for hepatobiliary clearance of
these agen ts." Tha llium ima ging must com mence and be completed before significan t
red istribution occurs, whereas the technetium agents are more firm ly fixed in the hear t
and ima ging can begin once background activity clears. With the standard dosage of
ade nos ine, 84% of normal patients achieve an ave rage coronary vasodilation equa l to 4.4
times the resting coronary blood flow." The average time from onset of infusion until
maximal vasodilation is 84 ±46 seconds. The time from cessation of infus ion until corona ry
blood flow velocity returns to baseline levels is 145 ± 67 seconds. In normal patien ts the
heart rate rises 24 ± 14 beats/minute, and mean ar terial pressure falls 6 ± 7 mm Hg."

Dipyridamole

Dipyrida mole increases plasma adenosine levels indirectly by inhibiting adenosine 's
metabolism by adenos ine deaminase and phosphod iesterase. The standard dosage of
dipyridamole is 0.56 mg / kg administered over 4 minutes. Because its action is indirect,
dipyridamole achieves a maximum dilator effect 6 to 8 minutes after the start of infusion,
indicated by a d rop in blood pre ssu re and a rise in heart rate.P It increases coronary blood
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FIGURE 15-9 Dipyridamole dosing, radio­
trace r injec tion, and imaging p rotocol d ur­
ing pharmacologic stress imaging.
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FIGURE 15-10 Dobutaminedosing, radio­
tracer injection, and im aging p rotocol dur­
ing pharmacologic stress imagi ng.

flow about 4 times baseline, sim ilar to ade nosine . Radiotracer should be injected at the
time of maximal effect, appro ximately 7 minutes from the start of the infusion (Figure 15-9).
Imaging is begun wi th 201TI-thallous chloride at about 12 to 15 minutes from the start of
infusion and at later times (60 minutes) with 99mTc-sestamibi or 99mTc-tetrofosmin. The
plasma half-life of dipyridamole is about 30 minutes." Therefore, patien ts must be mon­
itored for at least 20 minutes after the test becau se ischem ia may be provoked .!" Some
institutions routinely administer 50 to 100 mg of aminophylline int ravenously 5 minutes
after trace r inject ion to reduce the occurrence of adverse effects. If a patien t complains of
shortness of breath or wheezes, dipyridamole administration should be halted and ami­
nophylline administered immediately."

Splanchn ic uptake of rad iot racer (more with 'l'ImTc agents than wi th 2OITI) is greater
with dipyridamole stress than with exercise stress. Whe n dipyridamole stress is used,
mild hand-grip exercises or walking, to stimulate the release of catecholamines, helps
reduce blood flow and activity accumulation in the splanchnic areal'

Dobutamine

Principally a ~j'agonist, dobutamine causes a combined increased inotropic and chrono­
tropic effect on the myocardium, the reby increasing contractility and oxygen demand and
causing corona ry vasodilatio n. A general imaging protocol is to administer the d osage
slowly, ramping up in 10 Ilg /kg pe r min ute steps every 3 minutes for 12 minutes to a
maximal dose of 40 Ilg/ kg per minute (Figure 15-10).23 Radiotracer is injected 1 minute
after the highest dose is begun (10 minu tes from start of infusion), and dobutamine
infusion is con tinued for 2 minutes more while tracer is localizing in the myocardium. If
heart rate is less than 85% of the predicted ra te after the maximal dose of dobutamine,
intravenous atropi ne 0.2 to 1 mg may be ad minis tered.P Imaging with 20ITI is begun at
about 3 minutes from cessation of infus ion, while imaging with 'l'ImTc agents is begun in
60 minutes. The plasma half -life of dobutamine is 2 minutes.

Dobu tamine should no t be mixed in solutions con taining sod iu m bicarbonate, sodium
bisulfite, or ethanol. It is typ ically diluted with 0.9% sodium chloride injection . Dilu tions
should be used within 24 hours.

Precautions, Adverse Effects, and Contraindications

Aden osine, dipyridamole, and dobutamine are potent pharm acologic agents that shou ld
be administered with caution and with full awareness of their adverse effects and po tential
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TABLE 15-2 Contraindicat ions for Use of Pharmacologic Agents in Stress Testing

Contraindication

Unstable an gina or resting ische mia
Poor LV function (EF <15'Yo, )

Hypertension (>200 mm Hg systolic)
Hypotension « 90 mm Hg systolic)
Seve re ao rtic s tenos is
History of asthma

Active bronchospastic d isease
H istory of tachyarrhythrnias

Second-degree AV block

O ral d ipy rida mole
Xan thine compounds

Atrial fibrilla tion wi th rapid ventricular response

Dipyridamole

x

x

x

x

x

x

Adenosine Dob utamine

x x

x x

x x
x

x

x
x

x
x

x

x

x

Rep rinted wit h permission from Blust JS, Boyce TM, Moore WI L Pharmacologic cardiac interven tion: comparison
of adenosine, d ipy ridamole, and d obut aminc. J Nucl Mcd Tccfll1ol , 1992;20:53-61.

TABLE 15-3 Percentages of Patients Experiencing Adverse
Effects of Pharmacologic Agents Used in Stress Testing

Effect Ad enosine Di pyridamole Dobutamin e

Flushing 36.5 3.4 14

Dyspnea 35.2 2.6 14
Chest pain 34.6 19.7 31

Gastroin testinal 14.6 5.6

Headache 14.2 12.2 14

Dizz iness 8.5 11 .8 4

Pa lpi tation 29

So urces: References 35, 33, and 36 for adenosine, d ipyridamole,
and dobutarnine, respectively,

toxicities . Blood pressure, heart rate, and a 12-lead ECG shou ld be monitored continuously.
An electron ic infu sion pu mp sho uld be used to administer these agents to provide precise
control of the dos age.v Contraindications for these agents are summarized in Table 15-2.

The relative merits of adenosine and dipyridamole ha ve been compared" and their
adverse effects have been reported. ' · -35 The most common adv erse effects of dipyridamole
and ad enosine are ches t pain, headache, dizziness, flush ing, dyspnea, ST-T changes on
ECG, and ventricular extrasystoles. Other effects occurring less frequently include nausea,
hypotension, and tachycardia (Table 15-3). These effects are related to the plasma level of
vasodil ator and can be readily reversed, in the case of dipyridamole by giving intravenous
aminophylline (50 to 100 mg), or for adenosine by simply stopp ing the infusion, because
of its short plasm a half-life. Pat ients who receive aminophylline should be monitored for
drug-induced ischemia before being released from the nuclear medicine depa rtmen t.
These agents should be used with cau tion in pa tients with heart block, and both agents
are con traindicated in asthma and chronic obstructive pulmonary disease.

The distribution of card iac output to various orga ns is different with ad enosi ne and
d ipyridam ole than with exercise stress .' The relative blood flow to abdominal viscera
increases with these agents, whereas with exercise it decreases. Thus, perfusion imaging
agents, pa rticularly - Tc-sestarn ibi and 99mTc-tetro fosmin, tend to accumulate in the liver
and spl een area to a grea ter extent with adenosine an d d ipyridamole than with exercise.
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This visceral activity may interfere with assessing perfusion of the inferior wall of the left
ventricle.' Additionally, adenosine and dipyrida mole do no t work effectively if patients
have taken caffeine or other meth ylxanthine substances (as no ted above); these su bstances
are contraindicated for vasodilator studies.

Dobutamine is not affected by caffeine or methylxanthine drugs and is an alterna tive
agent if adenosine or dipyridamole is contraindicated. The principal adverse effects of
dobutamine are chest pain, palpita tion, headache, flush ing, and dyspnea (Table 15-3).39
These effects should readily abate with cessa tion of the infusion. However, the ~,-blocking

agent esmo lol should be ava ilable in case problems arise; its recommended loading dose
is 0.5 mg/ kg per minute for 1 minute followed by 0.05 mg/kg per minute for 4 minutes
as a maintenance dose. Dobutamine is contraindicated for the same conditions that apply
to exercise stress .

Myocardial Extraction and Retention

The principal uptake mechanisms of perfusion tracers are active transport via the Na-K
ATPase p ump by monovalen t catio ns and passive diffusion of lipophilic compounds. Key
requirements for a usefu l myocardial perfusion tracer are high ext rac tion efficiency pro­
portiona l to blood flow over the range of flows seen clinically and heart reten tion long
enough to conduct imaging studies. Myocard ial extrac tion versus flow has been meas ure d
for several perfusion tracers .o\O-I2 Ideally, when the radiotracer's extraction frac tion is 1.0,
(i.e., 100% at any rate of flow), regional differences in myocard ial tracer concentration
depend solely on regional blood flow. Only labe led microspheres exhibit this property,
having 100% first-pass extrac tion at any flow rate. Most diffusible tracers used clin ically
have extraction fractions less than 1.0 at resting flow, declining further as blood flow
increases. This decl ine in extraction at normal flows occurs because radiotracer that is not
fixed in the myocardium back-diffuses and washes away. As blood flow increases, capillary
recruitment occurs, increasing the surface area for exchange bet ween the blood and inter­
stitial sp ace and making more tracer available for extraction (i.e., an increase in the
capillary perme ability surface area product occurs). However, permeability, or the rate of
tracer flux through the cap illary membrane, is independent of surface area. Thus, while
more tracer is made available for exchange at higher flows and more tracer is taken up
into the heart, the fraction of total tracer extrac ted declines because the time ava ilable for
tracer excha nge at the cap illary surface is shortened. Thus, tracer uptake becomes diffu­
sion-limited at higher flows (Figure 15_11)41-4'

Once a radiotracer is localized it must remain fixed for the period of time required for
imaging; if it does not, a cor rection must be made for back-d iffusio n of tracer. For examp le,
imaging with 2OlTI-tha llous chloride must be completed wi thin 45 minutes after injection
because of its red istribution over time. 99mTc-teboroxime required completion of imaging
within 10 to 15 minutes of injection because of its rapid back-diffusi on; this agent is no
longer marketed. 99mTc-sestamibi and 99mTc-tetrofosmin have relatively long myocard ial
retention, which is an ad vantage if repeat imaging is requi red.

Up take of activity by the myocardium is a function of tracer delivery and extraction .
Retention of activity is a function of tracer back-diffusion and binding to myocytes. Each
of these processes can be affected by disease. The mechanism of localization of perfusion
imaging agents d iffers. Thallium is taken up by active transport via the membrane pump,
similar to potassium, but is retained longer than potassium. Tha llium is not bound to
myocytes, how ever, and eventually d iffuses back out of these cells in proportion to blood
flow." 99mTc-sestamibi, as a lipoph ilic monovalent cation, is taken up into myocytes by
passive diffusion associated with negative plasm a and mitochondrial membrane poten­
tials. Sestamibi retention is dependen t on main tenance of these membrane potentials."
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FIG URE 15-11 Relationship between
myocardia l blood flow an d uptake of
various pe rfusion tracers. (Reprinted
w ith perm issio n of W.E. Sau nders
from reference 85.)
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TABLE 15-4 Propert ies of Monovalent Cati ons for Myocardial Perfusion Imaging

Myocardial Property

Nucl ide Pro perty Blood
Ionic Clearance Uptake Uptake Clearance

Radio- Decay T. Rad iu s T. Extra ction ('Yo inj ected Plateau T.
nuclid e M ode (h r} keY (Al (min) (%) dos e) (m in ) (h r)

" K ~. 22.4 373,619 1.38 2.0 71 2-3 10--20 1
12'1Cs EC 32.1 375, 412 1.70 9.0 22 1-2 60-120 5
81 Rb EC, ~. 4.7 511, 190 1.49 2.2 70 2- 3 15-45 6
20lTl EC 73 69, 80 1.50 2.9 88 4-5 5-15 4.4

Source: Reference 48.

99mTc-teboroxime, although no longer marketed, is a neutral, lipophilic tra cer that diffuse s
rapidly across phospholipid membranes. It is not known if the compound enters the
myocardial cell or is incorporated into the phospholipid layers of the membrane." It
rapidly back-diffuses from the heart and is not bound.

SPECT Perfusion Imaging Agents

MPI agents are otherwise known as "cold spot" markers becau se they demonstrate
decreased accumulation of activ ity in poorly perfused regions of myocardium. Historically,
several radioisotopes of potassium and its monovalent cation analogues have been inves­
tigated for myoca rdial perfusion stu dies" Table 15-4 compares the p roperties of thes e
agents. 43K had the disadvantages of be ta part icle decay and high pho ton energy that
degraded image resol ution. Of the potassium analogues, 12ge s was not ideal because of
slow blood clearance and poor myoca rd ial extraction . 81Rb had good blood clearance and
myocardial extraction but presented technical and logistical problems for nuclear medicine
laboratories wi tho ut PET capability. WITI ga ined clinical acceptance becau se it has rap id
blood clearance, high myocardial extraction, and a reasonab le shelf life. However, its low­
energy photons produce poor quality images compared with -Tc agents, and its lon g
retenti on time in the body lim its the amount of act ivity that can be administered safely.
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The limitations of zo'Tl led to the development of 99mTc-Iabeled complexes that would
allow administration of larger amounts of activity with improved ima ge quality and lowe r
radiation dose. This began with the de velopment of severa l cationic complexes of Tc(lII),
namely, tratls-[99mTc(OIARS),X,l+, where OIARS represents the o-phenylenebis(dimethyl­
arsine) ligand and the X represents chloride or bromide " The high lipophilicity of the
DlARS complex led to the less lipophilic tratls-[99mTc(DMPE),Cl,l +complex, where DMPE
represents the 1,2-bis(dimethylphosphino)ethane ligand . Studies of the DMPE complex in
dogs and humans showed that although the complex could image the hu man myocar­
dium, intense liver uptake obscured the cardiac apex, and heart-to-liver ratios in humans
were mu ch less than in dogs. Thus, heart images obta ined with the DMPE complex were
inferior to those with thallium. In 1982, Jones et al.so prepared the he xakis(isonitrile) Tc(l)
complex [99mTc(CNR),l " where R could be one of several alkyl groups, the most successful
being 2-methoxy isobutyl. This Tc(l) complex, 99mTc-sestamibi, was easy to prepare, was
stable, and achieved myocardial uptake proportional to blood flow when compared with
thallium." In 1989, 99mTc-teboroxime was developed ." It is a complex of Tc(lII) known as
a boronic acid adduct of technetium dio xime (BATO). The complex is neutral and lipo­
philic, with very high extraction by the myocardium proportional to blood flow. Subse­
quently, 99mTc-tetrofosmin was developed . It is a phosphine complex of Tc(V) that exhibits
biologic properties similar to those of 99mTc-sestamibi.S3.54 •

The sestam ibi and tetrofosmin agents were shown to be comparable to zo'TI-thallous
chloride in MPI, but their heart activity was fixed and did not red istribute readily as did
thallium. 99mTc-teboroxime was also shown to be comparable to zolTI-tha llous chloride, but
its heart up take and washout were very rapid. Thus, while a thallium stress-rest imaging
protocol can be accomplished with one dose of thallium becau se of its redistribution in
the myocardium, two separate doses of the technetium agents mus t be administered, one
during st ress and one during rest, because these agents are bound and do not red istribute.

Thallous Chloride TI 201 Injection

Thallium is a potassium analogue that localizes in the heart in proportion to myocardial
blood flow.After intravenous administration of 'OITI-thallous chloride, thallium disappears
rapidly from the blood, with on ly 5% to 8% remaining in the blood 5 minutes after
injection." In the resting state, 90% of the plasma activity disappears in 20 minutes, but
under stress the same percentage of activity disappears wi thin 1.5 minutes. Maximum
myocardial uptake occurs in 10 to 30 minutes in the resting state and within 5 minutes
after exercise stress . In humans, approxima tely 4% of the injected dose (10) is localized
in the hea rt. Thallium heart activity is sustained long enough after exercise stress that
imaging can be performed; however, ima ging should be completed by 30 minutes after
injection because by this time thallium begins to redistribute, being released from the heart
at the same rate that it is lost from the blood}' Under experimental conditions after
intracoronary injection of 'O'T1-thallous chlor ide in the presence of very low levels of 2O'TI
activity in the blood, the half-life of heart release was found to be rapid (about 90 min­
utes)." The hal f-life from the heart after intravenous injection in clinical studies was found
to be much slower (4.5 to 8 hours) because of equilibration of heart act ivity with ,o'TI
activity in the blood pool and other organs.

Thallium's myocardial uptake measured in dogs at resting blood flow was found to
be 0.0385%of the ID pe r gram, rising to 0.0614% after d ipyridamole adm inistration.x The
fact that the increased uptake with dipyridamole was only 60% higher when blood flow
increased to 3 to 4 times normal indicates a nonlinear extraction of ,olTI with increased
blood flow. Linearity of extraction of thallium with flow begins to fall off when blood flow
is 2 to 2.5 times normal, which is about the level at which flow increases with exercise
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stress." A similar nonlinear relationship was shown with adenosine treatment." This study
in dogs also demonstrated that the extraction fraction of thallium under normal coronary
blood flow was 88% but th at it fell linearly w ith increased flow after vasodilation . The
authors suggested that the drop in extrac tion fraction occurred because coronary flow was
in excess of myocard ial demand.

Tota l body elim ination of thallium is slow, with a biologic half-life of 10 days.55 Only
5% is excreted in the urine by 24 hours, and insignificant fecal excretion occurs. These
facto rs pl us the long physical half-life (73 hours) are undesirable properties of WITI and
contribu te to its high radiation absorbed dose. The critical organs are the thyroid (2.3
rad[cGyllmCi) and the testes (3 rad[cGyl /mCi), and the effective dose is 1.3
rem(cSv)/mCi.

After transcapillary diffus ion from blood into the interstitial space, thallium is taken
up in to myocytes by the membrane-bound Na-K ATPase pump. Factors cited for the
similarity of act ion between K+ and its biologic ana logues are a mo novalen t cationic charge
and sim ilar hydrated ionic radii. Cation uptake by the memb rane pump is kn own to be
partially inhibi ted by ouabain and hypoxia.57-59 While there is a close relati onship between
thallium uptake and blood flow, adequate tissue oxygenation to support cellular metab­
olism is also req u ired for uptake.w Figure 15-4 illus trates sod ium and potassium ion
tran sport in myocardial cells . There are high intracellular potassium and high extrace llu lar
sodium ion concentrations in normal cells, and conditions are reversed when cells are
damaged . A significant reduction in blood flow and an oxygen deficit lead ing to necrosis
impair this fun ction. Since uptake of thallium depends on adequate blood flow for delivery
to the myocardium and active transport across an intact sarcolemma, thallium is we ll
su ited as a marker of viability.

Chronology of Thallium Use

Thallium has been us ed as a marker of myocardia l perfusion and viability for many years,
beginning in the mid 1970s.61 The first thallium procedures were conduc ted with tw o
sepa ra te injections: one for the exercise stress study and one for the rest study. The rest
study was conducted I to 2 weeks after the st ress study because of thallium's long effective
ha lf-life in the body. The thallium proce dure changed to a 1 day p rotocol when it was
observed that thallium redistributed in the heart over time. By 3 to 4 hours after an exercise
study, nor mal myoca rd ial regions demonstrated a decrease in thallium acti vity w hile
ischemic reg ions increased in acti vity.62 Subsequently, the standard procedure became a 1
day thalliu m protocol (exercise study followed by a 3 to 4 hour redistribution study) to
d ifferen tiate ischemia from infa rction. This procedure was shown to provide an accurate
assessment of myocard ial viability when perfusion defects on the exercise stu dy showed
redistribution on delayed imaging.

Although this proce dure had high sensitivity for p redicting viab ility of reversible
defects, its specificity for predicting nonviability of irreversible defects was low. This
became apparent when the size of irreversible defects decreased in a numbe r of patients
who had a res ting thallium study the next day.~"'" This indicated that incomplete red is­
trib ution of tha llium had occurred on the initi a l redistribution image, causing an overes­
tima tion of infa rct size at that time. Henceforth, late (8 to 24 hour) redistribution imaging
was instituted to allow more time for thalli um to redi str ibute.s" Kiat e t al. demonstrated
that 61% of irreversible thallium defects on 3 to 4 hour image s reversed on late redistri­
bution at 18 to 72 hours.w Late redistribution imaging im proved diagnosis, but stu dy
specificity was still low. This study also demonstrated that a high percentage of patien ts (37%)
with apparent irreversible defects had perfusion restored after myocardial revascularization
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procedures. Thus, although late imaging imp roved diagnosis, it still overestimated the
frequency and severity of myocardial fibrosis.w

To improve specificity, a thallium reinjection technique was 'introduced to increase
plasma levels of thallium during the redi stribution phase of the study. Reinjection of 1
mCi (37 MBq) of 201TI-tha llous chloride, either after the standard 3 to 4 hour redistribution
study or after a late 24 hour redistribution stu dy, facilitates uptake of thallium into many
viable regio ns of myoc ardium with apparently irreversible de fects. With this techniqu e,
up to 49% of apparent irreversible defects on the 4 hour redi stribution study'? and 39%
of such defects on the 24 hour redistribution study"" were shown to have improved or
normal uptake after thallium reinjection. A number cf studies have also shown the ability
of thallium reinjection to predict improved ventricular function after revasculariza­
tion.67~'l-71 Thus, the thall ium stress-red istribution-reinject ion protocol has become a stan­
dard procedure for eva lua ting myocardial perfusion and viability.

A routine perfusion study with tha llium is conducted in two parts. One of two pro­
tocols is typically used , depending on the information required (Figure 15-12). 1£ on ly
viability information is sought in a patient with known CAD and left ventricular dysfunc­
tion, a rest- nedistribu tion protocol utili zing a qu antitative method of reversibility assess­
ment is preferred. If inducible ischemia and viability is the goal, a stress-redistribution­
reinjection protocol is preferred for assessment of the extent and seve rity of myocardial
ischem ia.

In the rest-red istribu tion protocol, the thalliu m dose is injected into a patient who has
fasted for at least 4 hours. Imaging is begun in 15 to 20 minutes and proceeds for about
20 minutes. Per fusion deficits seen on the resting study that reverse on the 4 hour red is­
tribution study may resu lt from clearance of 20ITI from norma l regions and accu mulat ion
of 20ITI in the defect region during the redistribution time. Reversi bility of perfusion defici ts
indicates viable myocardium.

The first part of the stress-redistribution-reinjection protocol is designed to produce
near max imal d ilatat ion of the coronary vessels just before administration of a 2 to 4 mCi
(74 to 148 MBg) thallium dose. Dilatation is achieved through either exercise or adminis­
tration of a pharmacologic agen t (dipyridamole, ad enosin e, or d obutamine). Exercise stress
shou ld continue for 30 to 60 seconds after tracer injection to ensure heart uptake . Imaging
should commence as soon as possible after tracer injection and by no later than 15 minutes.
With pharmacologic stress, tracer injection and the start of imaging should follow the
protocols given in Figures 15-8 through 15-10. Under these conditions, thallium ion is
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Stenotic I n f a rcted

4 hr Redistribution

FIGURE 15~13 Model of the left ventricle (short-axis view) during stress and at rest after 4 hour
redistribution of 201T! in normal, stenotic, and infarcted heart. During stress.. heart activity is at high
cou nt density in normal well-perfuse d myocardium, at less density in stenotic regions that are poorly
perfused , and absent in infarcted regions that are scarred. At rest (redistribution), normal myocar­
dium wa shes out thallium more quickly than stenotic regions, with the appearance of "filling in" \
the stress defect in stenotic areas. A persistent defect remains in areas of infarct.

FIGURE 15-14 Adenos ine stress and rest redis­
tribution study after injection of 3 mCi 201TI­
thallous chloride. Horizontal long-axis views
demonstrate normal perfusion evid enced by
uniform uptake of activity throughout the left
ventricle during stress and rest. Ischemia is indi­
cated by reduced perfusion and uptake of activ­
ity in the lateral ventricular wall durin g the
stress image that fills in at the 4 hour rest redis­
tribution image.

Normal

Ischemia

Stress Study 4-hr Redistribution

extracted by the myocardium in proportion to regional blood flow. Norma lly perfused
myocardium takes up the rad iot racer well, whereas poorly perfused (ischemic) or non­
perfused (infarc ted) myocardium shows dec reased or absent radiotracer uptake, which
appears as a perfusion defect (Figure 15-13). After a 3 to 4 hour period of rest, the
redi stribution study is pe rformed . At this time, the heart is imaged again to assess myo­
cardial redistribution of the '01Tl activi ty ad ministered during the stress study. Du ring the
rest phase, '01TI ion red istributes in the my ocardium, washing out of norma lly perfused
myocardium well, but less well from areas of comp romised flow during the stress. Thus,
the red istribu tion ima ge of the hear t demonstrates "filling-in" of activity (reversibility) in
ischemic areas (Figure 15-14). When a stress perfusion defect does not reverse, tha llium
reinje ction is used to improve sp ecificity of the study. The heart is reim aged 15 minutes
after the reinjection . The rein jection study can also be done the next da y. Lack of revers­
ibility on the reinjection image indica tes MI.
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WmTc-sestamibi is extracted by the my ocard ium in proportion to blood flow up to 2.5
m L/minute per gram, or approxima tely 3 times resting flown In canine myocard ium at
rest, its extraction fraction is about 65%, but above resting flow it decreases.'? In compar­
ison, the ext raction of 20tTI was 82% in the same canine model. In a rabbit per fused heart
model, 2l1lTI also shows high er extraction than wmTc-sestamibi.-I-I The higher extrac tion of
tha llium relative to WmTc-sestamibi is due to higher transcapiIlary exchange (i.e., the
plasma-to-interstitial space transport of tha llium is greater). However, 99mTc-sesta mibi has
a higher parenchymal cell permeability and vo lume of distribution, contribut ing to a
slower cellular washout compared with thallium."

Myocardial uptake studies indicate that 99mTc-sestamibi en ters the myocard ium by
passive diffusion because of its lipophilicity and is retained for a prolonged period of
time. Uptake is related to the integrity of the plasma and mitochondrial membrane poten­
tials in myocytes.P Subcellular distribution studies in ra t heart demonstrate that approx­
imately 90% of wmTc-sestamibi is associated with mitochondria in an energy-dependent
manner as a free cationic complex?" The attraction of wmTc-ses tamibi to mitochondria is
promoted by a negative potential generated in the mitochondrial membrane of viab le
myocytes, imp lying that 99mTc-sestamibi is a marker of myocardial v iability and pe rfu­
sion."! Other studies show that the uptake of wmTc-sestami bi by the hear t is not affected
by ouabain and thus it is not extracted by the Na-K ATPase membrane pump." Therefore,
sestamibi is not a potassium analogu e.

In huma ns, the mean heart retention of 'Nn'Tc-scstarnibi is 1(Yo ± 0.4% of the 10 60
minutes after intravenous injection at rest and 1.4 ± O.3(X) after exercise." The activity that
is fixed in the myocardium demonstrates insignificant red istribution .Y? After intravenous
injection, over 90% of ,),JmTc-sestamibi clears from the blood in les s than 5 minutes. Blood
levels im medi ately after injection with c

J4m Tc-sestam ibi are high er than those after injection
'N\'I'<\,~\\\-\\\,,\\,"us <.\\\<:>,\6-" . ';>'''S"UID''c.\, ""<'''"Us" <:>\ \<:>""" ">-.\,,,<.\\<:>"1.\."~\\,,,""s \"\ ,, \)\<:><:>6-
levels are low er, presumably because of lack of red istribution ." \J'jmTc-sestamibi is excreted
intact principally by the kidneys and the hepatobiliary system. By 24 hours, urinary
excretion is 30% and 24% of the ID after rest and exercise studies, respective ly. By 48 ho urs ,
fecal excretion is 37% at rest and 290ft) after exercise." This diffe rence in fecal excretion via
the hepatobiliary system is due to reduced splanchnic blood flow and lower liver uptake
d uring exe rcise. The highes t act ivity is achieved in gallbladder and liver, followed by the
heart, spleen, and lungs. However, activity in the liver, lungs, and spleen decreases more
rapidly with time than heart activity and more so with exercise stud ies than at rest. The
biologic ha lf-life from the heart is 6 hours and from the liver 0.5 hours after rest or
exercise." Thus, the heart-to-liver ratios at 30, 60, and 120 minutes are 0.5, 0.6, and 1.1,
respectively, after rest injection and 1.4, 1.89, and 2.3 after exe rcise injection. Rest imaging
thus is best begun 60 minu tes or more after injection of wmTc-sestamibi; however, some
practitioners shorten the dose-to-image time to 15 to 30 minutes for SPECT exe rcise studies
because of higher heart-to-liver ratios. Dose-to-image time should be 45 to 60 minutes if
adenosine or dipyridamole stress is used to allow more time for splanchnic activity to clear.

The critical organ after rest injection is the upper large intestinal wall (3.7 rad[cGy1l20
mCi), and the effective dose is 1.11 rad(cGy)/20 mCi.'"

Imaging is typically begun 60 minutes after rest injection and 30 minutes after exe rcise
injection. Because WmTc-sestamibi does not redistribute appreciably, separate res t and stress
injections are required to d ifferentiate myocardial ischemia from sca r. The study can be
performed as a 2 day or a 1 day p rotocol. There is no significant d ifference in d iagnostic
accuracy between these protocols.u -" With the 2 day protocol, the patient is stressed,
injected with 20 to 25 mCi (740 to 925 MBq), and imaged. The rest st udy is perfo rmed the
next day with a similar dosage. Th is protoco l has appeal for a p atient w hose pretes t
likelihood of CAD is low, because the rest study can be can celed if the st ress study is
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Property

Photon ene rgy

Half-life

Effective dose
Availability

First-pass stud y

2illT I

69--llO keY
Scatter and absorption

Low resolut ion

7.1 he
Low dosa ge (2-3 mCi)
Long collection times
Low count densities
1.3 rad(cGy) /mCi
Cyclotron-s-commercial mfr
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TABLE 15-6 Myocardial Perfusion Imaging Agent Properties

Property 21JITI-Thallous Chloride 'NmTc-Se stamibi

Chemistry +1 cation +1 cation
Hydrophilic Lipophil ic

Shelf life 6 da ys after calibration 6 ho urs
Photon energy 68--llO keY(94%) 140 keY (88%)

(abundance)

Uptake mecha nism Active Passi ve diffusio n
Na-K ATPase pump (associated w ith intact

membrane potentials)
Extraction fraction -85% - 66%
Heart uptake - -1% - 1.2%
('Yo injected dose)

Administered activity 2-4 mCi 10-30 mCi
Heart distribution Redistributes Fixt..>d

(mitochondr ia associated)
Effective dos e 1.3 rad ymC! 0.056 rnd / mO

'I'ImTc-Tetro fosm in

+1 cation

Lipophilic

12 hours

140 keY(88%)

Passive diffus ion

(associated w ith intact

membrane potentials)
- 60"!.,
-1.0%

10-30 mCi

Fixed
(cytoso l asso ciated)

0.041 rad/mCi

Technetium Tc 99m Sestamibi Injection

Technetium Tc99m sestamibi injection ('l'imTc-sestamibi) is a monovalent cationic lipoph ilic
complex composed of one atom of Tc(l) and six ligand molecules of 2-methoxy isob utyl
isonitrile (MIBI). Its chemistry is discus sed in Chapter 9.

After intravenous injection, - Tc-ses tamibi clears rapidly from the blood and remains
relatively fixed in the myocardium with a resting heart uptake of 1% of the ID. This amount
isabout one-fourth the uptake of WI T I, but the 10 to 30 mCi (370 to 1110 MBq) administered
activity of 'l'imTc-sestamibi is la rger, resulting in a much higher count density in the heart
with 'l'imTc-sesta mibi. The low photon energy of 2111TI (69 to 80 keY) is easily attenuated in
tissue, causing a low count rate from photon absorption and poor resolution caused by
scatter. This can present imaging problems in obese pat ients and particularly in women
because of potential breast attenuation ar ti facts. Back-scatter of thaJJium photons causes
images to have a fuzzy appearance. By contrast, the 140 keY photons of - Tc have less
tissue attenuation, are de tected efficiently, and produce sharper, higher contrast images.
Table 15-5 compares the gen era l properties of 20lTI and 99mTc for myocardial imaging
studies, and Table 15-6 compares the properties of MPI agents.
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99mTc-Sestamibi Rest I Stress Protocol
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FIG URE IS-IS - Tc-sestamibi 1 day rest­
stress ima ging protocol. (Reprinted with
permission of the Society of Nuclea r Med ­
icine from reference 31.)
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normal." If the 1 da y protocol is used, a rest- stress sequence is preferred (Figure IS-IS).
A rest dose of 8 to 10 mG (296 to 370 MBq) is injected and imaging is begun in 45 to 60
minutes. After the rest dose imag ing p rocedure, tread mill exercise is performed and a
stress injection of 25 to 30 mG (925 to 1110 MBq) is given, followed by ima ging in 15 to
30 minutes. The activity in the heart during the stress study overwhelms the residual
activity from the rest dose because of the increased blood flow to the heart and the large
stress dose administered. The 1 day procedure may take up to 2 to 3 ho urs to complete
depending on the time required for acquisition of pa tient images . This protocol is useful
when a rapid diagnosis is needed, especially in a patient with high pretest likelihood of
CAD, but it m~y present a problem with diabetic patients beca use of the prolonged fasting
requirements."

A 1 day stress-rest p rocedure was proposed to speed patient through pu t; how ever,
compared with the rest-stress procedure, it had a greater likelihood of mis interpreting
reversible defects as fixed.'! This problem was att ributed to stress dose crosstalk interfering
with the late r resting study" and to a lower count density from the low-activity stress
dose.'! This procedure should be reserved for pa tients w ith a low likelihoo d of disease,
in whom a normal initia l stress study is an ticipated .'?

To improve patient throughput, a dual-isotope procedure has been developed (Figure
15-16).' ! In this procedure, 20ITI-thallous chloride is injected at rest and a 2°!Tl-SPECT
acquisition is made. The patient is then stressed on a treadmill, and ~ to 30 mG (925 to
1110 MBq) of 99mTc-sestamibi is injected. A SPECT stress image is acquired 15 minutes
after this injection . The en tire procedure can be completed in 1.5 to 2.0 hours, making this
a rapid method .

Several advantages are afforded by 99mTc-sestamibi's lack of redistribution . One is the
ability to repeat image acquisition in the event of a positioning error, patient mo tion, or
instrumen t ma lfunction. A secon d is the ability to inject a patient during an acu te ischemic
event and perform ima ging late r, at a more convenient time or after pa tient treatment. An
example is ru ling out myocard ial ischemia in patien ts with unstable angina who have
spontaneous chest pa inK 1 99mTc-sest~mibi is injected at the time of pa in . A few hours later,
when the patien t has stabilized , a card iac scan is obtained .A normal scan strong ly sugges ts
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that the pain is not of coronary origin. An abnormal scan suggests significant coronary
d isease. A subsequent study in the absence of ches t pain that demonstrates decreased size
of an initial perfusion defect supports the diagnosis of a transient coronary flow distur­
bance. Another example is evaluation of an acu te infarction to determ ine the amount of
myocardium salvaged after thrombolytic ther apy." In this situation the patient is injected
upon admission, thro mbolyt ic therapy is begun, and imaging is performed within 4 to 6
hou rs to identify infarcted plus jeopard ized myocard ium at the time of the event. A repeat
study at a later date identifies on ly infarcted myo :ardium. Analysis of the two studies
iden tifies the amoun t of muscle salvaged .

A third advantage of '9mTc-sestamibi is the ability to evaluate myocard ial perfus ion
and ventricular function with a single injection of tracer by means of ECG gating. This
permits the simultaneous evaluation of exercise pe rfusion with resting ventricular func­
tion, for an estima te of myocardial viability. An exercise pe rfus ion defect with preserved
regional wall motion at rest implies ischemia, whereas regional akines is could be associ­
ated with either scar or severely ischemic or stunned myocardium.'?

Technetium Tc 99m Tetrofosmin Injection

Technetium Tc 99m tetrofosmi n injection ('!9mTc-tetrofosmin) or ['!9mTc-(tetrofosm in),0 21 ' is
a monovalen t cationic lipo philic comp lex of the Tc(V) di oxo core, O=Tc=O' , and two
bis(2-ethoxyethyl)phosphi no]ethane ligands.51 Its chemistry is described in Chapter 9.

After intrav enous injection in humans, '!9mTc-tetrofosmin clears rapid ly from the blood;
by 10 minutes, less than 5% of the ID remains, with less remaining after exercise." Up take
in skeletal muscle is the main reason for high background clearance after exercise. After
rest injection, hea rt activity declines slowly over time; it is 1.2%, 1.0%, and 0.7% of the ID
at 1, 2, and 4 hours, respectively. Values are slightly higher after exercise injection . Liver
uptake at these same times is 2.1%,0.9%, and 0.3% of the ID. Heart-to-liver ratios at 30
and 60 minutes after dosing, respectively, are 0.6 and 1.2 at rest and 1.2 and 3.1 afte r
exercise, reflecting high and rapid hepatobiliary clearan ce. The rapid clearance of 99mTc_
tet rofosmin from abdominal organs allow; imaging to be pe rformed soon after injection."

'l9mTc-tetrofosmin's uptake in the hear t is propo rtional to coronary blood flow up to 2
mL/minute per gram.'" This is sim ilar to the uptake and flow relationship seen with '!9mTc_
ses tarnibi?" and 201TI-tha llous chloride.'" All the SPECT agents underestimate flow at high
flow rates and overes timate flow at very low flow rates, which is a funct ion of the time
tracer is available for extraction." When com pared with thallium extract ion in the rabbit
heart, tetrofosm in exhibits a myocardial extraction 60% that of thallium, bu t heart uptake
of both tracers is cor related with blood flow."

Approximately 66% of the injected activity is excreted in 48 hours, about 40% in urine
and 26% in feces."" The critical organ is the gallbladder wall, with a radiation absorbed
dose of 0.123 rad (cGy)/mCi (stress) and 0.180 rad(cGy)/mCi (rest )."

The mechanism of '1'!mTc-tetrofosmin uptake in myocytes has been investigated. Data
indicate that uptake is by a metabolism-de pendent process tha t d oes not invol ve cation
cha nnel tra nsport. The most likely mechanism for this is potential-driven diffusio n of the
lipophilic cation across the sarcolem mal and mitochondrial memb ranes/" '!9mTc-tetrofos­
min appears to be associated more wi th the cytosol than with in mitochondria, whereas
99mTc-ses tamibi demonstrates a higher concentration within the mitochondria." Quantita­
tive analysis of '!9mTc-tetrofosmin retention in the heart demonstrates that washout is very
slow (4% per hou r after exercise and 0.6% per hour after rest).' ! Ische mic-to-normal
myocard ium ratios of 99mTc-tetrofosmin range only from 0.75 to 0.72 from 5 minu tes to 4
hours after injection, indicating insign ificant redistribution of this agent over time. 99mTc_
sestamibi, however, has been shown to exhibit a small degree of redistribution between
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1 and 3 hours after dosing because of faster clearance rates from normal segments."
Ischemic-to-normal wall ratios with 99mTc-sestamibi were statistically higher at 3 hours
(0.84) than at 1 hour (0.73), w hich may affect detection of CAD in cases w here the ische mic
defect is slight or mild.

Technetium Tc 99m Teboroxime Injection

Techne tium Tc 99m teboroxime injection ("""'Tc-teboroxime) is a boronic acid adduct of
technetium dioxime (BATO). It is a neutral lipophilic complex of Tc(IIl). The firs t-pass
myocardi al extraction of teboroxime (80'Y~90%) is higher than w ith sestamibi (40%-60%)
and thallium (75o/~85%)·' Consequently, teboroxime has less diffus ion limitati on and can
more reliably assess highe r blood flow levels than ses tamibi or th all ium. However,
teboroxime is not fixed in the myocardium and rapidly di ffuses out shortly after injection .
Its myocard ial kine tics are so rap id that imagin g must be started w ithin 2 minutes of tracer
injection and be comp leted by 6 to 9 minutes after injection ." Imaging p rotocols have been
worked out to successfully conduct pe rfus ion imaging with """'Tc-teboroxime, but the
logistic problems limit its practical usefulness. The p rod uct is no longer on the market.

PET Perfusion Imaging Agents

PET imaging in myocard ial disease offers severa l ad vantages over SPECT imaging. The
major adva ntage of PET over SPECT is the ability to provide attenua tion-eo rrec ted images,
which decrease the occurrence of attenua tion artifacts and increase specificity.'" Othe r
advantages inclu de increased sensitivi ty and spatial resolution (PET, 6-10 mm; SPECT,
10-15 mm), which translates in to a higher degree of accuracy of PET versus SPECT in the
detection of CA D with perfusion tracers.?! Quantification of blood flow is possible with
PET. Additionally, metabolism studies can be done w ith " F-FDG, IlC-acetate, and IlC­
palmita te. "F-FDG is considered the gold standard for evalua ting myocardial viabi lity.
The pr incipal d isadvantages of PET are availability and cost.

Ammonia N 13 Injection

Radiolabeled microsp heres are the standard for quantitating orga n blood flow. They are
nond iffusible tracers and therefore have an extrac tion fraction of 1.0 at all blood flow
levels." In the nuclear medicine clinic, however, perfusion measurements are typically
made with diffus ible tracers, and diffusible tracers have extraction fractions less than 1.0
because of diffusion limi tations at high blood flow ra tes. High -extraction diffusible tracers
are desirable for performing myocardial perfusion studies. Ammo nia N 13 injection (l3N­
ammonia) has proven to be one of the most effective perfusion tracers in PET. Its first­
pass extraction is high (>90%) because of the rapi d di ffusion of uncha rged lipophilic
ammonia across the capillary endo thelium and sarcolemma of the myocyte (Figure 15-17).
However, back-diffusion of unfixed tracer occurs, so the amount retained decreases as
coronary blood flow increases. At coro nary blood flows of 1 and 3 mL/minute per gram,
the average first-pass retention is 83°h.) and 60%, resp ectively." Once taken up into the
myocyte, ammonia is rapidly fixed as UN-glutamine by the enzyma tic conversion of
glutamic acid by g lu tamine sy n the tase .

UN-amm onia is cyclotron-produced, and its 10 minute half-life restricts its use to
facilities with an onsite cyclotron. The p roduction of 13N and other positron emitters and
their chemistry is d iscussed in Cha pter 10.
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FIGU RE 15-17 Myocardial extraction of
PET tracers versus coronary ar tery blood
flow. (Rep rint ed with permission of
W.E. Saunders from reference 42.)

:.

13N-ammonia is used for evaluating myocardial blood flow. Typ ically 10 to 20 mCi
(370 to 740 MBq) is administered intravenously, wi th imaging starting about 5 minu tes
later to allow clearance of excess tracer from the blood. The 10 minute half-life of 13N
requires about a 30 m inute wa it between rest and stress injections to allow for dec ay?'

.
!

Rubidium Chloride Rb 82 Injection

Rubidium chlor ide Rb 82 injection ("Rb-rubidium chloride) is a generator-produced
nuclide with a half-life of 75 seconds. " Rb is eluted from the generator with 0.9% sodium
chloride injection as rubidium chlor ide. "'Rb is the daughter nuclide of "Sr, which has a
25 day half-life, giving the generator a useful life of 4 to 6 weeks. After intravenous injection
of "Rb-rubidium chloride, the rubidium cation is taken up across the sarcolemmal mem­
brane via the Na-K ATPase pump. A substantial amount of nontranspor ted tracer back­
di ffuses from the interstitia l space and is washed away in increasing amounts nonlinearly
as coronary blood flow increases.'? The mean extraction fraction at 1 and 3 mL/minute
per gram is 59% and 26%, respective ly (Figure 15-17)42,%

Ad ministration of "Rb-rubidium chloride for perfusion imaging is typically auto­
ma ted , and 40 to 60 mG (1480 to 2220 MBq) is injected intraveno us ly, with imaging
beginning after a 90 to 120 second wait to achieve satisfactory heart-to-blood ratios after
blood clearance of tracer. The rapid decay of "Rb permits multiple studies to be performed
about eve ry 10 minutes . A disadvantage of "Rb is its high-energy positron (maximum
energy 3.15 MeV), which travels far ther from its site of origin before annihilation than
lower-energy positrons. This effectively decreases intrinsic resolution."

Water 0 15 Injection

ISO (T.!. 2 minutes) as labeled water is a freely diffusib le tracer whose first-pass extraction
is 95%. It is independent of blood flow and metabolically inert, and therefore appears to
be an ideal tracer for perfusion studies . However, water a 15 injection (I'O-water) also
distribu tes into tissues adjacent to the heart (lung and heart blood pool), which complicates
imaging by requir ing the use of background subtraction techniques." I'O-water is admin­
istered as an intravenous bolus of 30 mCi (1110 MBq), with imaging beginning immedi­
ately. Alternatively, patients inhale ISO-labeled carbon dioxide for 3 to 4 minutes wi th
con tinuous imagi ng . In vivo, the ISO-carbon dioxide is converted to LSO-water by carbonic
anhydrase." After im aging, an d allowing for complete decay, the blood pool is labeled
by a single-breath dose of ISO-carbon monoxide, which labels red blood cells by forming
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FIGURE 15-18 PET perfusion-metabolism
imaging protocol to assess myocardial via­
bility. (Reprinted with permission of the
Society of Nuclear Medicine from refer­
ence 96.)

l'{)..carboxyhemoglobin. Blood pool images are taken and subtracted from heart perfusion
images to assess net myoca rdial perfusion.

PET Metabolism Agents

Fludeoxyglucose F 18 Injection

Fluorine F 18 (T" 110 m inu tes) labeled as 2-fluoro-2-deoxyglucose (fludeoxyglucose, or
FDG) is the premier metabolic marker for glucose metabolism. Fludeoxyglucose F 18
injection ("F-FOG), a hyd rophilic molecule, is taken up into cells via facilitated diffusion
similarly to glucose, but its metabolism is different (Figu re 15-3). In the first step of glucose
metabolism, hexokinase converts glucose and FOG into glucose-6-phosphate and FOG-6­
phosphate, respectively. While glucose-6-phosphate participates further as a substrate for
glycolysis or glycogen synthesis, FOG-6-phosphate is not a substrate for these pathways.
Because it cannot readily diffuse back out of the cell, FOG-6-phosphate becomes trapped
and accumulates in cells that are in active metabolism.

Under normal aerobic fasting conditions, the heart primarily uses fatty acids for its
energy needs. After a glucose load, elevated insulin levels in blood cause an increase in
glucose me tabo lism in preference to fatty acids. In the ischemic heart, areas of ischemic
muscle switch to anaerobic glycolysis with glucose as the principal substrate. These areas
demonstra te increased uptake of FOG. This is the bas is for using FOG as a ma rker of
myocardial metabolism and cell viability. FOG is not a useful tracer of myocardial blood
flowbecause its uptake is not related to flow but to phosphorylation. The phosphorylation
step is dependent on the rate of glucose metabolism, which is independent of blood flow.

"F-FOG is supplied as an injection and is used for assessing myocardial viability. A
typical p rotocol is to perform a pe rfus ion/ metabolism study, perfusion being evaluated
first with l3N-ammonia, "Rb-rubidium chloride, or "O-water (Figure 15-18). Because of
the difference in physical half-lives, I3N-ammonia is frequently used; it allows longer
imaging times with higher cou nt density images compared with " Rb-rubid ium chloride
or "Oswater." The metabolism phase of the study involves intravenous injection of 10
mCi (370 MBq) of lSF-FOG after a loading dose of glucose to facilitate transport of FOG
into the myocard ial cells. The loading dose of glucose is important because fatty acids are
the principal substrate for myocyte energy requirements in the fasting state and FOG is
taken up very little under these cond itions. Compared with subjects who have fasted for
12 hours, subjects given 50 gra ms of glucose orally before the FOG study demonstrate
heart-to-blood activity ratios 2.5 times higher." The pa ttern of activity uptake between
the perfusion and metabo lism images is key to the diagnosis. If the ammonia and FOG
activity d istributions are iden tical in the region of a perfusion defect (a ma tch), the defect
is likely caused by lack of bo th perfusion and active metabolism and is likely due to scar.
Y( J. t..~__ ;(' lnrT"P;1,;;pd uotake of FOG in a region seen as a perfusion deficit with ammonia
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FIGURE 15-19 Regional myocardial blood fl ow
and glucose utilization in a normal volunteer (A)
and two patients with ischemic heart disease (B and
C), evaluated with 1JN-ammonia and lXP_FDG and
PET. Only one midvent ricular cross-sectio nal image
of blood flow (left) and glucose utilization (right) is
sho wn pe r subject. N ote the homogeneous tracer
up take in the normal subject. In patient B, blood
flow is decreased in the anterior w all (broken line),
associa ted with a proportiona l decrease in FDG
uptake. This pattern reflects scar tissue. In patient
C, blood flow is markedly decreased in the anterior
wall and the anterior septum, wh ile glucose utiliza­
tion in the hypoperfused segment is markedly
enhanced. Preservation of glucose utilization in
hypoperfused and dysfunctional segments repre­
sents tissue viability. (Reprinted wi th pe rmission of
W.E. Saunders from Schelbert HR. Current status
and prospects of new radionucl ides and radiop har­
maceuticals for cardiovascular nuclear medicine.
Semin N ucl Med. 1987;17:145-81.)
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(a mism atch), the interpretation is that the region represents hibernating myocardium that
is active metabolically and therefore viable (Figure 15-19).

Carbon C 11 Palmitate

Carbon 11 palmi tate is used to provide information abo u t myocardial fatty acid metabo­
lism (see Figure 15-3). The free fatty acid is largely distributed in the myocardium in
proportio n to blood flow, whereupon it crosses the sarcolemmal membr ane, presumably
by passive diffusion or possibly facilita ted transport." Retention or trappi ng of " C-palm­
itate requ ires energy-dependent este rification to HC acyl-CoA, wh ich can en ter either of
two routes. In one fraction it moves via the carnitine shuttle to the inner mitochondrial
mem brane, where ~-oxidation cleaves two carbon fragments off the long carbon chain,
directing ace tyl CoA to the tricarboxylic acid (TCA) cycle for complete oxidation to carbon
dioxide and water. The other fraction of acyl-CoA is fur ther es terified and deposited as
triglyceride and phospholipid stores.

After intravenous administration of 15 to 20 mCi (555 to 740 MBq) of "C-palmitate
and image acquisition , stored images of the ventr icles are used to identify regions of
interest, from which time-activity curves are gene rated for analysis of up take and clear­
ance kinetics. The slopes of these curves can then be used to assess regional metaboli sm
in the myocard ium.v

Sodium Acetate C 11 Injection

Sodium acetate C 11 injection (HC-acetate) is av idly extracted by the myocardi um and
activated to acety l-CoA, which is oxidized in the mitochondria to "C-carbon dioxide and
water (see Figure 15-3). " C-acetate pe rm its evaluation of flux through the TCA cycle and
overall myocardial oxygen consumption because of its close link to oxidative phosphory­
lation.v Myocardial oxidative capacity can be measured by analyzin g uptake and clearance
curves. These curves change w ith regional abnormalities in blood flow and metabo lism.
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Thus, in ischemic region s, the initial uptake of He-acetate decreases in proportion to
myocardial blood flow, and clearance curves are reduced significantly."

\SF-FOG and "C-palmitate are tracers that measure specific substrates in myocardial
metabolism, whereas lie-acetate measures overall oxidative metabolism. lHF-FDG mea­
sures the initial steps of exogenous glucose utilization, whereas "C-pa lmitate traces the
entire pathway of fatty acid metabolism. In the fasted state, when fatty acid metabolism
is highest in the myocardium, I8F-FOG demonstrates very little uptake in the heart, but
"C-palmitate uptake and clearance curves reflect rapid kinetics. The combina tion of "C_
palmitate or I8F-FOG with "C-acetate perm its assessment of the contribution of fatty acid
or glucose metabolism to ove rall oxidative metabolism or, in the ischemic condition,
assessment of anaerobic versus oxidative glucos e metabolism ."

VIABILITY ASSESSMENT

A principa l reason for MPI is to predict whe ther ischemic dysfunctional myocardial
segments are viable and therefore restorable to normal function after revascularization.
The four p rincipal conditions that can cause left ventricular dysfunction are (1) transmural
MI, which involves full- thickness myocard ial necro sis; (2) nontransmural Ml, in which
necrosis is limited to the subendocardium or scattered throughout the myocardium; (3)
myocardial stunning; and (4) hibernating myocardium." Revascularization is not expected
to be beneficial for the first two conditions. Myocardial stunning results from severe acute
ischemia followed by reperfusion, bo th of which cause myocardia l injury and dysfunc­
tion.""Myocardial hibernation results in dysfunc tion caused by chronic reduction in cor­
onary blood flow. In stunning, reduced contraction is mismatched with increased perfu­
sion; in hibernation, red uced contraction is matched by reduced perfusion." In bo th
situations, the dysfunction is reversible and will resolve after restoration of myoc ard ial
perfusion. Time is required in the case of stunning to restore muscle; improved blood flow
is requ ired in the case of hibernation.

Nuclear medicine studies have been shown to be valuable in predicting viab ility of
stunned and hibernating myocardium. Tha llium viability studies have been rev iewed by
Maddahi et al.% The terms positive predictive accuracy (PPA) and negative predictive
accuracy (NPA) are often used in viability assessment studies. PPA predicts the percentage
of myoca rdial regions with reversible defects that will improve after revascular ization,
and NPA pred icts the percent age of myocardial regions withou t reversibility that will not
improve after revascularization . In three independent stud ies of rest-red ist ribution thal­
lium imaging, the mean PPA was found to be 72% (range, 57% to 92%), and the mean
NPA was foun d to be 70% (range, 62% to 77%).99-101 In three ad d itional stu dies, after
exercise-redistribu tion-reinjection thallium imaging, NPAs in studies conducted wit hou t
2111 Tl reinjection we re 431X" 53l

}; ), and 481Xlf but w ith reinjection these values improved to
100%, 75%, and 75%, respectively, demonstrating the benefit of thalli um reinjection in
improving diagnos tic accuracy.tl7,70,11l2 For this reason, thallium reinjection is now a stan­
dard technique in SI'ECT imaging for assessing myocardial viability.

PET's ability to predict recovery of left ventricular function afte r revascularization
procedures has been assessed with myocardial pe rfus ion/metabolism stud ies using "0­
water, 13N-ammonia, "C-aceta te, and 18F-FDG. In seven studies reviewed by Madda hi et
al.," the average reported PI'A for a PET myocardial perfusion/FOG me tabolism mismatch
pattern was 83% (range, 72% to 95%), and the ave rage NPA for a matching pattern was
84% (range 75% to 100%) . Thus, while bo th 2t1lT] SPECT and PET imaging methods have
high accuracies, PET perfus ion/metabolism imaging appears to have greater diagnostic
power than thallium SI'ECT in predicting improvement of left ventricula r func tion in
patients with CAD.
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Most institu tions now use a - Tc agent ('i9mTc-sestamibi or 'i9mTc-tetrofosmin) for myo­
card ial perfusion studies. The qu estion remains, in the situation of chronic left ventricular
dysfunct ion , whether """'Tc-sestamibi can distinguish between viable hibernating myoca r­
dium and fibrosis , as has been shown with the 20111 rest- reinjection technique.12N Several
studies indica te that ""mTc-sestamiJ i has limita tions in ide ntifying viability in hibernating
myocardium. Cuocolo et a1.103 compared <l9rnTc-sestamibi and 201TI-thallous ch loride in
chronic CAD, demonstrating tha t approximately 60% of myocard ial regions identified as
viable by thalliu m reinjection were catego rized as nonviab le by a resting 99mTc-sestamibi
study. In a comparison of ""mTc-sestamibi with FOG PET in pa tients with CAD, 99mTc_
sesta rnibi was found to underestimate myocardial viability.'?' Five percent to 11ex} of severe
defects, with 99mTc-sestam ibi uptake at rest 30% or less of peak activity, were viable by
FOG PET, whereas 13% to 61% of moderate to severe defects (31 % to 70% of peak activity)
were found to be viable by FOG PET.A case report comparing 201Tl exe rcise-redistribution
w ith reinjection and 'NmTc-ses tamibi exe rcise-rest in a patient w ith rnultivessel chronic
CAD evalua ted before and after revascularization de monst rated that thallium could dis­
tinguish between viable and nonviable regions , whereas ses tamibi could not.l'" It appears
that 99mTc-sestamibi, as a perfusion m arker, may be able to assess viability in stunned
myocardium in which perfus ion is adequate, such as after reperfusion the rapy for acute
Ml, but that it is not able to adequ ately identify viability in hibernating myocardium in
chronic CAD, in which there is sustained red uct ion in blood flow." Thus, in those clinics
without FOG PET capability, the tha llium rest-redistribution protocol or the tha llium
stress-red istribution- reinjection p rotocol wo uld be the procedure of choice for assessing
myocardial viability.

Clinical studies have shown that OYmTc-tetrofosmin accurately de tects CAD when com­
pared with 201TI-thallo l1s chloride lOh- IllB and 'J'lrnTc-sestamibi. 10'1 The heart-to-liver ratios at
rest and after dip yridamole stress indicate higher ratios for tetrofosmin compared with
ses tamibi, bu t no significant diffe rence has been found in the quali ty of images or diag­
nostic interpretation of these tw o agents. ll° ln a qua litative comparison for viabili ty assess ­
ment in CAD after exercise-rest studies, tetro fosm in imaging was found to underestim ate
myocardial viability compa red with thallium reinjection, and the di fference corre lated
with severity of the persistent defect on rest images."?

Intact membran e function and me tabolic processes are required for myocyte viabili ty.
Thus, markers of membrane integrity and metabolic function should be equally effective
in assessing myocardial viability. The differences in the reported accuracies between
SI'ECT and PET imaging agents for assessi ng viability may reside in the different ab ilities
of these modalities to detect physiologic processes that are occurring. PET seems to have
the advantage currently because of its better resolution, ability to correct for pho ton
atten ua tion, and ability to assess metabolic func tion independent of perfusion .'!'

BLOOD POOL IMAGING AGENTS

The essential requi reme nts for a blood pool imaging radiopharmaceutical for evalua ting
dy namic heart function inclu de (1) slow blood clearan ce to provide steady blood pool
activity duri ng the time of data acqui sition , (2) minimal localization of radioactivity in
nearby organs and extravascular space that would interfere wi th measurements of the
heart blood pool, and (3) high photon flux, which is necessary for high-resolution and
high-sensitivity measurements of dynamic heart func tion with the gamma camera. The
latter requirement is most eas ily met by ""mTc, and the first two requirements are me t by
labeling 99mTc to either human serum albumin or red blood cells.
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Technetium Tc 99m Albumin Injection

Early 99mTc-human serum albumin (99mTc-HSA) preparations labeled with stannous ion
had significantly faster blood clearance than radioiodinated HSA as well as high lung
background activity, making them unsatisfactory for delineating the cardiac blood pool.!"
The present day <" mTc-HSA kit produces a product with a slower blood clearance and
minimal background and organ interference in imaging the blood pool. Albumin (MW
approximately 70,000) remains confined to the vascular space, being restricted from fil ­
tration at the glomerulus. 'l9mTc-HSA, therefore, is useful for imaging the heart blood pool.
The usual adult administered activity of 'l9mTc-HSA is 5 mCi (185 MBq) by in travenous
injection, and the critical organ is the urinary bladder wall, with an absorbed radiation
dose of 0.033 rad (cGy)/ mCi.

Technetium Tc 99m Red Blood Cells

The various methods of labeling red blood cells (RBCs) with technetium are discussed in
Chapter 9. A popular labeling meth od for cardiac blood pool imaging is the in vivo
method. With this method, a dose of "cold" stannous pyrophosphate (Sn-PPi) is injected
intravenously and allowed to equilibrate for 20 to 30 minutes to·"tin" the RBCs in vivo.'!'
Subsequently, 'l9mTc-sodium pertechnetate is injected, whereupon the pertechnetate enters
the RBCs,becomes reduced by the intracellular stannous ion, and is bound to hemoglobin.
This provides a fixed blood poo l of activity with minimal background inte rference from
other organs around the heart. A common technique involves reconstituting one vial of
Mallinckrodt TechneScan PYP (which contains an average of 15.7 mg of Sn-PPi and, on
average, abou t 2 mg of stannous ion) with 5 mL of saline and injecting the pa tient with
7.5 mg of Sn-PPi (one-half vial) per dose, equivalent to approximately 15 ~g Sn(II)/kg.
Within 20 to 30 minutes of injecting the Sn-PPi, 20 to 30 mCi (740 to 1110 MBq) of 'l9mTc­
sodium pertechnetate is administered intravenously to label the RBCs for blood pool
imaging. Although much of the administered stannous ion in Sn-PPi is loca lized in other
organs, the small percentage that becomes associated with the RBC hemoglobin compo­
nent is sufficient to label the cells wi th technetium at about a 75% labeling efficiency." '.!!5
The in vivo labeled cells are assumed to have a biologic half-life of about 80 days (the
same as normal RBCs).

Ventriculography

A principa l application of blood pool imaging agents is myocardial ventriculography for
the assessment of wa ll motion abnormalities and measurement of ventricular ejection
fraction and volume. The assessment is made with a two-part study: the first-pass study
and the equilibr ium study. The first-pass study permits assessment of right and left
chamber function after ad ministration of a 20 to 30 mCi (740 to 1110 MBq) intravenous
bolus of 'l9mTc-pertechnetate activity. Subsequently, the injected pertechnetate labels RBCs
in vivo, permitting an ECG-gated equilibrium study. The equilibri um study is conduc ted
to assess left ventricular func tion. The equilibrium study is also known as the multiga ted
acquisition study because the activity labeled to the red cell blood pool is monitored as
it passes through the hea rt by acquiring images triggered or gated on the R wave of the
ECG. Total activ ity passing through the heart dur ing one cardiac cycle is div ided into
frames of activity that are stored in a computer (Figure 15-20) . Typically, 32 or more frames
are acq uired during each cycle, so that incremen tal changes in left ventric ular activity can
be stored from end-diastole (ED) to end-systole (ES). Many cardiac cycles (and frames) of
data are stored over a long image acquisition time so that a statistically significant amount
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FIGURE 15 -20 Ga ting mechanism to obtain
se rial single-frame images of left ven tricle con­
traction through one card iac cycle. See text for
explanation. (Reprinted wi th permission of
Bristol-Myers Squibb Medical Imaging, Inc.
from Introduction to Nile/carCardiology, 3rd ed.
North Billerica, MA: DuPont Pha rma Rad io­
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of activ ity is accumulated in each fram e. The total amount of activity stored in the frames
at each gated time point is then plotted versus total cycle time to obtain a time-activity
curve of blood flowing through the left ventricle. From th is plo t the left ventricular ejection
fraction (LVEF) can be determined from ED and ES activit ies in the chamber as follows:

LVEF_ (ED- Bkg)-(ES - Bkg)
- '--------re(Ed:=-_ Bc':..k'g)c--=

ED-ES
ED-Bkg

Figure 15-21 illustrates two patient studies for de termination of LVEF, one normal (LVEF
=73%) and one abnormal (LVEF =30%). Normal LVEF is 55% or greater.

INFARCT-AVI D IMAGING AGENTS

Infarct-avid agen ts, otherwise known as "hot spot" markers, demonstrate an increased
accumulation of radiotracer activity in reg ions of infarcted myocardium. Several types of
radiolabeled agents have been developed for infarct imaging based on the pathophysio­
logic changes that occur in the infarct region . Some of these mechanisms have been well
elucidated, while others are still being pursued in the continued development of new
radiotracers for imaging MI.

Technetium Tc 99m Pyrophosphate Injection

Technetium-labeled bone agents were first used for infarct localization after the serendip­
itous finding of heart uptake on bone scans in patients wh o had recen t infarcts. In the
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FIGURE 15~21 Left ventricular ejection fraction (LVEF) assessment. Images of the heart at end­
diastole and end-sys tole with time-activity curves demonstrating (left) norm al LVEF of 73% and
(right) abnormal LVEF of 30%.

1970s, these agents proved useful because at that time there was a lack of sens itive enzyme
assays for early dia gnosis of Ml. Inve stigations led to the discovery that, physiologically,
ischemic damage to the myocardial cell membrane produces an imbal ance in the myocyte 's
intracellular-extracellular calcium ion concentration. Under normal conditions, the cal­
cium ion concentration intracellularly is abo ut 10-7 M, and in extracellular fluid it is about
10-3 M (Figure 15-4). After in farction with d isruption of the myocyte membrane, calcium
ions diffuse into the infarcted cells, providing a focus for the uptake and bind ing of
technetium-labeled agents.

In 1974, Bonte et aJ.JJ6 introduced the use of technetium Tc99m pyrophosp hate injection
("'mTc-pyrophosphate or <J<imTc_PPi) for imaging Ml. Several other agents have been inves­
tigated for the detection of MI in animal and human studies." Of the agents tested, <J<imTc_
pyrophosphate dem onstrated the highes t percen tage of 10 per gram in the myocardium
(2.2%) and an infarct-to-normal myocardium ratio of 25:1 at I hour after dosing. Its
mechanism of localization is rela ted to resid ual blood flow to the infa rcted reg ion, calcium
ion influx, and deposition of int racellular hydroxyapatite in infarcted cellsl I7,1I8

Memb rane dam age occurs after MI, which permits an influx of plasma proteins and
calcium ions, some of wh ich deposit in mitochondria, where hydroxyapatite crys tals form.
The proposed mechanism of 99mTc-pyrophosp hate localizati on is sorption to various form s
of tissue calcium stores, including amorphous calcium phosp hate, crystalline hydroxy­
apatite, and calcium com pIexed with various macromolecules at the infarction site. Max­
imal concentrations occu r in peripheral zones of the infarct where there is adequa te blood
flow, with considerably less up take in central zones of the infarct where blood flow is
reduced .'!" Temporally, after fixed coronary occlusion, '9mTc-py rophosphate begins to local­
ize in the infarcted tissue within 12 to 24 hours. Scintigrams become more positive during
24 to 72 hours and remain abnorma l for 6 days af ter infarction, fading thereafter and
becoming negative by day 14 (Figure 15-22), A stand ard dose for myoca rd ial infarct
imaging is 15 mG (555 MBq), with imaging in 3 to 4 hours.
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FIGURE 15-2 2 Infarct-avid scans obtained 4 and 8 days after extensive acute left ventricle infarction .
Images obtained 2 hours after intravenous injection of 15 mCi of '/<)mTc-pyrophosphate.

The sensitivity of 99mTc-pyrophosphate for detecting transmural infarcts is about 90%,
but only about 40% for subendocardial infarcts.'!" The overall specificity was found to be
64% in a multicen ter study. Its lack of sp ecificity is due in part to myocard ial uptake in
pa tients wi th stab le angina wi thout infarct and in regions of old infarcts several months
after the acute episode. Addition ally, the long time required before Y'!mTc-py rophosphate
uptake is positive after infarction (24 to 48 hours) precludes its use for early diagnosis.

Indium In 111 Imciromab Pentetate

Indium In 111 imciromab pentetate (Myoscint, Centocor), otherwise known as lIIIn-anti­
myosin, is a monoclona l an tibody Pab fragment with specificity for myosin. Its localization
is based on disruption of the sarcolemmal membrane of dying myocytes, exposing myosi n
filaments that are normally segregated from the extracellular flu id . Once exposed, the
myosin can bind the radiolabeled antimyosin antibody. After dosing of lII In-antimyosin,
imaging is performed after 24 hours or more to allow background activity to clear.
Although this agent has demons trated high sensitivity and specificity for localiz ing myo­
cardial infarcts, it is no longer on the market.120,121

Technetium Tc 99m Glucaric Acid

Techne tium Tc 99m glucaric acid (Y'!mTc-glucarate) is a six-carbon sugar that was serend ip­
itously fou nd to localize in Mis during the development of a technetium label for the
antimyosin antibody. "? Y'!mTc-glucarate is taken up in to irreparably damaged myocytes,
where it is associated wi th highly basic histones.!" In one inves tiga tion, it was taken up
rapidly into infarcted myocardium early after the event, wi th best identificat ion occurring
when the radiotracer was administered within 9 hours of the infarction.t-' Because it is
taken up soon after infarction, Y'!mTc-glucarate has a potentially significant ad vantage over
9OmTc-pyrophosphate an d 1I1In-antimyosi n. Further studies will better define its usefulness.
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Technet ium Tc 99m annexin V (99mTc-annexin V) is a rad iolabeled form of annexin V, an
endogenous protein that has a high affinity for exposed phosphatidylserine on apoptotic
cells.! " Apoptotic cells have been identified in areas of severe ischemia and infarction.
During natural apoptosis (programmed cell death) in the body, an enzymatic process is
initiated that causes the phospholipid ph osphatidylserine to become expressed on the
outer membrane surface of dy ing cells, where it is able to bind the annexin V ligand. The
purpose of this interaction is unknown, but the binding affinity between annexin V and
phosphatidylserine is high, making -Tc-annex in V a potentially good imaging agent1 L>
Further studies with this agent are needed to determine whether it has any d iagnostic
role in cardiac imaging. 126

99mTc-Labeled Nitroimidazoles

Hypoxic cell markers are of interest for localizing ischemic tissues and tumors. A number
of ""mTc-labcled hypoxic markers have been deve loped and are de scribed in more detail
in Chapter 9. Much work needs to be done on these agents because of the difficulty in
measuring tissue hypoxia and defin ing the levels of hypoxia that are significant in pat hology.

NUCLEAR MEDICINE PROCEDURES

There have been many advances in MPI since it was first introduced by Zaret et a1.127 in
1973, using "K to evaluate for the presence or absence of CAD. Since that time, advances
in hardware and the development of new cardiac perfus ion agents have allowed for
excellent gated cardiac imaging. The main nuclear med icine applications of cardiac imag­
ing are MPI to assess the dis tribution of coronary blood flow to the myocardium and
gated equilibrium radionucli de ventriculography (RNV) to assess left ventricular perfor­
mance. First-pass techni ques can also be used to evaluate right and left ventricular
performance.

MPI is now well established as an effective tool in the eval ua tion and management of
CAD. It is commonly used in patients with known or suspected CAD to assess for the
presence of significant ischemia as well as to determine the location and severity of the
lesions. MPI can also be used to assess myocardial viability. For patients wi th known MI,
both the size and the severity of the infarct territory can be evalua ted . LVEF and left
ventricular volumes can also be determined with gated MPI. Event-free cardiac survival
has been found to be directly proportiona l to the LVEF after MI.'2ll,12'! In forma tion obtained
durin g MPI can be used to st rat ify risk and help de termin e prognosis,

Gated equilibrium RNV is useful in evaluating ventricular function in patients with
congestive heart failure and in patients undergoing chemotherapy with card iotoxic drugs.
Variables such as LVEF, regional wall motio n, ES and ED volumes, and peak filling rate
can be estimated. If first-pass imaging is performed, right ventricular performance can
also be evaluated .

Myocardial Perfusion Imaging

Rationale

MPI uses intravenously admin istered radiopharmaceuticals to assess coronary blood flow
to the myocardium , The radi opharmaceuticals used in MPI are taken up into the myocar­
dium in propor tion to blood flow. They can be used to eval uate areas in the myocard ium
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with reduced blood flow associated with ischemia or scarring. If there is significant
coronary artery stenosis, there will be an area or areas of reduced radiotracer uptake in
the territory supplied by the affected arteries.

Experiments by Gould et al." in the 1970s, which evaluated mean blood flow in
coronary arteries with increasing percent diameter coronary stenosis, demonstrated that
coronary blood flow at rest was preserved until the degree of coronary stenosis was severe
(Figure 15-2). Normal coronary blood flow is maintained by coronary vascular autoregu­
lation. At rest, the coronary vessels dilate to maintain flow until the degree of stenosis
reaches an advanced level of around 90% of the vessel's diameter. During times of stress,
such as during exercise, normal coronary vessels can dilate to increase blood flow 3 to 5
times the level at rest. Under these conditions, augmentation of coronary blood flow can
be maintained only to an approximately 50% diameter stenosis,"

Patients who have significan t coronary artery stenosis will have an area of reduced
radiopharmaceutical uptake in the myocardium corresponding to the area of reduced
perfusion. If the area of reduced uptake in the myocardium is worse during cond itions
of stress than at rest, the perfusion abnormality is most likely due to ischemia. Information
gained during the MPI study can be used not only to identify significant CAD but also
to give ins ight into the patient's prognosis, such as the probability of a hard cardiac event
(i.e., MI or cardiac-related death) . MPI can help to distinguish low-risk from high-risk
cardiac patients, which is important in their clinical management.

Pharmaceutica ls

The radiopharmaceuticals currently used for radionuclide MPI are the single-photon­
emitting radiotracers 99mTc-sestamibi, 99mTc-tetrofosmin, and 201Tl-thallous chloride. The
positron emitter "Rb-rubidium chloride is approved for PET MPI. PET imaging with 18F_
FDG can be used to ev aluate myocardial viability.

Procedures

Myocardial perfusion studies are obtained to assess coronary ischemia. Studies are
ob tained both during stress, either exercise induced or pharmacologic, and at rest. The
imaging protocol depends on the type of radiopharmaceutical administered and whether
the study is done on a single day or over 2 days.

A medical history should be obtained before the stress study. This should include the
reason for the exam, symptoms that led to the exam, risk factors for CAD, cardiac history.
respiratory history. medications, allergies, and results of any prior studies. A 12-lead ECG
should be examined to evaluate for left bundle-branch block, significant arrhythmias, and
acute ischemia. Patients should fast for a minimum of 4 hours before the stress exam. The
contra indications to both exercise and pharmacologic stress should be reviewed before
the study.F"

If there are no contraindications to exercise stress, it is generally the preferred method.
Exercise stress gives further information about the patient, such as the degree of exercise
tolerance, time to maximal heart rate, and blood pressure response. If feasible, medications
that would interfere with the heart-rate and blood-pressure response, such as ~-blockers,

should be stopped for an appropriate time before the test.
Often exercise is not an alternative for the patient. In these cases, pharmacologic stress

with either a vasodilator such adenosine or an inotropic/chronotropic agent such as
dobutamine can be used. There are contraindications for each of these agents. The major
contraindications for adenosine include second- or third-degree atrioventricular block,
sick sinus syndrome, asthma, wheezing, pulmonary hypertension, or a systolic blood



Heart 547

pressure of less tha n 90 mm Hg. Dobutamine should no t be used if the patient has a
ventricular tachyarrhythmia. Neither type of agent should be used jus t after an acute MI
or with unstable angina.

An intravenous line is placed before the stress por tion of the exam. If the patient is to
undergo exercise stress on a treadmill, the intravenous access must be secure and easily
accessible for radiopharmaceutical administration at peak stress.

Thal/ous Chloride TI 20 1 Injection

When ~JlTI-tha llous chlor ide is administered intravenously, app roximately 4% of the
radiotrace r is taken up by the mvocard ium.V The first-pass extraction frac tion is in the
range of 85%. Up take in the myocardial regions is in proportion to blood flow, and the
extraction fraction of the myocardium is linear at normal flow rates. How ever, the extrac­
tion fraction increases at very low blood flow and decreases at very high blood flow rates.?
WIT! is a cation tha t is actively transported into the myocardial cell and depends on the
Na-K ATPase pump.!" Active uptake into the myoc ardial cells implies that the cells have
intact cell membranes and are v iable.P? Thallium is not bound intracellularly. After the
initial uptake of thallium into the myocardial tissu e, it begins to redistribute. The regional
concentration of thallium in the myocardium eventually comes into equilibr ium, with the
ratio of thallium entering the cell to tha t leaving the cell becoming constant. However, the
rate of red istribution is prolonged in hypoperfused myocardium. Complete redistribution
of 20lTI can sometimes take 24 hours or more.""

Gene rally, 2 to 4 mCi (74 to 148 MBq) of 20ITI-tha llous chloride is ad ministered intra­
venously at peak exercise or peak ph armacologic stress. The patient is maintained at peak
stress for 1 to 2 more minutes. SPECT imaging is performed as soon as possible after
stress. If patien ts undergo treadmill exercise, they are imaged as soon as deep breathing
in response to exercise normalizes to prevent motion artifacts, usually 5 to 10 minutes
after the end of stress. The net washout rate of 21\1 T!-tha llous chloride after exercise has a
half-life of about 4 hours.F' SPECT imaging of the heart is usually repea ted 4 hours after
the stress images for comparison. Images of the hear t are usually displayed in three planes
as short axis, vertical long axis, and horizon tal long axis views (Figure 15-23), with the
stress images on top and the cor responding rest images below. Regional defects seen on
the stress ima ges are compared with the same regions on the rest images . The stress defects
are usually described as fixed, reversible, or parti ally reversible. If the defect appears fixed
or only partially reversible, delayed imaging at 24 hours can be useful to further eva luate
the extent of reversibility. An alterna tive is to reinject the patient with 1 mCi (37 Mbq) of
WITI-thallous chloride immediately afte r obtain ing the redistribution images to overcome
poor count stat istics. The reinjection images help to norma lize perfusion defects, as does
the 24 hour imaging." Reinjection can also be done at 24 hours. Fixed defects seen on the
4 hour redistribution images that show normal or improved 2111T! up take after reinjection
are consis tent with ischemi c and viabl e myocardium (Figure 15-24). ,olTl MPI studi es are
usually not ga ted in standard p ractice because of the low photon energies associated with
thallium and the long half-life, wh ich limits the administered dose to 2 to 4 mCi (74 to
148 MBq).

99mTc Agents

Because of the shor t 6 hour half-life of 99mTc, a mu ch larger dose of 99mTc agents than of
,"ITI-thallous chloride can be admini stered . Also, there is less attenuation and scatter
compared with WITIbecause of the high er 140 keY photopeak of 99mTc. These properties resu lt
in a larger photon flux, wh ich allows for gated imaging to evaluate regional ventricular wall
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FIGURE 15 -24 Adenosine 201Tl stress- rest- reinject ion my ocard ial per fusion study. Short-axis stress
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viable myocardium in these regions.
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motion. The higher administered dose also improves resolution of the images. The most
commonly used compounds are 9'JmTc-sestamibi and 9OmTc-tetrofosmin. Like 201Tl-thallous
chloride, these compounds are taken up in the myocardium in proportion to blood flow.
Unlike 201TI-thallous chloride, they passively diffuse across the cell membrane, bind to
mitochondria, and exhibit limited redistribution. Because of the limited redistribut ion,
99mTc-agent protocols are different from 201Tl-thallous chloride protocols.

Several injection/imaging protocols can be used. One day protocols are most fre­
quently used. However, if the patient is obese, 2 day protocols can be used to maxi mize
the radio trace r dose both at rest and during stress. A common 1 day protocol is the
rest-stress protocol (Figure 15-15). Typically 8 to 10 mCi (296 to 370 MBq) of a 9'JmTc agent
is injected at rest, and the pa tient is imaged 1 hour later. One to four hours after the rest
images, 25 to 30 mCi (925 to 1110 MBq) of the -Tc agent is injected at peak stress. Imaging
is repeated 30 minutes later if the patien t underwent exercise stress or 60 minutes later if
the stress was pharmacologic. If a 2 day protocol is used, 25 to 30 mCi (925 to 1110 MBq)
of the -Tc agent is ad ministered both at rest and during stress, and either the rest or the
stress measure ments can be done on the first day.

Dual-Isotope Protocols

Some nuclear medicine clinics use a dual-isotope protocol to decrease the ove rall study
time. In this protocol 3 to 4 mCi (111 to 148 MBq) of 201Tl-thallous chlo ride is ad ministered
at rest, and images are obtained about 15 minutes later (Figure 15-16). About 30 minutes
after the rest images are comple ted, the pa tient is stressed with exercise or pharmacolog­
ically, and 25 to 30 mCi (925 to 1110 MBq) of a - Tc agent is administered at peak stress.
The stress images are obta ined 30 to 60 minutes later, depending on whether the patient
underwent exercise or pharmacologic stress, respectively.

PET Myocardial Perfusion Imaging

As PET tech nology continues to advance and the numb er of clinica l PET scanners
increases, PET MPI is also increasing. Currently II2Rb-rubid ium chloride is approved for
PET MPI. "Rb is a positron-emitting cation that is taken up into the myocardial cells in
relation to coronary artery blood flow similar to both potassium and 201Tl.Hl lI2Rb can be
obtained from an "Sr- " Rb generator, which has a shelf life of about 4 to 6 wee ks. There
are advantages to using this agent because of its very short half-life (only 75 secon ds) and
high photon energy (511 keY). The short half-life allows for a larger ad minis tered dose,
faster protocols, and lower radiation exposure of the pa tien t. The 511 keY photon energy
offers better attenua tion correction and higher sensitivity as the result of electronic colli­
mation. A typ ical "Rb-rubidium chloride protocol involves injecting 60 mCi (2220 MBq)
" Rb-rubidium chloride at rest, followed by gated imaging.After rest imaging is completed,
the patien t is stressed with either exercise or a pharmacologic agent. Sixty mCi of "Rb­
rubidium chloride is again injected at peak stress and repeat gated imaging is done . The
length of the pro tocol is often less than 1 hour.

PET cardiac imaging with FOG is valuab le in the assessment of myocardial viability.
FOG is increased in ischemic viable myocardium but dec reased in infarcted myocardium.

Interpretation

Normally, when there is increased demand on the heart secondary to exerc ise or pharma­
cologic stress, blood flow increases in the coronary vessels and there is increased
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FIGU RE 15 -25 Normal 'NmTc-sestam ibi myocardial perfusion study. Images of the heart arc shown
in three planes. The top row rep resents short-axis views of the heart from apex on the left to mid­
heart on the right at stress. Matching views on the rest portion of the study are shown in the next
row. The third and fourth rows are continua tion of the sh ort-axis views at st ress and rest from the
midhcart to the base or valve plane. The next tw o rows (frames 29 to 37) arc the ve rtical long-axis
views, st ress on top and rest below; these views arc from the septum on the left to the lateral wall
on the righ t. The last two rows are the horizontal long-axis views, stress on top and rest be low;
these views run from the inferi or wa ll on the left to the an terior wa ll on the righ t. No significant
pe rfusion defects are SL'Cn eithe r d uring stress or at rest to suggest flow-limiting coronary artery
d isease.

radiotracer uptake in the myocard ium related to the increased blood flow. If there are no
perfusion abnormalities during stress, the re is homogeneous radiotracer uptake through­
out the myocardium. In a normal study usi ng a 99mTc agent, no pe rfusion abno rmalities
are seen on either the stress or res t images (Figu re 15-25). If 2"'TI-thallous chloride is used,
there are no perfusion defects seen in the stress images and there is appropr iate washout
from the myocard ium 4 hours later on the redistribution images (Figure 15-26).

Myocardial regions with reduced radiopharm aceutical uptake on the st ress por tion of
the myocardial perfusion study tha t normalize or partially normalize on the rest study
represent regions of stress- ind uced ischemia associated with flow-limiting CAD (Figure
15-27). Myoca rdial reg ions wi th fixed perfusion defects on both the stress and rest portions
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FIGURE 15-26 Normal w'Tl-thallous chloride myocardia l perfusion study. Stress images are on top
and rest images below. Aga in, images of the hear t are shown in three planes. The top four rows are
the short-axis views from ap ex on the left to base on the right. The nex t two rows are the vertical
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FIGURE 15 -27 "t'o'Ic-scstamibi study demon­
strating myocardi al ischemi a. Short-axis views
d uring stress (top row) and at rest (bottom row) .
Significant perfusion defects ar c seen on the
stress por tion of the study that are not p resent
at rest, consisten t with multivessel flow-limiting
coronary artery disease.

of the exam can represent either scarring from prior MI (Figures 15·28 and 15·29) or
possibly an attenuation artifact, usually cau sed by the d iaphragm or breas t. Gated SPECT
allows further evalua tion of fixed perfus ion defects by examina tion of wall motion and
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FIGURE 15-28 - Tc sestamibi study demon­
strating a fixed defect in the inferior wall both
during stress and at rest. The re was hypokinesi s
in the inferior wall on the gated images as well
as decreased thickening in the inferior wall dur­
ing systole most consistent wi th scarring from a
prior myocardial infarction.
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FIGURE 15-29 Three-dimensional blackout- reversibility map for the study shown in Figure 15-28,
demo nstrating a fixed perfusion defect (black area) in the inferior wall. Significant reve rsibility or
ischemia would be seen as a white area in the blackout reg ion on the reverse images but is not seen
in this case .

myocardial thickening. Fixed perfusion defects with normal wall motion and thickening
are likely related to attenuation artifacts. Fixed defects with abnormal focal wall motion
abnormalities and decreased thickening are generally associated with scar.

Gated Equilibrium Radionuclide Ventriculography
Gated equilibrium RNV, also kno wn as gated blood pool imaging or multigated acquisi­
tion (MUGA), is an imaging technique in which the pa tient's red blood cells are labeled
and then gated cardiac image data are collected. The techn ique was developed in the early
1970S135 First, radiotracer must be used to label the blood pool in a stable manner. Then
electrocardiographic ga ting of the acquisition is done based on the R wave of the ECG.
Image data are collected and analyzed by computer.

Rationale
The RNV is a noninvasive way of evaluating left ventricular performance. LVEF is calcu­
lated from the data, and other parameters such as left ventricular ED and ES volumes and
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peak filling rate, which is a measu re of left ventricular comp liance, can be estimated . These
values can be used to assess performance after an acute Ml. T hey can also serve to
determine baseline fun ction as well as follow-up after treatment in cardIOmyopa thIes and
congestive hea rt failu re. One of the most common indications is following the pe~formance
ofthe heart after administration of card iotoxic d rugs such as doxorubicin used in chemo­
therapy. Usually a baseline RNV is obta ined before the first chemotherapy treatment. An
RNV is then performed just befo re each cycle of chemotherapy to determme If there has
been a significant decrease in cardia c performa nce and If It IS safe to admi nister another

cycle.

Pharmaceuticals

Although anv radio pha rmaceutical that compartmentalizes into the intravascular space
can be used f~r RNV, the most common techniq ue is to use 99mTc-labeled autologo us RBCs.
Three methods are commonly used to label the pa tient's RBCs: the in vivo method , the
modified in vivo method, and the in vitro method. The in vivo method involves initially
injecting the patient with 0.5 to 1.0 mg sta nnous ion as S~-PPi . Twenty minutes after
injection of Sn-Pl'i , 20 to 30 mCi (740 to 1110 MBq) 'NmTc-sodlUm pertechnetate IS admm­
istered intravenously. The int racellular stannous ion acts as a red ucmg agent, which
enables binding of 99mTc to the {3-chain of hem oglobin, thus labeling the RBC. More efficient
labeling can be obtained with the mod ified in vivo technique. In this method, 10 mL of
the patient's blood is drawn into a syr inge conta ining 20 to 30 mG (740 to 1110 MBq) of
""'Tc-sodium pertechnetate 20 minutes after int ravenous injection of Sn-PPi. The mixture
is incubated for 10 minutes and then injected into the patien t.

The most efficien t method for labeling RBCs is the in vitro techn ique. In this metho d,
the patien t's RBCs are labeled ou tside the body using a -Tc Ultra tag (Mallinck rod t) kit.
All of these methods are adequate for au tologous RBC labeling wi th -Tc. In general
practice, the in vivo technique is most commonly used because it is the easiest and there
is no chance of accidentally injecting a patient with another person's labeled RBCs.

Procedure

In the in vivo labeling method, the pa tient is first injected with Sn-PPi to tin the RBCs.
About 20 minutes later, the pa tien t is injected with 20 to 3D mG (740 to 1110 MBq) of
99mTc-sod ium per technetate . The patient is usually positioned in the left anterior oblique
(LAO) position for visualization of the heart. Some times a craniocaudal tilt is necessary
to visualize the left ventricle and sep tum. If a craniocaud al tilt is applied, this is called a
modified LAO pos ition. Gated images of the heart are then obtained . Gating of the images
is based on the R-R cardia c interval. The R-R interval is divided into 16 to 32 segments,
and the computer begins da ta collection at the beginning of the R wave (Figure 15-20).
Data are collected in these time bins over several cardiac cycles. The ima ges can then be
played back as a set of dy namic images to visualize card iac con trac tion and evaluate for
regional wall motion abnormalities. Regions of interest can be d rawn around the left
ventricle in diasto le and in systole to determine the LVEF using the form ula previously
described.

Interpretation

The cardiac images are played back in a cinematic loop to visually eva luate regional left
and right ventricular wa ll motion . The ventricular wa lls should contract and the septum
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FIGURE 15-30 Normal multigated acquisition
(MUGA ) study. Left anterior oblique (LAO)
images of the heart. Regio ns of interest drawn
around the left ventricle at end -diasto le and end­
systole gave a calcu lated left ventr icular ejection
fraction of 70%. There were no regional wa ll
motion abnormalities on the gated images.

FIGURE 15-31 Abnor mal M UGA study in a
patie nt with congest ive heart failure . LAO
imag es of the heart. Reg ions of interest drawn
around the left ventricle at end-diasto le and end­
systole gave a calculated left ventricular ejection
fraction of only 3m.;). Althou gh no focal w all
motion abnormalities w ere no ted, there was g lo­
ba l Ieft ventricular hypokinesis.
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should thicken during systole (Figure 15-30). Card iac wall motion is referred to as no rmal,
hypokinetic, ak inetic , or dyskinetic. Hypokines is refers to diminis hed wall motion com­
pared with normal (Figure 15-31). Akinetic means lack of wall motion, and dyskinetic
refers to paradoxical wall motion as might be seen with an aneurysm . Normally th e sep tum
moves less than the other walls, w ith the greates t motion usually seen in the ante rior,
lateral, and posterio r walls. The sep tum should thicken dur ing systole. Dyskinetic septal
motion can be seen with scarring from an ML It can also be seen secon dary to prior
coronary arte ry byp ass surgery.

First-Pass Radionudide Angiocardiography

First-pass radionuclide angiocardiography involves imaging a bolus of radiopharmaceu­
tical as it passes through the heart. The technique allows for eva luation of both the right
an d left ventricular ejection fractio n. Since a bolus of activi ty is followed through the heart,
the acquisition can be performed in just a few seconds. The technique can be used either
at rest or dur ing stress.

Rationale

The first-pass tech nique can be used to evaluate both right an d left hear t performance.
However, because the configuration of the right ventr icle makes it difficult to eva luate
with equilibrium techniques, first-pass is a practical technique for determ ining righ t ven­
tricular ejection fraction. Right heart funct ion may be of value in assessing cardiomyop ­
athies and pulmonary-related cardi ac disease.
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FIGURE 15-32 Normal first-pass study to evalu­
ate right ventricular performance. Shortly after
injection of a 30 mei (1110 MBq) bolus of "'mTc­
sod ium pertechnc tate into a right arm ve in,
radiotracer can be seen in the superior vena cava,
right atrium (left arrow), right ventricle (dotted
region), and pulmonary outflow tract(left arrow).
The right ventricle can be isolated beca us e
radiotracer has not yet advanced to the lungs or
left ventricle. A time-activity curve for the right
ventricle was used to determine right ventricular
end-diastole and end-sys tole. Regions of interest
drawn around the right ventricle during end-dias­
tole and end-systole gave a normal estimated right
ventricular ejection fraction of 51%.

Procedure

In the first-pass technique, a small-volume, high-concentration radi otracer bolus (typically
20 to 30 mG [740 to 1110 MBq) of - Tc-sodium pertechnetate) is administered rapid ly
into a vein near the heart. Some people prefer to use the external jugular vein for this
purpose. However, in most nuclea r clinics a large antecubital vein is used. The patient is
imaged in the 30° right anterior oblique position or anterior position over several heart
cycles. Rapidly acquired image fram es are obtained to observe the bolus as it passes
through the heart. Ejection fraction measurements for bo th the right and left ventricles
can be obtained by measuring the change in activity over time in each of these regions.

Interpretation

When the radiotracer bolus is administered into a large antecubital vein such as the med ian
basilic vein, serial images show progression of the bolus front from the basilic vein into
the subclavian vein, then to the superior vena cava and into the right atrium. When the
right atriu m contracts, the bolus advan ces thro ugh the tricusp id valve into the right
ventricle. Next, wh en the right ventricle contracts, radiotracer enters the pulmonary ou t­
flow tract an d moves into the lungs, left atrium, left ventricle, and aorta. During the first
couple of beats, the right ventricle can be isolated on the images (Figure 15-32). Regions
of inte rest can be drawn around the right ventricle during d iastole and systole and a right
ventricular ejection fraction can be estimated us ing the following formula:

(ED counts) - (ES counts)
RVEF =-,L---++------T

(ED counts) - (Bkg counts)
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16 Lung

Radiopharmaceuticals for lung im••ging can be divided in to two ma in groups: (1) lung
perfusion agen ts and (2) lung ventilation agents. Perfusion agents typically are radiola­
beled pa rticles that are temporarily trapped in the lu ng's arterioles and capillaries after
intraveno us injection and provi de diagnostic information about reg iona l blood flow to the
lung. Ventilati on agents are radioactive gases or radioaerosols that, after inhalation, dem­
onstrate patency of the airways and alveolar system.

PHYSIOLOGIC PRINCIPLES

The lungs are perfused by p ulmonary a rteries and veins, which distribute blood to and
remove blood from the capillary beds where gas exchange occurs. The airways of the lung
are divided into three functi ona l zon es: the conducting zone, the respiratory zone, and
the intermediate or transition zone .' The intermediate zone links the conducting zone and
respiratory zone. The conduct ing zone of the airways, consisting of th e bronchi and
bronchioles, delivers inspired air via the transition zone to th e alveoli . In the respiratory
zone, wh ich consists of a complex of alveoli and capillaries, air and blood come into close
contact to facilitate the excha nge of oxygen an d carbon d ioxide. This zone is sometimes
called the gas exchange apparatus.

The airw ay cond uction system has a branching pa ttern from the trachea to the alveolar
sacs (Figure 16-1).2The bronch i and bro nchioles conduct air to the more peripheral zones.
After inspira tion, fresh air mov es in to the lungs by bul k flow as far as the resp iratory
bronchioles, where the transition zone begins , but from that point the movement of air
into the alveolar ducts and alveo li occurs by diffusion. Higher tidal vo lumes of air pene­
trate deeper but nev er reach the end of the alveolar system by bu lk flow.'

Lung Ventilation

Under normal condi tions, airway resis tance is minimal and air moves freely into and out
of the airways and respi ratory zone. In the presence of disease, airway resistance may
increase signific antly, affecting inspiration and expiration . In less seve re cases of asthma
or emphysema, for example, air may enter the bronchioles and alveoli readily because
chest expansion and the inflow of air inflate these structures. Expiration, however, is more
difficult because the weakened, diseased bro nch ioles collapse from the pressure of the
thoracic cage aga ins t the lun gs, caus ing air to be trapped in the alveo li. In ad vanced airway
disease, air intake also may be obstructed because of inflamed bronchi and bronchioles
and the presence of mucus plugs, often found in bronchial asthma. These alte rations in
air distribution can be observed with the use of radioactive gases and aerosols.

Lung Perfusion

The pulmonary artery has 22 to 26 branches. At about the 24th branch, a sho rt connector
artery of 125 urn diameter divides at righ t angles to form two distribution arteries (Figure
16-2). The smallest-d iameter distribution arteries range in size from 60 to 100 urn, and
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FIGURE 16-1 Branchi ng pattern of the air ­
ways from the trachea to the alveo lar sacs.
BR, bronchi; BL, bronchioles; TBL, terminal
bronchiol es; RBL, respiratory bronchioles;
AD, a lveo lar duct; AS, a lveo lar sac.
(Reprinted with permission o f Acade mic
Press from reference 2.)

1

2

z
o

3

"

Tl<AC~1;A

from these vessels short precapillary arteri­
oles of 25 urn diameter arise at right angles.
These vessels then divide into alveo lar capil­
lary beds. The basic elements of the alveolar
capillary bed are the cap illa ry segments,
which have th e shape of short cylindrical
tubes. The segments are modified at their
ends to form wedges that allow each segment
to join at either end with two adjacent seg­
ments. The average internal diameter of a
capillary segment is 8 urn (range, 6 to 10 ~m).'

It is clear from the structure of the alveolar
capillary network that blood entering each
precapillary arteriole has alternative routes to
reach the postcapillary venu le. This capillary
arrangement is important during lung scan­
ning, because pulmonary hemodynamics are
not ap preciab ly affected by the temporary
occlusion of a small percentage of capillary
segments by rad iolabeled particles unless
the re is advanced lung disease and pulmo­
nary hypertension.

Normal blood flow in the lung is influ­
enced by hydrostatic pressure. In the upright
position, the mean pulmonary ar terial pres­
sure is 3 mm Hg at the apex of the lung, 13
mm Hg in the rnidzone, and 21 mm Hg at the
ba se of the lung. This pressure difference
alters blood distribution between the upper and lower parts of the lung. Studies conducted
with the injection of xeno n 133 gas dissolved in sa line have shown that, in norma l subjects,
a change from the uprigh t to the sU;ine pos ition results in a doubling of blood perfusion
to the upper lu ng zones at tlie cosiof the lower zones, with the midzones recording no
change.' This equa liza tion in hydrostat ic pressure is the reason that radiolabe led particles
for lung scanning are injected while the patient is supine, which evens the distribution of
rad ioactivity in the lung.

Blood flow to the lung is affected by various pathologic conditions. In the case of
pulmonary embolism (PE), the embolus not only mechanica lly impedes blood flow to the
lung area d istal to the blockage but also may cause local vasospasm, whi ch further
decreases blood flow to the region .' In the case of airway disease such as emphysema,
destruction of many alveolar walls also causes destruction of their capillaries, resultIng
in increased vascular resistance to blood flow. Additionally, a physiologic decrease in local
blood perfusion occurs in emphysema becau se emphysematous alveoli exhibit poor gas
excha nge. The resulting alveolar hyp oxia causes reflex vasoconstrict ion of local blood
vessels, shunting blood to areas of the lung that have better aeration.' For these reasons,
ventilatory disease may cause perfusion defects to appear on the lung scan.

DEVELOPMENT OF LUNG PERFUSION AGENTS

Site-specific localization of rad ioactivi ty in the lun gs began with the therapeutic ap plica­
tion of gold; 19HAu was labeled to 50 urn carbon particles to irrad iate tumor tissue .' The
d iagn ostic utility of radioactive pa rticles for lung scanning was initi ally investigated in
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fiGURE 16-2 Schematic representation of pulmonary vascul ature, emphas izing the alveolar capil­
lary network and the anastomotic nature of the capillary bed. (Reprinted with permiss ion of the
Society of Nuclear Medicine from reference 15.)

1963 by Taplin et al., who prepared 13II-labeled human serum albumin macroaggregates
(I3I I-MAA). Their st udies demonstrated that these particles could be tra pped and eventu­
ally cleared from the lungs.>" These investigato rs also pe rformed the first toxicity stud ies
to demonstrate the safety of injecting large numbers of particles intravenously. After these
studies, which occurred fro m 1965 to 1970, I31I-MAA became the agent of choice for
imaging the presence of suspected pulmonary emboli.

The search for an imaging agen t w ith properties more favorable than 1311 led to the
development of particles labeled with radionuclides that have shorter ha lf-lives . These
included 113mln-Iabeled ferri c hydroxide and 9YmTc-labeled ferrous hy droxide macroaggre­
gates; however, toxic reactions associated with these preparaticns led to their disu se.io.u

In 1969, 99mTc-Iabeled human albumin microspheres (9"mTc-HAM) were develo ped by
Zolle et al,12 and Rhod es et alB 'I'ImTc-HAM could be microsieved to control pa rticle size
and were biodegradable in vivo. A 99mTc-HAM kit using sodium thiosulfate as the tagging
agent became available from the 3M Company 13 Labe ling efficiency was onl y 60% to 70%,
however, and inson at ion was necessa ry to break up any potential microsphere aggrega­
tions. Labeling efficiency of the 'I'ImTc-HAM kit improved when stannous chloride was
used as the red ucing agent. The kit was used for several years before the company stopped
its manufacture.

Subramanian et al.14 developed technetium Tc99m album in aggregated inject ion (9YmTc_
MAA) as an "ins tant kit" using stannous ch lor ide as the tagging agent. Labeling yields
were quantita tive, and the kit became commercially available in the mid-1970s. It is still
the agent of choice for perfusion lung imaging.

Kits for rou tine preparation of 'I'ImTc-MAA are available from severa l manufacturers
(see Tables 9-9 and 9-10 in Chap ter 9). In general, nonradioactive stannous MAA kits are
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prepared by mixing sterile solutions of human serum albumin and stannous chloride in
acetate buffer at a pH of around 5. The res ul ting solu tion is heated at controlled temper­
ature and mixed to form the aggregated particles, which can be sieved to remove large
aggregates. The particle size in commercial kits is in the range of 10 to 90 urn. Aliquots
of the suspension are then lyophi lized under nitrogen in sterile vials. The number of
particles in commercial kits varies but averages about 5 million. Labeling of the MAA
pa rticles with 99mTc is accomplished by adding the required amount of 99mTc-sodium
pertechnetate to a kit to achieve the desired p article concentration and specific act ivity.
Dilution may be required to adjust the particle concentration for pediatric patien ts or
patients with pulmonary hypertension. Chapter 9 contains a detailed d iscussion of 99mTc_
MAA chemistry and kit preparation.

The typical lung scan dosage in adults is 3 mCi (Ill MBq) by intravenous injection.
The patient should be supine during the injection to ensure uniform dist ribution of
particles w ithin the lung. The Y9mTc-MAA dose in the syringe should be gently mixed just
before injection to ensure uniform particle di spersion. Blood drawn into the sy ringe during
injection should not be allowed to stand too long, or clo tting may occur. A delay may
occur if the re is some difficulty during the injection, and a new dose should be used if
clo tting is suspected. Injection of clotted particles w ill resu lt in spurious information on
the lung scan.

Physical Properties of 99mTc-MAA Particles

A number of factors are importan t in the preparation of Y9mTc-MAA particles for perfus ion
lung imaging, incl ud ing particle size, number, hardness, and chemical composition. These
factors influence the biodistribution, metabolic fate, and potential toxicity of the lu ng
perfus ion agent.

Particle Size

The first criterion for localiza tion in the lung is a particle size large enough to be trapped
in the pulmonary arterioles and capillaries . Because the sm allest capillaries have an inter­
nal diameter of 6 to 10 urn, particles smaller than 10 urn are unsatisfactory because they
w ill readily pass through the lung. Particles too large will obstruct larger ar terioles, of
which there are fewer, potentially producing a serious reduction in blood flow and ele­
vation of pulmonary arterial pressure. Dav is investigated pa rticle size and concluded that
the capillary segments were the ideal vessels to block in the lung because they are highly
anastomotic and blockade of one or even severa l capillary segments will not substantially
alter blood flow or pressure.IS The part icle size recommended for achieving hi gh extraction
efficiency into the capillary bed was 13.5 ± 1.5 urn . However, it was also concluded that
this limi ted size range was impractical to produce and that the tracer would clear the lung
too rapidly to be useful for lung imaging. For these reasons, commercial MAA kits contain
particles in the 10 to 90 urn range, with most particles between 20 and 60 urn (Figure 16-3).

Particle Number

In response to early reports of acute toxicity from administering too many particles for
lung scans, several investigators set out to determine the ideal number of particles for a
satisfactory lung scan. He ck and Duley," working with 9<JmTc-albumin microspheres in the
15 to 30 urn range, reported that having too few par ticles (15,000 to 30,(00) produced
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FIG URE 16w3 Photomicrograph of macroaggregated albumin (MAA) particles and hu man alb umi n
rnicrosphcrcs (HAM).

patchy-looking lung scans, particularly at the lung periphery. They determined that the
minimum number of particles for a satisfac tory lung scan was 60,000.

Dworkin et al." used 10 to 50 11m particles of """'Tc-MAA in dogs, confirming the work
of Heck and Duley. They concluded that the minimum number of particles required for
a satisfactory lung scan was 60 particles per gra m of lung, which translates into 60,000
particles if the ave rage weight of ad ult human lung tissue is 1000 grams. An upper limit
of 250,000 particles for a lung scan was suggested because little is gained above this
number and the chance of toxicity is increased. In practice it is diff icult to determine the
exact number of particles administered because of the wide range of particle numbers per
kit. If an accurate particle number is needed for an individual kit, th is can be assessed by
counting methods that use a microscope and hemacytometer, discussed in Ch apter 12.

Particle Hardness and Composition

Ideally, particles that lodge in the pulmonary blood vessels should be biodegradable and
not produce local tissue react ions. For these reasons, human serum albumin (HSA), a
natural body constituent, is routinely used . Additiona lly, HSA can be hea ted to the desired
hardness to achieve proper clearance from the lung.

In the early days of lung scanning, there was concern about the potential antigeni c
effects of the denatured protein particles. After extensive tes ting, lio and Wagner " found
no evidence to prove that aggregated human albumin is antigenic to humans. This finding
was corroborated by Taplin et a l,"

Generally, for a given particle size, a higher heating tem perature will produce a harder
particle that will take longer to break up and clear from the lung. Zolle et al.'? demonstrated
that albumin microspheres prepared at 118°C, 146°C, and 165'C had bio logic half-lives in
dog lungs of 2.4, 7.2, and 144 hours, respectively.

Although albumin particles demonstrated absence of tissue reactions, pathologic
changes were reported with - 'Tc-labeled iron hydroxide MAA15Flushing reac tions were
reported , sugges ting that chemical composition was a causative factor. The use of iron
hydroxide products was discontinued.
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FIGURE 16-4 Perfusion lung scan
wit h 'HmTc-MAA. Norma l scan and
scan demonstrating multiple seg­
mental defects due to pulmonary
embolism.

Biologic Properties of 99mTc-MAA

Anterior

Normal

Perfus ion
Defects

Posterior

-

FIGURE 16-5 Anterio r pe rfusion lung scan
wi th 'NmTc-MAA. Liver activity (arrow ) is evi­
dent because of phagocytosis of par ticles that
pass through the lung capillaries.

After in travenous injection of ""mTc-MAA,
more than 90% of the dose is extracted by the
pulmonary a rte rial bed on the first pass
through the lung. The mechanism of localiza­
tion is physical en trapment of par ticles larger
than the blood vessel diame ter. The distribu­
tion of particles and activity in the lung is
related to regional blood flow; in a normal
lung, dist ribution is uniform over the en tire
lung field . Particle activity is d iminished d is-
tal to any obstruction and appears as a perfu ­
sion defect on the scan (Figure 16-4). Big
emboli will occlude larger vessels and pro-
duce more extensive perfusion defects .

Biodegradation of MAA particles in the
lung is slow eno ugh to allow amp le time for
imaging . Using an in vivo cinemicroscopic
technique, Taplin and MacDonald 19 demon­
strated that the mechanism of MAA clearance
from the lungs is particle fragmentation by
blood cell bombardment and by continuous
forward and backward mo vement within arterioles until aggregates are small enough to
traverse the cap illary lumen . Albumin microsp heres do not fragment but undergo disso­
lution, probably through the enzymatic act ion of pulmonary phagocytes.>

The rate of particle clearance from the lung is a function of particle size, distribution ,
and number; method of prep aration (related to pa rticle ha rdness); and the state of lung
health. Smaller particles are expected to have faster clearance. Taplin and Macfro nald '"
demonstrated in dogs that !3!I-MAA doses with particle sizes of 5 to 25 urn, 10 to 70 urn,
and 10 to 150 urn had biologic half-lives of 30 minutes, 4 to 6 hou rs, and 18 to 24 hours,
respectively. Particles that are too soft because of inadequate heating or are too small
readily pass through the lungs and become localized in the liver, po tentially interfering
with the lung scan (Figure 16-5).
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The pa tient's cond ition may affect lung clearance of particles. Davis" de termined that
the average clearance half-life of "'mTc-iron hydroxide particles from the lung was 19 hou rs
in normal subjects but was significantly slower in various degrees of PE (105 hours) and
chronic lung disease (222 hours). Busse et al.22 demonstrated that the lung clearance rate
of 1311-MAA was slower in as thmatics and in patients receiving corticosteroid and immu­
nosuppressive therapy, with vira l pneumonia, and with chronic interstitial lung d isease.
The lung half-lives of several radiolabeled particles used in perfusion lung imaging are
shown in Table 9-10 in Chapter 9. An important point in this regard is that the rate of
activi ty loss and the rate of particle loss from the lungs are no t identical; a particle ma y
partially break up and release a portion of its activity but still rema in in the lung until it
is small enough to pass throug hl '

Once the particles are cleared from the lungs, they are phagocytized by the reticuloen­
dothelial system (RES), primarily by the liver (Figure 16-5). Taplin and Mac lr onald"
demonstrated tha t 1311-MAA particles undergo proteolytic digestion in Kupffer's cells,
evidenced by the presence of 1311-labeled tyrosine, peptid es, and free radioiodid e in th e
plasma and urine a few hours after injection . The biologic half-life in the liver was reported
to be 9 to 10 hours. "'mTc-MAA is also metabolized in the liver, with uri nary excretion of
30% to 75% of the dose in 24 hours, depending on the kit. These particles are also most
likely d igested by liver enzymes, with the release of "'mTc-labeled amino acids and pe rtech­
netate, which are exc reted in the urine. A fraction of the activity also remains in the liver,
probably as insolub le 99mTc-TcO, colloid. The biologic fate of dual-labeled "'mTc-HSA col­
loid labe led with I' C and 99mTc support, this mechanism." Such an agent used for live r
imaging demonstrated a biologic half-life of I'C activity in the liver of 4 hours and of 99mTc
activity of 11 hours.

Particle Toxicity

Safety and effectiveness considerations with particulate lung-scanning agents have been
reviewed.e' In the ea rly days of lung scanning wi th 1311-MAA, a typical lung scanning
dose (LSD) contained 10' particles. Studies performed by Taplin and MacDonald in normal
dogs de monstra ted tha t a wide margin of safety exists when such doses are ad ministered .
These studies showed that the firs t sign of acute toxicity, observed as a rise in pu lmonary
arterial pressure (PAP), occurred at a dose of 20 mg/kg body weight (1000 times the
average LSD). Such a large safety factor is possible beca use in the normal lung less tha n
1% of the ar ter ioles and cap illar ies are blocked by such doses."

Despite this wide margin of safety in normal subjects, several deaths have been
reported after the administration of 1311-MAA for lung scanning:25-28 An eval ua tion of these
cases revealed that these patients suffered from severe pulmonary hypertension and that
their underlying diseases had caused narrowing and occlusion of pulmonary blood ves­
sels. In each case, immediately after injection of the 1111-MAA dose, clinical de terioration
occurred, manifested by respiratory distress, cyanos is, hypertension, and eventua l death.
Each of these reports discussed the need in such cases to decrease the number of particles
injected and to restrict thei r size to less than 50 11m, preferably to the 10 to 30 11m range.

The primary cause of cardiop ulmonary toxicity associated with lung-scann ing agents
is the size and number of part icles injected .r'-" Larg e particles, when compared with the
same size d ose of small pa rticles, are more effective in raising PAP. This inverse relation­
ship between particle size and number in producing an acute toxic response is de rived
from the fact that larger particles block larger arterioles, of which there are fewer in the
lung.

Allen et a1.31 demonstrated tha t the safety factor for a LSD of 106 particles of 99mTc­
MAA (30 to 50 11m) was 125, based on an elevation of PAP of 10% to 20%31 This safety
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TABLE 16-1 Dilution Procedure for Preparing Reduced Particle
Concentrat ion of 99mTc-MAA

1. Add 10 mL sali ne to 5 mill ion pa rt icle MAA kit (SOOllOO particle/mL)
2. Remove 8.8 mL (4.4 m illion pa rticles ) and d iscard

3. Ad d 30 mCi Na99mTcO.. to the remaining 600,000 particles in the kit
4. Incuba te for 15 minutes

5. Ad d sa line to make 5 mL final volu me

6. Final concen tra tion: 3 to 6 mG (60,lXK) to 120,000 particles)/ O.5 to 1.0 mL

TA BLE 16-2 MAA Particles per Pediatric Dose (in thousands)'

Variable Newborn 1 Year 5 Years 10 Years 15 Years

Weigh. (kg) 3.5 12.1 20.3 33.5 55.0
Activity (mCi) 0.2 0.4 0.6 1.0 1.7
Ran ge o f particles given 10-50 50-100 200-300 200-300 2OQ-700

~ The suggested av erage ped ia tric dose is based on 30 !lCi / kg body we ight, except

for newborns. A m inimum d ose of 2m IlCi of " v'Tc-MaA sho u ld be used for the

lung scan procedure.

Source: Macrotec package inse rt , Bracco Diagnostics, Princeton, NJ.

factor increases to 1250 if on ly 100,000 particles are ad ministered , which emphasizes wh y
it is desirable to administer only as many particles as are needed for a satisfactory scan
(not more than 250,000). It should be pointed out tha t these safety factors are for normal
patients. Pat ients with pul monary hypertension should be administered a minimum num­
ber of particles (60,000) for safety reasons.

Pedi atric patient s also require special consideration regard ing number of particles in
the LSD. Heyma n" no ted that a significant increase in the number of alveoli and pulmo­
nary arte ries occu rs during the first few years of life, reaching adult levels at about 8 years
of age. The number is 10% to 30% of adult values during the first year of life and up to
50% the ad u lt number at 3 yea rs. Heyman suggested limit ing the number of particles to
50,000 in the newborn infant and 165,000 in children up to 1 year old . A techniqu e has
been described for pre paring pediatric doses whereby excess particles from '!'!mTc-MAA
kits are d iscarded and the number remaining are rad iolabeled with '!'!mTc-sodium pertech­
netate to ach ieve the desired concentration for ped iatric lung doses.P An example of a
d ilution procedure for red ucing particle concentration is shown in Table 16-1. Manufac­
turer package inserts for '!'!mTc-MAA kits contain a table of recommended dosages of
particles for pediatric pa tients (Table 16-2).

It is important to allow sufficient time for MAA particles to be tagged with technetium
during the labeling process. It may take a while longer for complete labeling when particles
are diluted . It may be necessary to make the d ilut ions of stannous MAA with nitrogen­
p urged saline, to limit the amount of free pertech neta te that may occur if the majority of
the stannous ion is removed du ring kit p reparation. As little as 5% to 10% free pe rtech­
netate will be evident as thyroid uptake on lun g scans (Figure 16-6).

Another concern tha t arose when lung scanning was first establishe d was the potential
threat of cerebral microembolization from particles that enter the systemic circulation
either after degradat ion in the lung or through a right-to-left cardiac sh unt. In this regard,
Taplin et al," reported that suspensions of albumin particles, which show initial p ulmonary
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retention , are subsequen tly cleared from the lungs
and transposed to the liver and spleen. It was stated
that if small particles were able to traverse the pul­
monary capill aries they would also traverse cerebra l
vessels w ithout significant danger of mi croernbo­
lization. In other studies Tap lin and MacDonald 1Y

estimated the margin of safety for particles tha t were
not degraded into smaller sizes in the lungs but
entered the systemic circulation directly through a
right-to-left card iac shunt. Studies were performed
in monkeys receiving direct carot id ar terial injec­
tions of MAA. After repeated injections of aggre­
gates (10 to 100 urn), there was no evidence of his­
tologic or observable les ions in brain tissue at
administered doses less than 6 mg MAA per 100
grams of bra in tissue. On the basis of these d ata,
Taplin and MacDonald estimated that the margin of
safety for a 1 mg MAA dose for a lung scan was
greater than 2000. This safety margin was based on
the assumption that 50% of the dose was shunted to
the gen eral circulation, of which 10% went to the
head and 3(X) went to each hemisphere.
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FIGURE 16-6 Perfusion lung scan
demonstrating thyroid gland uptake
of free pertechnetate activ ity present
as an excessive impurity in the "v'Tc­
MAA preparation .

LUNG VENTI LATION IMAGI NG AGENTS

The ventilation lung scan became an important diagnostic tool because it improved the
specificity of the perfusion lung scan in the diagnosis of PE. Taplin and Chopra" reviewed
combined perfusion-ventilation lung scannin g. Before the ventilat ion lung scan was estab­
lished as a routine procedure, a diagnosis of PE was based on clinical suspicion and on
the finding of one or more segmental or loba r pe rfusion defects on a normal chest radio­
graph. When it became evident that a normal chest radiograph could not exclude all
nonembolic causes of perfusion defects, particularly in cases invol ving chron ic obstru ctive
pulmonary disease, the ventilation lung scan (V) gain ed acceptance as a method for
evaluating regional ventilation. It was shown to have diagnostic value in the ear ly de tection
ofobstructive pulmonary d isease, for which chest radiographs are relatively insensitive. More
important, it added specificity to lung perfusion scanning (Q) by demonstrating that perfu­
sion defects of embolic or igin (proven angiographically) were nearly always well venti­
lated, whereas those caused by parenchymal or obstructive airway d isease were nei ther
perfused nor ventilated (VQ ma tching) . The finding of poorly perfused but well- ventilated
regions (VQ mismatch ) in radiographically normal lung was thus cons idered strong evi­
dence for PE.

Inert Radioactive Gases
The most widely used agents for lung ventilation studies are the radioactive noble gases.
Their lise is based on the premise that these gases are relatively insoluble in body Jluids ,
so their distribu tion in the lung is proportional to the regional differencesiii·ventilation
caused by localized disease in the lung. The noble gases are iner t and poorly soluble in
aqueous-media, a~ess the physical proper ties to be of potential use in
ventilation imaging (Table 16-3). However, on ly "'Xe is routinely used today because of
logistic or prod uction limitations associated wi th the other gases.
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TABLE 16-3 Radioactive Gases for Lung Ventilation Imaging

Gas Prod uction Half-life Gamma keY Abundance %

I33Xe 235 U ( n , f )n'Xe~ mCs 5.3 da ys 81

LlSXe 2.1.~ U (n,f) I3SXe~n.~C<; 9.1 hr 250

172
127)(e 1:nCs(p, 2p5n ) 127Xe~ 127} 36.4 days 203

375

IllmK r H 1 Rb~HlmKr~SlKr 13 sec 191

36

95

25
68
18

66

1J3Xe

13JXe was first used for ven tilation imaging in the mid-1960s and became more widely
used clinically in the 1970s because it could be produced inexpensively and in large
quantities. It is produced commercially as a byproduct of uranium fission in a nuclear
reactor. It is packaged in individual pa tient dose vials of 10 mCi and 20 mCi (370 and 740
MBq) sizes . It has also been ava ilable in bulk (curie) amoun ts for in-house packaging.
I33Xe, with a half-life of 5.3 days, can be stored in the nuclear medicine lab ready for use.
It is typ ically rep lenished by weekly shipments from the supplier.

The primary disadvantages of "'Xe are poor image quality because of its low photon
abundance (35%) and low tissue penetration of the 81 keY gamma ray. Additionally, the
low-energy photon requires that the ventilation scan be performed prior to the 99mTc-MAA
per fusion lung scan . However, some institu tions perform xenon ventilation imaging after
the 'I'ImTc-MAA perfusion scan by administering 20 to 25 mCi (740 to 925 MBq) of "'Xe to
override the techn etiu m activity in the lun g.

I35Xe

""Xe was introduced for ventilation studies in 1968 by Newhouse et a1.35 Its advantage was
a 250 keY gamma with 95% abundance that was ideal for performing ventilation studies
after the 99mTc-MAA perfusion study. However, it was not cost-effective because of its short
half-life, precluding its ready supply in the clinic excep t through da ily shipments.

127Xe

In 1973, Hoffe r et al" rep orted that better qua lity ima ges could be obtained with I27Xe
than with 133Xe. This was due to the higher photon energies and abundances, the primary
gamma being 203 keY at 68% abundance. This permitted ven tilation imaging to follow
the 9'mTc-MAA perfusio n scan . Othe r bene fits of 127Xe we re lower radiation dose because
of absent beta radiation and a longer shelf life because of its 36.4 day half-life. Othe r
repor ts docu mented the advantage s of 127Xe, making it the agen t of choice for several
yea rs.37--1O Disadvantages were the requirement for heavy shielding because of high-energy
ga mmas (375 keY) and the potential long-standing contamination hazard because of the
long physical half-life. 127Xe was produced from the mid-1970s into the 1980s at
Brookhaven Nationa l Laboratory, the Los Alamos Meson Production Facility, and the Tri
University Meson Facility in Vancouver, British Columbia. After a short period of commercial
production by the rad iopharmaceutical industry, 127Xe was removed from the market.
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TABLE 16-4 Biologic Distribution of Xenon

Body Compartment 1'10 Distribution in Body

Lung (air) 68

ROC (hemoglobin) 9

Muscle 11

fut 8
Othe r tiss ue 4

Source: Reference 41.

Biologic Half-life

22 sec
3 min
0.4 hr
2.7 hr

76-17 hr
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In the mid-1970s, Bl mKr gas became available as the daughter prod uct of BlRb decay in a
generator system (" Rb ' .5", ) 81m Kr). The advantage of SlmKr is a 190 keY gamma of 66%
abundance that allows postperfus ion imaging. When a pe rfusion defect is seen during the
""'Tc study, the patient immediately inhales slmKr. This permits view ing of the patien t in
the best projection so that perfusion-ventilation match-mismatch combinations can be
visualized . The 13 second half-life of slmKr permits ventilation imaging onl y on wash-in;
no equilibrium or washout gas trapping images are possible. One adv antage of the short
half-life is insignificant radiation contam ination risk. This system also ha s the disadvan­
tage of requiring daily delivery because the SIRb parent has only a 4.5 hour half-life.

Biologic Distribution of Xenon

The amount of xenon that enters the bod y during a ventilation study is directly related
to the lung air concentration, the duration of exposure, and xenon 's solubility in tissue
fluid. The poor solubility of xenon in water (12% at 25"C) is the reason for its slow
absorption into the bod y. About 30 hours of rebreathing is required for xenon to reach an
equilibrium concentration in other tissues,'! Within the short time of 10 minutes required
for a ventilation study, only about one-third of the ad ministered activity of xenon enters
the body, assuming a lun g volume of 2.5 L and a ventilation system volume of 10 L. About
two-thirds of this amount is in the lung and the remainder in other tissues (Table 16-4).

The amount of xenon distribu ted to various tissues and their subsequent rates of
clearance are related to blood flow, tissue mass, and the tissue-to-blood partition coeffi­
cient. For example, the fat- to-blood coefficient is 7.9, whereas the skeletal muscle-to-blood
coefficient is only 0.7." Therefore, all things be ing equal, fatty tissue will concentrate far
more xenon than muscle, and its rate of clearance will be slower. A greater fraction of the
adminis tered dose is distribu ted in muscle, however, because of its larger mass and greater
blood flow. Activ ity in the liver is sometimes seen on xenon washout stud ies because of
the organ's fatty content.

The clearan ce rate of xenon from the tissues varies cons ide rably, being fastest from
the lungs (T" = 22 seconds) and slowest from fat (Tv, = 8 to 17 hours)." Obese peop le will
therefore retain xenon for longer periods of time than lean people.

Radioaerosols

Radioaerosollung imaging predates the use of radioactive gases for ven tilation imaging,
becau se the radioaerosol image is essentially static and can be obtained with a rectilinear
scanner. The dynamic nature of the wash-in and washout phases of current ventilation
imaging requires the speed of a gamma camera. Radioaero sol imaging was only slow ly
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Patient
Mouthpiece

FIGUR E 16-7 Diagram of a typical
INmTc-DTPAaerosol breathing unit.

accepted, and one reason was the inability to gene r­
ate aerosol d roplets small enough for adequate dif­
fusion into the lung periphe ry. Droplets larger than
3 to 5 11m in diameter cause hyperdeposition of aero­
so l in the tra chea and major airways in subjects w ith­
out ai rw ay obstruction, leadi ng to false-positive
scans. A droplet size smaller tha n 2 11m is necessary
for go od dis trib ution and minimal large airway
deposit ion.

A significant development revitalized the use of
radioaerosol ventilation imaging." This technique
employed a settling bag be tween the nebulizer an d
the patient's mou thpiece. The bag removed most of
the droplets larger than 2 11m by sedimentation,
impaction, and turbulence, providing a mo re desir­
able particle-size range for ventilation imaging. Fur­
the r research led to the development of nebulization systems that could efficiently generate
aerosol droplet particles 1 11m or less, obviating the need for a settling bag. Commercially
produced disposable devices are now available for routine usein radioaerosol inhalation
studies. Figu re 16-7 illust rates the essential components of these dev ices.

A typical radioae rosol procedure involves placing 30 to 50 mCi (1110 to 1850 MBq) of
99mTc-pentetate (99mTc-DTPA) in a 2 to 3 m L volume into the nebulizer. Aerosol droplets
are gene rated by forcing air or oxyg en through the nebulizer at 8 to 10 L/minute at 25 to
50 ps i. The patient inhales the radioaerosol during normal breathing through the mouth
with the nos e clam ped shut. Radioaerosol that is not used by the patient or is exhaled
during the procedure is trapped in a pa rticle-retentive filter. The amount of radioactiv ity
that is deposited in the patient's lungs depends on the initi al nebulizer concentration, the
len gth of breathing time, and the patient's con dition . Ge nera lly, with a normal subject and
an initi al 99mTc-DTPA concentra tion of 30 mCi (1110 MBq) in 3 ml; the lung deposition of
activity is approximately 0.1 mCi (3.7 MBq) per minute of breathing time. A typical stu dy
req uires between 5 and 10 minutes of breathing time to acquire sufficient activity to
perform inh alation imaging. The efficiency of delivering activity from the nebulizer to the
lun gs is only about 2% to 5%, which is why such a large amount of activ ity is placed in
the nebulizer. After inhalation of radioaerosol, the unit is remo ved and the patient is
transported to the gamma camera for imaging.

The technetiu m age nt of choice for radioaerosol imaging is 99mTc-DTPA. Its rate of lung
clearance into the blood is somewha t slower than that of - .Tc-sodium pertechnetate
because of DTPA's larger molecular weight:'" The clearance rate across the pulmonary
epithelium into the blood is 1.5% per minute for 99mTc-DTPA and 5.1% per minute for
'i'lmTc-pertechne tate..... 'i'lmTc-DTPA also has fast er and more complete elimina tion from the
body by ur inary excret ion.

Technegas

A unique technetium aerosol called Technegas was developed in 1986." Technegas parti­
cles are hexagonal p latelets of metallic technetium encapsulated within a thin layer of
graphite. 11,e aerosol is produced by heat ing 'i'lmTc-sodium pertechnetate solution to high
tempera ture (2550CC for 15 seconds) in a graphite cru cible. According to the following
reaction, during the hea ting process pertechnetate is reduced to metallic technetium by
carbon and encased in graphite a few nanometers thick, preventing its reoxidationr' "
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2NaTcO, + 3C ----> CO, T + aco t + 2NaTcO, ----> 2NaO, i + 2Tc
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The average particle is 30 to 60 nm wide and 5 nm thick, with 80% of the particles below
100 nm." The pa rticles are hydrophobic and not subject to increases in size in the airways
during inha lation , enabling them to penetrate deep into the lung.

Technegas is manufactured by an Australian firm, and a Techne gas gene rator is mar­
keted by MDS Nordion, Kanata. Ontario, Canada, for use in Europe, Africa, the Middle
East, and South Ame rica. The product is no t licensed in the Uni ted States.

VENTILATIO N-PERFUSIO N IMAGING M ETHODS

The gene ral procedure used in vent ilation imaging with radi oactive gas has three par ts:
gas wash-in, equilibrium, and gas washout. The patient is attached to a closed-circuit
breathing system supplied with oxygen (Figures 16-8 and 16-9). The study begins by
having the pa tient inhale a bolus of "'Xe gas (wash-in). A standard adult dosage is 10
mCi (370 MBq). Subsequently the patient rebrcathes from the system for about 5 minutes
to equilibrate the gas between the system and the lung. During this time xenon gas diffuses
throughout the lung parenchyma and the count rate in the lung reaches a plateau (equi­
librium). At this point the patient inhales room air an d exha les the xenon activi ty into a

AIR

- EXHAUST TO OUTSIDE AIR

XENON DISPOSAL OPTIONS

CO2 ABSORBER3 · WAv

STOPCOCKS ~~

SYSTEM VOLUME

4 LITER S

Xe- 133
\

•

ONE WAY

VALVE

PATIENT

• ACTIVATED CHARCOAL TRAP S
EXPANSION BAG

WITH I- WAY VALVES

FIGURE 16-8 Diagram of a closed -circuit breathing device for ad ministering radioactive xenon gas
for lung ventilation imagin g . The charcoa l trap, moisture abso rbe r, bacterial filter, and mot orized
blowers are omitted for simplicity.

FIGURE 16-9 Hand-held device for adm inistration of xenon
gas. Forced air from the squeeze bulb transfers gas from the
unit do se vial to the pat ient breathing sys tem.
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trap (washout). In the normal lung, inhaled gas will diffu se readily into all areas of lung
parenchyma and, upon exhalation, the radioactive gas will wash out readily from the
lung. In a lung where airflow and diffusion are impaired by obstructive airway disease,
gas wash-in will be restricted and exhibit dela yed accumulation in obs tru cted areas.
During the equilibrium phase, when the patient reb reathes the radioactive gas, the gas
atoms eventually diffuse into partially obstructed areas. Upon washout, normal areas lose
activity readily, whereas poorly ventilated areas clear gas more slowly and appear as
reg ions of trapped activity. Thus, xenon gas studies are a sensitive and quantifiable indi­
cator of obstruction, especially in peripheral airways.>'When the vent ilation scan is abnor­
mal and regions of gas trapping coincide wit h regions of perfusion defects seen on the
99rnTc_MAA scan (a VQ match), the probability of PE is low and tha t of obstructive airway
disease is high . When the ventilation scan is normal bu t the perfusion scan is abnormal
(a VQ mismatch), the probabi lity of PE is high .

Under ideal circumstances, in a patient with suspected PE the pe rfusion lung scan is
performed first , because if it is normal there is no need for further eva lua tion . If perfusion
defects are found, a subsequent ventilation scan with radioxenon will aid in obtaining a
more definitive diagnosis. An important consideration when the pe rfusion study is per­
formed first is that 99rnTc activity will be presen t in the lung during the ventilation study
because the 99rnTc-MAA particles will not ha ve cleared sufficiently from the lungs. Per­
forming the ven tilation study second requires that radio xenon have a photon ene rgy
higher than 140 keY to d iscriminate it from 9'imTc activi ty present in the lungs. However,
because I33Xe has an 81 keY photon , the ventilation study is typically do ne first, obviating
the problem of Compton-scattered - Tc background activity in the ventilation image. A
disadvantage of the study sequence in which ""Xe is used first, followed by 99mTc-MAA,
is that patients who have a normal perfusion study will have un dergone an unnecessary
ventilat ion study. A second potential disadvantage is that the mechanics of a rad ioxenon
study limi t it to a single viewing angle. Thu s, patients are typically ventilated in the
posterio r projection . Although this projection best depicts most of the lung field, it may
not be the best angle for viewing a pa rticular defect seen on the perfusion scan .

When 127Xe was available it was possible to perform the -Tc-MAA perfusion study
first, because the 203 keY of "'Xe could be easily disc riminated from the 140 keY of 99rnTc.
If a perfusion defect was found, the patient coul d be positioned with the best viewing
projection in the "'mTc window and then imaged with "'Xe in the higher-energy wind ow.
This procedure is also possible with 'l rnKr, but only the wash-in phase of the ventilation
study can be viewed because of 'l mKr's short half-life. Although the ideal viewing ang le
could be obtained with 81rnKr, the inability to observe gas tra pping during a washout phase
reduces the study sensitivity. .

Radioaerosols provide an alternative to xenon gas for ventilation imaging. Although
aerosols may not be as effective as gases for penetrating deepl y into the lung, they provide
sufficien t functional information to compare with perfusion scans. Aerosols have the
inherent advantage of ready availability of technetium and DTPA kits and do not requi re
sp ecial facilities and equipment to control a rad ioactive gas . Additionally, it is possible to
record aerosol images in multiple projections because the aerosol particles are fixed in the
lungs. Although the washout phase of the xenon study is the most sensitive method for
detecting localized obstructive airway disease, rad ioaerosol studies provide a usefu l
method if xenon is not available. Because both the perfusion and ventilation agents employ
a 9'irnTc label, a potential interference problem occurs during imaging. This can be overcome
by using different amou nts of activity for the two studies. One method requires that the
99mTc-MAA perfusion scan be done with 1 mCi (37 MBq) and the aerosol study wi th 3
mCi (111 MBq).34A7The rationale is that embolic perfusion defects will demonstrate fill-in
on the aerosol study. Complete fill-in, however, requires that the act ivity of the - Tcaerosol
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present in the lung exceed that of the 99mTc-MAA injected by 2 to 3 tim es. A simple
techn ique is to record the max imum count rate over the lungs from the 99mTc-MAA dose
and then administer the aerosol with the patient supine un til the lung coun t rate do ub les
or tripl es. Another technique is ta perform the 99mTc-DTPA aerosol study first with about
1 mCi (37 MBq) and the "mTc-MAA study second with 3 to 4 mCi (lll to 148 MBq).

Two simplified algorithms for d istinguishing PE from chronic obstructive pulmonary
disease (COPD) in patients after either a perfusion first /ventilation second or a ventilation
first/perfusion second protocol are shown in Figures 16-10 and 16-11.

Xenon Administration Systems

A ventil ation study with "'Xe is pe rformed with the patient attached to a closed breathing
system. Several sys tems are availab le commercially. The essential components, illustrated
in Figure 16-8, include a leak-resistant breathing circuit, a carbon dioxide absorber, a
moisture absorber (essential for efficien t charcoal trap function), an expans ion de vice
(spirometer or brea thing bag), a bacterial filter (to protect the sys tem), appropriate valves
to control airflow and to admit oxygen on demand, and a device to trap the xenon when
a study is complete.

Once the pati ent is acclimated to the breathing system , the xen on gas is flushed into
the sys tem near the patient's mo uth d uring an inspired breath (the wash-in phase). Xenon
is flushed from the vial with a special device (Figure 16-9). A double needle p unc tures
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the vial stopper; air is pumped in to the vial through one needle, and xenon activity exits
throug h the other needle into the breathing system . The study continues to the equi librium
phase. At th is point a valve in the breathing system is ad justed to permit room air to enter
the system an d flush xenon into a charcoal trap. The trap contains activated charcoal that
retains the xenon atoms long enough to allow them to decay significan tly before exiting
the trap. A trap that contains moisture fro m the pati en t' s breath will not retain xenon
efficien tly and must be replaced. Hence, silica gel or Drierite (W.A. Hammond) is used in
the breathing system to absorb moistu re .

Safety Control of Xenon

Fed eral and state regulations have been es tab lished to limit the concentra tion of radioac­
tive material that can be expelled into water and air so that the total effective d ose
equiva lent (TEDE) to the public does no t exceed 0.1 rem per year and the dose rate from
an external source to an unrestricted area does not exceed 2 mrem in any 1 hour. The
regulat ions that rela te to xenon release in effluents are described in Chapter 5, which
contains specific calculations regard ing release of I33Xe so that the release docs no t exceed
the derived air concentra tion. Chapter 5 also presents an example of how to determine
the evacuation time in an imaging room if an accidental spill of xenon occurs.

NUClEAR MEDICI NE PROCEDURES

Rationale

Nuclea r medicine functional imaging of the lungs is done to evaluate lung ventilation and
perfusion. Lung ventilation is evaluated by imaging the lungs d uri ng inspiration of an
inert gas such as xenon l:13Xe or a radiolabeled aeroso l such as 99mTc-DTPA. Evaluation of
perfusion involves intravenous ad ministration of particles such as WmTc-MAA and is based
on capillary blockade. The most common ind ication for ventilation and perfusion lung
imaging is evaluation of suspected acute PE. Other indications include evaluation of
patients for lu ng transplantation (e.g ., patient s w ith cys tic fibrosis), evaluation of pat ients
w ith suspected chronic pulmonary emboli as a cause for pulmonary hypertens ion, pre­
operati ve evaluation of pa tien ts w ith COPD, and ev alu at ion of d ifferentia l lu ng function
prior to surgical lobectomy or pneumonectomy.

Pulmonary Embolism

At least 94,000 new cases of PE are d iagnosed in the Uni ted States each year; 25% of these
patients di e within 7 days, even w ith the availability of heparin prophylaxis" Treatme nt
involves time ly identification of PE, appropriate anticoagulant therapy, and possib le inter­
ventional therapies such as vena cava filter placement.

Clinically, PE is suspected when a patien t experiences sudden-onse t shortness of breath
and pleuritic ches t pain . Thi s is even more worrisome in a pe rson who is at high risk for
PE. Many factors can lead to increased risk for PE; they inclu de a history of previous PE
or dee p-vein thrombos is, use of oral contraceptives," malignant neoplasms, surgery,
trauma , immobili zation, paral ysis, long airplane flights, and certain blood factors.

VQ lung scans represent a safe, noninvasive means of eva luating patients with sus­
pe cted PE. These studies are especially effective if the patien t has a normal chest x-ray. In
patients with normal chest x-rays, VQ scans have been shown to yield a definitive diag­
nosis of either PE or no PE in 83% of studies." How ever, in many cases chest x-rays are
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abnormal, which can lead to an increase in intermediate-probability scans. In these cases,
helical computed tomography (CT) and multichannel CT have proven useful in evaluating
suspected PE.

Procedure

The first step is to examine a current chest x-ray. If the patient is experiencing acu te changes
in symptoms, the chest x-ray should be performed and evaluated just before the VQ scan.
Otherwise, a chest x-ray performed within 24 hours of the VQ scan is generally accep table.
If there are significant abnormalities on the chest x-ray that would war ran t further ana­
tomic imaging, such as a sus pec ted tumor, the n CT may be the more appropriate test for
PE as well as for other abnormalities on the film. However, if there are no signi ficant
abnormalities on the chest x-ray, ventilation-perfusion imaging is an effective test for PE.

Before performing the ventilat ion or perfusion study, a clinica l history should be
obtained to evaluate the likelihood of PE. Also, special cons iderations shoul d be made for
certain pati ents. The radiation d ose should be minimized in pregnant women. The number
of 99mTc-MAA pa rticles should be reduced in pediatric patien ts and patients with severe
pulmonary hypertension or a known right-to-left ventricular shunt.

With the pa tient in the upri gh t posit ion, the dependent or lower lung zones usu ally
demonstrate better ventilation and perfusion. This is more obvious on perfusion images
than on ventilation images.'! To compensa te for the effects of gravity, pa tien ts are usually
injected with 99mTc-MAA particles in the supine position. For the ventilation study, the
patient can be in eith er upright or supine position during administration of the gas or
aerosol.

The ventilation study is usually performed before the perfusion study. If the perfusio n
study is do ne first, activity from Y9mTc-MAA will add background activity to the m Xe or
99mTc-DTPA ventilation study. If the vent ilation study is done first with !~'Xe, the lower
photon energy of 133Xe w ill not con tribute to the background activity in the higher-energy
wind ow of 99mTc. If the ventilation study is performed with 99mTc-DTPA aerosol prior to
the perfusion study, a smaller amount of activity, in the range of 0.5 to 1 mCi (18.5 to 37
MBq), should be used so tha t at least 3 to 4 times this amount of activity can be used in
the subsequent 99mTc-MAA perfusion study.

For the ventilation study, the pa tien t is positioned either upright or supine in front of
the camera. If 133Xe is used, the ventilation study is usually done in three phases. The first
phase is the first-breath or wash- in imaging phase. The secon d is the equilibri um phase,
and the final part is the washout phase. The wash-in image is obtained when the pati ent
first takes in a d eep breath of the 133Xe and holds it in for several seconds. The next set of
images (the equilibrium phase) occurs while the patient is breathing into a closed system
containing the 133Xe and some oxygen. After this, the mXe gas is either exhausted into the
atmosphere or trap ped using an activated charcoal filter, and images are ob tained as the
pati ent breathes fresh air or oxygen while the xenon clears from the lungs. Posterior or
an terior and posterior images of the lungs are obtained during the wash-in, equ ilibrium,
and washout phases of the study.

For the perfusion study, the patient is first ins tructed to cough and take a couple of
deep breaths. The dose is administered intravenously while the pa tient is in the supine
position. Since 99mTc-MAA particles may clump or set tle out in the syr inge, the syringe
conten ts should be thoroughly mixed before administration to prevent focal hot spots on
the images d ue to clumping. Anterior, posterior, lateral, and oblique views of the lungs
are obtained.
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For the ve ntilat ion study, radioactive inert gases such as 113Xe or radi olabeled aerosols like
99mTc-DTPA are used. The most commonly use d inert gas is "'Xe, which has a physical
half-life of approximately 5.3 days and principal gam ma photon energy of 81 keY. The
usual adminis tered dose for adults is 5 to 20 mCi (185 to 740 MBq) using a facemask or
mou thpiece connected to a xenon gas delivery system. Gas delivery and imaging are done
in a room with negative pressure to exhaust the xenon gas .

Aerosol ven tilation imaging can be performed w ith 'l9mTc-DTPA administered through
a mouthpiece using a nebulizer. The usual administered dose is 0.5 to 1 mCi (18.5 to 37
MBq). One advantage of aerosol imaging is that the patient can be pla ced in the same
positions as those use d in the perfusion study for a mo re direct comparison.

For perfusion imaging, 99mTc-MAA is the agent of cho ice. The adult dosage range is 1
to 5 mCi (37 to 185 MBq), and the number of injected pa rt icles is typically between 200,000
and 700,000." The number of particles should be reduced in patients with known severe
pulmo nary hyper tension or right-to-left vent ricular shunt. After ad ministra tion of 99mTc­
MAA, images are obtained in the anterior, po sterior, right anterior oblique, left anterior
oblique, right posterior oblique, left posterior oblique, right lateral, and left late ral projec­
tions.

Interpretation

In a normal ven tilation study, homogeneous radiotracer activity is seen in bo th lungs in
the firs t-brea th or wash -in image (Figure 16-12A). Dur ing the washout phase, activity
usu ally clears quickly from both lungs, w ithin 2 to 3 minutes. Xenon is fat soluble and is
often seen accumulat ing in the righ t upper quadrant during the washout phase in a patient
with a fatty liver. Wash-in defects that normalize during the equilibrium phase and fail
to clear normally in the washout phase (gas trapping) are often associated w ith obstructive
pulmona ry disease.

A normal perfusion study dem onstrates homogeneous perfusion to both lungs (Figure
16-12B). A PE is typically seen as a wedge-sha ped, p leural-based defect on perfusion
ima ges of the lungs secondary to obstruc tion of the associated segmental pulmona ry
arterial flow di sta l to the embolus. However, vent ila tion to th is region is usua lly not
affected. This results in a perfusio n defect with no corresponding ve ntila tion abnormality
(a ventilation-perfusion mismatch ).

Analysis of the perfusion portion of the study involves looking at the type of defects
(classifying them as either segmental or nonsegmental), the number of defects, and the
size of the defects. Segme ntal defects are associated with bronchopulmonary segmental
terr itories . Subsegmental defects are associated with a port ion or subset of a bronchopul­
monary segm ental terr itory. The size of a segm ental perfu sion defect is usually described
as large, moderate, or small . A large segmental defect is defined as a perfusion defect that
involves more than 75% of an anatomic lung segment. A modera te segmen tal defect
involves 25% to 75% of a pulmonary segment, and a small segmen tal defect involves less
than 25% of a segment. Nonsegmental defects are perfusion defects that do not correspond
to any of the anatomic lung segments. Examples of nonsegmental perfusion defects include
a large cardiac silho ue tte, tumor, pleural effusion , or elevation of a hemidiaphragm.
No nsegmental defects are not usu ally associated with pulmon ary emboli. Once the per­
fusion defects have been categorized, they are compared with correspond ing areas on the
ventilation study. Matching ventilation- perfusion defects are usually not associated
w ith PE.
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FIGURE 16~1 2 Normal ventilation/perfusion study. (A) Anterior and posterior ventilation images
of the lungs obtained after administration of 8.6 mCi LDXe gas by faccm ask. No significan t venti lation
defects arc seen in either the wash-in or washout phase. There is evidence of t33Xe accumu lation in
the liver, likely represen ting some deg ree of fatty infi ltrat ion. (B) Anterior, posterior, lateral, and
obliqu e images of the lungs obtained after int ravenous ad ministration of 3 mC i (111 MBq) of "NmTc­
MAA. No pe rfusion de fects arc seen to suggest pulmonary emboli.
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A normal perfu sion study is one in which there are no perfusion defects and pulmo­
nary perfusion matches the shape of the lungs seen on the chest x-ray (Figure 16-12B). A
normal perfusion study essentially ru les out the diagnosis of PE, regardless of any abnor­
malities on the ventilation study. In perfusion scans that demonstrate abnormalities, a set
of diagnostic criteria is used to determine the probability of PE. These criteria are based
on a large study, the Prospe ctive Investigation of Pu lmonary Embolism Diagnosis (PIO­
PED)." and were later redefined on the basis of retrospective analysis of the da ta." The
mod ified PIOPED cri teria define high p robab ility (280%), intermediate probability
(20'Y~79%), and low probability (9.0%) for PE on the basis of combined results from the
ventilation and perfusion studies.

Using these criteria, if two or mo re large segmental perfusion defects are seen without
a corresponding ventilation abnormality (ventilation-perfusion mismatch), the probability
of PE is considered high. The probability is also cons idered high with any combination
of moderate or large mismatches that are the equivalen t of two large segmental defects.
Two moderate defects are considered equivalent to one large defect. In the PIOPED stu dy,
the specificity of a high-probability ventilation-perfusion stud y for PE was 97% (Figure
16-13).

The probability of PE is low if the study shows only sma ll perfusion defects, matched
perfusion and ventilat ion defects with a normal chest x-ray, nonsegmental pe rfusion
defects, or any perfus ion de fect with a substantially larger chest x-ray abnormality. Studies
that are difficult to categorize as either high or low probability are considered to show an
intermediate probability for PE. An example of this would be a study with one or two
moderate mismatched segmental perfusion defects.

Matching ventilat ion and perfusion defects can be seen with a number of conditions,
including COPD, conges tive heart failu re, pleural effus ion, lung tumors, bullous disease,
and mucus plugs (Figure 16-14).

Differential Lung Perfusion

Surgical resec tion of tu mors is a consideration in patients with non-small-cell lung carci­
noma that has not advanced to stage IlIb or stage IV. The surgeon's decision to perform
surgery for lung cancer depends on the patient's ability to tolerate the procedure. Differ­
ential perfusion studies along with pu lmonary function studies can help to determine if
the pa tient will be able to tolerate lobectomy or pneumonectomy. Surgical resec tion of all
or a portion of the lung can lead to significant patient disability if the forced exp iratory
volume at 1 secon d (FEV,) is reduced to less than 0.8 L." Differential lung perfusion alon g
wi th pulmonary function measurement has been foun d to be an accurate predictor of
postoperative lung func tion.v .

Anterior and posterior images of the lungs are ob tained afte r int ravenous adminis tra­
tion of 1 to 5 mG (37 to 185 MBq) of "'mTc-MAA. Regions of interest are drawn around
each lung in both the anterior and posterior images. Counts are obtained for the anterior
and posterior regions and geometric means are calculated to determine differential lung
perfus ion. If partial lobectomy is a consideration, the lungs can be further divided into
upper, middle, and lower lung zones for a more comple te evalua tion of function. The
differenti al perfusion values, along with pulmonary function test data, can be used to
estimate postoperative lung function (Figure ]6-15).

Right-to-Left Shunt Evaluation

Radionu clide imaging can be used to detect and quantify right-to-left shunting in congenital
heart disease. Imaging can also be useful for follow-up evaluation of a right-to-left shunt to
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FIGURE 16-13 High probability for pulmonary emboli. (A) I3JX e ventilation study with no signifi­
cant ven tilation defects seen on the initial first-breath or wash-in image. There is evidence of mild
gas tra pping at the righ t base (arrow) in the washo ut phase . Also notice t:nXe up take in the liver
below the region of mild gas trapping. (B) A 'NmTc-MAA perfusion study done immediately after
the ventilation stud y demonstrated multiple wedge-shaped, p leura l-based pe rfusion defects con­
sis ten t with a high probabil ity for pu lmonary embolism .
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A

B

FIGURE 16-14 Obstructive pulmonary d isease. (A) An terior and (B) posterior ima ges from a 13..1X e

ventilation study demonstrating de fects at both lung bases and the right lung ap ex on the first ­
breath ima ge. These defects fill in during the equilibrium phase of the study and then de monstra te
gas trapping during the washout phase. (C) On the 'l<JrnTc_MAA perfusion study, the re is he teroge­
neous per fusion in both lungs with ma tch ing pe rfus ion defects see n at the right lung apex and both
bases. Matching vent ilation and perfusion defects arc most likely related to obstruct ive pulmonary
disease and not to pulmonary embo li.
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FIGURE 16-14 (Continued)
C

A

8

C

FIGURE 16-15 Differen tial lung perfu­
sion study )n a person w ith lung cancer.
(A) Anterior and posterior images of the
lungs were obtained after intravenous
ad ministration of 3 mCi (111 MBq) of
Q<lmTc-MAA. There is a perfusion defect
seen in the right upper lobe that corre­
sponds to the pa tient's lung mass seen
on chest x-ray (B) and chest CT (C).
Regions of interest we re drawn around
each lung in the anterior and poster ior
perfusi on images, and geometric means
were calcu lated to determine the differ­
ential lung perfus ion (D, page 584),
which was equal in th is study.
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FIGURE 16-15 (Continued)
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FIGURE 16-16 Right -to-left shunt in a patien t w ith ventricular sep tal defect and left pulmona ry
at resia. 'I'ImTc-MAA pe rfusion images demonstrate decreased perfusion to the left lung cons iste nt
wi th the patien t's history of left p ulmonary atresia. Radiotrace r activity is seen outside the lungs in
the kid neys, cons istent with a right-to-left shunt.
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determine worsening or improvement an d after corrective surgery. The most common
method is to use 99mTc-MAA.57 In a normal perfusion scan, in tra venous administra tion of
- Tc-MAA results in the particles being trap ped in the lungs by capillary blockade .
Normally, about 95% of the 99mTc-MAA particles become trapped in the pulmonary cap ­
illary bed and the remainder escape into the systemic circulation via normal an atomic
shunting. When there is a right-to-left shunt, some of the intravenous par ticles will byp ass
the lungs and increase the amount entering the systemic circu lation (Figu re 16-16). Once
in the system ic circulation, they will become trapped in systemic capillary beds. Total
body scanning after administration of 99mTc-MAA permits determinat ion of the percentage
of particles trapped in the lungs versus those diverted into the sys tem ic circulation:

(Total body counts - Total lung counts) x 100
% Right-to-left shunt = I bod

Tota Ycounts

REFERENCES

1. Weibe l F,R. Morphological basis of alveol ar-capilla ry gas exchange. Pllysiol Rev. 1973;53:419-95.
2. Weibel ER. MOlJl//()lIletry of the Human Lung . New York: Acad emic Press; 1963:73-86.
3. Weibel ER. Morphological basi s for VIQ di stribution. In: Hulas I, Debre czeni LA, eds . A dvances in

Physiological Sciences. Val lO: Respiration. Budapest: Perga mon Press; 1980:179-189.
-I. Bryan AC Bentivogl io LG, Beerel F, et al. Determi nation of regional variations in ventilat ion and

perfusion in normal subjects using xenon 133. JAppl Physiol. 1964;19:395-402.
5. Guyton AC. Textbook of Medical Plly$iology. 6th ed. Philadelphia : WB Saunders: 1981:2%.
6. Mulle r [H , Rossler PH. A new method for the treatment of cancer of the lungs by mea ns of artificial

rad ioactiv ity. Acta Radiol. 1951;35:449-68.
7. Haynie TP, Calhoon JO, Nasjleti CE, et al. Visua lization of pu lmonary ar tery occlusion by phc toscanning .

lAMA. 1963;185,30&-8.
8. Taplin GY,Johnson DE, Dore EK. et al . Suspensions of radioafbumin aggregates for photoscannin g th e

liver, spleen, and lung and other o rgans. JNucl Med. 1964;5:259-75.
9. Lind eman JF, Quinn JL III. The recent h istory of clinica l procedures in nu clear med icine. In: Gottschalk

A, Potchcn EJ, eds. Diagnos tic NuclearMedicilte. Baltimore: Williams & Wilkin s; 1976:8-13.
10. Stern liS, Goodwin DA, Wag ner H N [r, et el. In -113m-a short-lived isoto pe for lung scanning . Nucie­

onice. 1966;24:57-60.
11. Robinowitz M. Mathew J, Eckelman W, et al. Fatal reactions after Tc-99m fer rous hyd roxide lung scans

[abstract ]. JNucl Mell. 1973;14:-145.
12. Zolle I, Rhodes BA, Wagner H N Jr. Preparat ion of meta boli za ble radioactive huma n seru m album in

micros ph eres for stud ies of the circu lation . lnt JApl'{ Radial lect . 1970;21:155-67.
13. Rhod es BA, Stern HS, Buchannan JA, et al. Lun g scanni ng with Tc-99m microspheres. Radiology.

1971;99,613-21.
1·J.. Subramanian G, Arnold RW, Thomas FD, et al. Evaluation of an instant Tc-99m labe led lun g scan ning

agen t (abs tract]. JNuc/ Mt'd. 1972;13:790.
15. Davis MA. Particulate rad iopharmace uticals for pu lmo na ry stud ies. In : Subramanian G, Rhod es BA,

Cooper JF, et al., eds. Radiopharmaccuticale. New Yor k: Society of Nuclear Medicine; 1975:267-81.
16. Heck LL, Duley JW. Stati st ical considerat ions in lung imag ing with Tc-99m albumin particles. {{adiology .

1974;1130675-9.
17. Dwo rkin HJ, Gutkowski RF, Porter W, et al. Effect of pa rticle nu mber on lun g perfusion images. JNuci

Merl.1977;18,260-2.
18. Iio M, Wagner H N Jr. Stud ies of reticuloe ndothelial system (RES). I: Measuremen t o f the ph agocytic

capacity of the RES in man and. dog. JClin lnnest, 196..1;42:417-26.
19. Taplin GV, MacDonald NS. Rad ioche mistry of macroa ggrcgated albumin and newer lung scanning

agents. Sentin Nuc/ Med. 1971;1:132-52.
20. Burdine JA, Sonnemaker RE, Ryder LA, et al. Per fusion studies wit h technetium-99m human albumin

microspheres (HAM) . Rndiology. 1970;9.5:101-7.
21. Davis MA. Long-term retent ion and biologic fate of Tc-99m iron hyd roxide aggregates. In: Radiophannoceu­

ticals and Labeled Compounds. Vol 2. Vienna, Austria: Interna tional Atomic Energy Agency; 1 973:43~63 .



586

22.

22.
24.

25.

26.

27.

28.

29.

30 .

3\.

32.

33.

34.

35.

36.
37.•
38 .

39.

40.

4 \.
42.

43.

44 .

45.

46 .

47.

48.

49.

50.

5\.

52.

Rad iopharma ceuti cals in Nuclear Pharmacy and Nuclear Med icine

Busse W, Reed C, Tyson I, et a l. Pro longed reten tion of radioactivity a fte r perfus ion lung scan in as thmatic
pa tients. JNucl Med. 1973;14:837-9.
Ga llagher 8M. Personal communication . North Biller ica, MA: New England N uclear Corp ; 1983.
Kowalsky RJ. Safety and effectiveness cons idera tions w ith particu la te lung scarming agents. JNuci Mcd
Technot. 1982;10:223-7.
Dworkin HJ, Sm ith JR, Bull F:::. A react ion after ad mi nistra tio n of ma croaggregated albumin (MA A) for
a lung sca n . A IR A m / Roentgenol. 1966;98:427-33.
Vincent WR , Goldberg 5}, Desil ets D. Fata lity immedi ately after rapid infusion of macroaggrega tes of
Tc-99 alb umin (MAA) for lung sca n. Rndiology. 1968;91:1181-4.
Williams [O. Death afte r injectio n of lung scanning agent in a case of p u lmonary hypertension. Br /
Radio!. 1974;47:61-3.
Ch ild JS, Wolfe jD, Tashkin 0 , et al. Fata l lung scan in a case of pul m onary hypertension due to
obliterative pulmonary vascu la r disease. Chest. 1975;67:308-10.
Davis MA, Taube RA. Pu lmonary perfusion imaging: acu te toxicity and safety factors as a function o f
pa rticle s ize. / Nucl Med. 1978;19:1209-13.
Allen DR, Ferens [M, Cheney FW, et al. Critica l evaluation of acu te car d iop ul monary tox icity of micro­
sp heres. / N llc1M ed. 1978;19:1204-8 .
Allen DR, Nelp WB, Hartnett DE, et a l. Critical assessmen t of changes in the pulmonary circulation
afte r injection of lu ng scanning agent (MAA). In: Rlldiol,lmrllll1ceuticals and Labeled Compounds. Vol 2.
Vienna, Au stria: Internati onal Atomic Energy Agency; 1973:37-41.
Heyman S. Toxicity and sa fety factors associated with lun g perfusion stud ies w ith radiolebeled particles
(letter) . / Nucl Mt'lt. 1979;20:1098-9.
Davis MA , Tau be RA. Toxicity and sa fety factors as socia ted with lung perfus ion stud ies wi th rad iola­
beled particles [reply]. / Nne! Med. 1979;20:1099 .
Tap lin GV, Chopra SK. Lung perfusion-ventilation scintigraphy in obstruct ive a irw ay di sease and
p ul mo na ry embolis m. Radiol Clin North Am. 1978;16:49-1-513.
Newhouse MT, Wrigh t FJ, Ingh am GK, et al. Use of sci ntillation camera and xenon-135 for study of
top ographic pulmonary function. Rl'spir Physiol. 1968;4:141 -53.
Hoffe r PB, Harper PY, Beck RN, et al. Im p roved xeno n images with Xc-127. / Nile! Med . 1973;14:172-4.
Atki ns HL, Suss kind H, Klopper JF, e t al. A clinical co mpa rison of Xe-127 and Xe-133 for ven tila tion
stud ies . ] Nile! Med . 1977;18:653-9.
Chilton HM, Cooper JF, Friedman BI. Xc-127 ventilation imaging immed iately after Tc-99m perfusion
stud ies . cu« Nuct M ed. 1Y77;2:152-4.
Godda rd HA, Acke ry DM. Xenon-133, Xe-127, and Xe-125 for lu ng function in vestigati ons: a d osi me tric
comparison. / Nuc/ Med. 1975;16:780-6.
McCarble y WH, Perry [R, Staab EV, et al. Com pa rison of Xt'-127 and Xe-133 in ventilatio n-perfusio n
imaging in di agnosis of p ulmonary em bo lus [abs tract ). ] Nucl Med. 1978;19:675.
Sus skind H, Atkins H L, Cohn SH, et al. Whol e-bod y retention of radioxenon. / N uci Med . 1977;1 8:462-71.
Ponto RA, Loken MK. Rad ioactive gasl'S: prod uctio n, properties, handling and uses . In: Su bramanian
G, Rhodes BA, Cooper JF, et al., ed s. Rlirliopllllrmllccuticals. New York: Society of Nuclear Medici ne;
1975,296-103.
Hayes M, Tap lin GV, Chopra SK, et a l. Improved radioaerosol administration system for routine inha­
lation lu ng imaging. Rndiology. 1979;13 1:256-8.
Rinderknecht J, Shapiro L, Krouthhammer M, et al. Acce lera ted clearance of small solutes from the
lungs in in te rstitia l lung d isease. Am Rl'1' ResJ'ir Dis. 1980;121:105-17.
Burch W, Sullivan P, Mcl.aren C. Techncga s: a new ve ntila tion agent for lung scanning. Nucl Ml'd
Commun. 1986;7:865-71.
Sendcn 1] , Moock KH , Fitz Gerald J, et a l. The physical and chem ical nature of technegas . / Nucl Med.
1997;38,1327-33.
Hayes M, Taplin GY. Lung imaging with radioaeroscls for the assessmen t of airway di sease. Senun Nucl
M"i. 1980;W,243-5\.
Gr ay HW. The na tural history of venous thromboe mbolism: impact on ven tila tion/pe r fus ion scan
repo rting. Semin Nuct Merl. 2002; 32:159-72.
Koster T, Small RA, Rosendaal FR, et al. Oral contrace ptives and venous thromboembolism: a qua nti ­
tat ive discussion of the uncerta inties. / lntem Merl. 1995;238:31-7.
Got tschalk A. New cri teria for ventila tion-pe rfus ion lu ng scan interp reta tion : a basis for optimal inter­
action with hel ical CT angiograp hy. Radiogmpllics. 2000;20:1206- 10 .
Elgazzar AH, Kha dada M. Respi ra tory sys tem. In : Elgazz..ar AH, ed. Till:' Pllthophysiologic BIl::.is of Nuclear
M edicil/e. New Yor k: Sp ringer-Verlag; 2001:189-99.
Parker JA Colem an RE, Siegel BA, e t a l. Proced u re gu ideline for lung scin tigraphy. In : Procedure
Guidelinee MallllaI2001 -2002. Reston , VA: Socie ty of N uclear Medic ine; 2001:181-6.



lung 587

53. PIOPED Inv estigators. Value of the ven tilation/perfusion scan in acute pulmonary embolism: resu lts
of the Prospective Investigatio n of Pulmonary Embo lism Diagnosis (PIGPED). JAMA. 1990;263:2753-9.

54. Gottschalk A, Sostman HD, Coleman RE, et al. Ventila tion-pe rfus ion scint igr aphy in the PIO PED study.
II: Eva luation of the scintigrap hic criteria and interpretations. / Nucl Med. 1993;34:1119-26 .

55. Williams CD, Brenowi tz JB. "Prohibitive" lung function and major surgical procedures. Am J Surg.
1976;1320763-6.

56. Wern ly [A, Dclvlcester TR, Kirchn er PT, et aI. Clinical va lue of quan tita tive ventilation -pe rfusion lung:
scans in the su rgical manag ement (If bro ncho genic carcino ma. J Tlwrac Cardiotasc Surg. 1980;80:535-43 .

57. Ca tes GF, Or mc HW, Dorc EK. Measurement of cardia c sh un ting wi th technetiu m-labeled album in
aggregates. JN ucl M cd 1971;12:746-9.



17 Liver, Spleen, and
Gastrointestinal System

One of the first organs to be studied with radiopharmaceuticals was the liver. Soon afte r
the introduction of 9'lmTc-sodium pertechnetate for imaging of the thyroid gland and the
brain, 9'lmTc-sulfur colloid (99mTc-SC) was developed for liver imaging. This radiopharma­
ceutical has remained a key radiotracer in nuclear medicine, and its use has been expanded
toother applications, including lymphoscintigraphy and gastrointestinal (GI) studies.

The liver, spleen, and bone marrow make up a ma jor part of the reticuloendothelial
system (RES). The venous sinuses of these organs are lined with reticular cells that remove
from the blood foreign particles or degraded endogenous substances, such as effete red
blood cells, bacteria, endotoxins, and d enatured proteins. In addition, the liver excretes
certain substances into the bile. Understanding these normal functions was essentia l in
designing radioactive drugs to evaluate them.

Over the years, new techniques have been developed for using radiopharmaceuticals
to evaluate organ systems. Technetium radiopharmaceuticals that were originally
designed to study the liver and spleen are now used in studies of GI fun ction , including
evaluation of gastroesophageal reflux and gastric emptying and localization of GI bleeding
sites.

LIVER

Two principal types of radiopharmaceuticals have been used to study the liver: particulate
agents (rad iocolloids) and hepatobiliary agents. Radiocolloids are trapped within the liver
sinusoids, permitting morphologic evaluation of the liver, while hepatobiliary agents
undergo hepatocyte extraction and excretion into bile, permitting functiona l assessment
ofthe liver.

Physiologic Anatomy

Adiagram of the liver and hepatobiliary system is shown in Figure 17-1. The two principal
types of liver cells are the hepatocytes and the sinusoidal cells. The hepatocytes, also called
polygonal cells because of their shape, account for 85% of the cells in the liver and are
responsible for its major metabolic functions. The sinusoidal cells constitute the remaining
15% of liver cells.

The functional un its of the liver are the lobul es, which number between 50,000 and
100,000.' Each lobu le consists of a segment of the central vein surrounded by a number
of sinusoids in an arrangement similar to spokes around the hub of a wheel (Figure 17-2).
The sinusoids transpor t blood from the portal vein to the lobul e. Blood is then directed
to the central vein and ultimately to the hepatic vein.

Two main types of cells make up the sinusoids: endothelial cells and Kupffer 's cells.
Endothelial cells form the main structure, the sinusoidal conduit, which transports blood
through the lobule. Kupffers cells, which are d ispersed along the sinusoid, are macrophages
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FIGURE 17-1 Liver and hepatobiliary sys­
tem. Hepatic duct (HO), gallbladder (GB),
cystic duct (CD), common bile duct (CBO).

FIGURE 17-2 Basic structu re of a liver lob­
ule showing the hepat ic cellu lar p lates, the
blood vessels, the bil e-collecting system,
and the lym ph flow sys tem composed of
the space of Disse and the interlobular lym ­
p hatics. (Reprinted w ith p erm ission o f
Elsev ier Science from reference 1.)
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that remove foreign su bs tances from the blood as it passes through the liver. Surroundi ng
the sinusoids are the hepatocy tes. Between the sinusoid and the hepatocytes is the spac,
of Disse. This space ranges from 0.25 urn to 2.0 urn in depth and contains a rein forcing
network of collagen fibers. Features of liver microanatomy are depicted in Figure 17-3 and
have been described by Elias and Serrick.'

Sinusoidal Cells

Endothelial cells ar e flat, irregularly shaped cells characterized by numerous pores (fenes­
trae) that appear throughout their cy toplas m. The pores are approximately 0.1 urn ir
diameter. Molecular substances and small particles can leave the sinusoidal blood througr
the pores to enter the space of Disse, where they have access to the underlying hepatocytes
Larger particles can en ter the space through the 0.02 to 1.0 urn wide sli ts between the
endothelial cells. In addition to th is sievelike function, endothelial cells contain pinocytotic
vesicles that can sequester particles less than 0.1 urn in size. This process has been observer
w ith antimony su lfide particles.

Kupffer 's cells va ry in shape but are basica lly stella te. They lie on or embedded in the
en dothelial lin ing and can also lie a t least partly in the space of Disse, w here their mic rovill
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FIGU RE 17-3 Ultrastructure of the mammalian liver. (Reprinted with author permission from Elias
H, Pauly JE. Hllman Microanatomy. Chicago: DaVinci Publishers; 1960:135. [Publication is out of
print .l)

intermingle with the microvilli of the hepatocytes. They also tend to accumulate near the
branches of the portal vein. Their variability in shape and position suggests that Kupffer's
cells are mobile. Kupffer's cells have bulky cytoplasm that is rich in Iysosornes, indicating
their ability to digest various substances. Their membrane is covered with a 70 nm thick,
fuzzy coat of proteinlike material that contains pinocytotic structures capable of trapping
particles less than 0.1 J.Im in size. Additionally, Kupffer 's cells are capable of phagocytosis,
having pseudopodia that engulf particles larger than 0.1 J.Im.

Some general properties of phagocytosis by Kupffer's cells have been observed. Micro­
scopic studies have shown in several instances, although not with all types of substances,
that intravenously injected particles become coated with a serum protein (opsonin). This
coating is believed to resemble fibrin , because heparin prevents the reaction. The coating
frequently causes the particles to adhere to each other and to the walls of the liver
sinusoids. Thus, because of aggregation, particle size in vivo can be mu ch larger than the
preinjection size . A coa ted particle that ad he res to the fuzzy coat of a Kupffer 's cell induces
the phagocytic process. Once particles are inside the cell, lysosornes d iges t metabolizable
particles and dispose of them by reutilization or excretion. Indigestible particles may be
stored in lysosomes or d istributed over their daughter cells or to other org ans by the
migration of loaded Kupffer's cells. Sinusoidal cell function has been described in detail
by WisseY
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HEPAT IC
ARTERY

FIGURE 17-4 Schematic representation of
thehepatocyte. Substrates in the blood dif­
fuse through pores in the endothelial lining
of the sinusoids and bind to the hepatocyte
at one of four membrane-bound carriers:
anionic (A), cationic (C), noni onic (N), and
bilesalt (BS). Within the hepatocyte a sub­
strate may be stored at specific bind ing
sites such as Y and Z pro tein s, and it also
may undergo me tabo lic co nvers ion at
other sites, including the smooth endo­
plasmic reticulum (SER). Biliary excretion
occurs at a biliary canaliculus (Be ). Subse­
quently, the substrate in the bile may be
stored and concentrated in the ga llbladder
(GB) or excreted into the intes tine. Some
biliary components are reabsorbed from
the intestine into the portal vein and re-
extracted by the hepatocyte (cntero hepatic circulation). The sinusoids are lined by Kupffc r:s ce lls
(KC), which are a part of the reticu loendo thelial system. (Reprinted with perm iss ion of the Society
of N uclea r Med icine from reference 6.) .

Hepatocytes

Hepatocytes are polygonal and about 30 urn in di ameter, with eight or more surfaces. The
cells are arranged in pla tes one cell thick that form an irregular wall surrounding the
sinusoids. The hepatocyte has three physiologic surfaces : a surface tha t contacts neigh­
boring hepa tocytes, a grooved surface that delimits bile canaliculi, and a sinusoidal surface
that projects numerous microvilli into the space of Disse."

Soluble substances that leave the sinusoidal blood and ent er the space of Disse may
reenter the blood through the sinusoidal pores, or they may interact with specific recep tor
sites on the hepatocyte membrane. This membrane is capable of four independ ent carrier­
mediated transport pathways that can accommoda te organic anions, organic cat ions,
neu tra l compounds, or conjugated bile salts (Figure 17-4)." Any substance transported at
these membrane sites exhibits a transport max imum, being inhibited competitively by
other substances with similar transport properties. Bilirubin is excre ted by the an ionic
pathway. Hyperbilirubinemia, therefore, can slow the rate of radiotracer excretion by thi s
pathway. Within the hepatocyte are vari ous protein storage sites and metabolizing
organelles that can process substances before transport into bile at the biliary canaliculus.
The rate-limiting step for the transport of compoun ds from the blood into the bile is the
excretory process at the bile canaliculus. Bile flow is a function of two active transport
processes : bile salt transport and the sodium pump,"

Radiocolloids

Development

Several radioactive agents have been used to study the liver. Investigators in the 19S0s
used colloidal " P-ch romic phosphate to study liver blood flow.' Human serum albu min
(HSA) labeled with 1311and colloidal go ld (I"Au) were used to perform the first liver scans
with the new ly developed rectilinear scanner.v? An interesting approach to liver scanning
was the administration of '!'IMo as the molybdate anion that localized in hepatocytes by
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TABLE 17-1 Radiocolloids Used for Liver Imaging

Particle Ha lf-life Decay Gamma Administered Liver Dose
Agent Size Inmj Physical Biolog ic Mode (keVJ Act iv ity (mCi) rad (cGy )/mCi

19SAu-collo id a l gold 5-50 2.8 days Very long ~. 411 0.3 40
'l'lmTc·SC 100-1 000 6 h r Very long IT 140 5.0 0.34
Ol j·HSA col loid 10-20 8 days 60 min ~ 364 0.2 0.8
J1:lmln-indi u m 10-20 1.7 hr 30 days IT 393 2.0 0.5

hydroxid e colloid

'l'ImTc-HSA collo id 200-1000 (80%) 6 hr 11 hr IT 140 5.0 0.34

<200 (15%)

incorporation into xanthine oxidase.!" Scans were obtained in 24 hours by detecti on of
accumulated 99mTc activity in the liver. In 1956 Benacerra f et al.!' developed colloidal
particles of " ' I-HSA to study liver phagocytosis, but this agen t was rapidly metabolized
and cleared from the live r and thus was not satisfactory for slow-moving rectilinear
scanners.

In 1963, 'l9mTc-SC was developed by Richards ." Tagging """'Tc to sulfur particles was
accomplished by air oxida tion of hyd rogen sulfide gas bubbling th rough an acid ified
solution of 99mTc-sodi um pertechnetate and gelatin . The prepara tion was sterilized by
filtration through a 0.22 lim membrane. The particle size was estimated to be 0.05 to 0.15
~m13 Soon thereafter, sulfur colloid p reparatio n was greatly simplified by use of a sod ium
thiosulfate kit developed by Stern et a1.14

Other radiocolloids were developed for diagnostic studies, but none have supp lanted
the clinical utility of """'Tc-SC. 'l9mTc-antimony sulfide colloid prepared from preformed
particles in the 8 to 12 nm ran ge became more useful for studying the lymphatic system."
113mln-hydroxide colloid was useful as an alternative for laboratories with lI'Sn_l13mln
generators." 'l9mTc-phytate (inositol hexap hosphate), which forms an insoluble calcium
chelate in the blood, was investigated as a means of altering biologic localization among
liver, spleen, and bone marrow.'?- Tc-stannous albu min colloid was developed to reduce
radiation dose to the liver becau se of its hepa tic metabolism, but it never achieved wide­
spread use.

'I9mTc-SC remains the agent of choice for RES imaging because of its ready availability,
ease of preparation, and long history of use. Its meth od of preparation, chemistry, and kit
formulation are described in Chapter 9. Table 17-1 summarizes the p roperties of several
radiocolloids that have been used for liver imaging.

Biologic Properties of " mTc-Sulfur Colloid

After intravenous administration to humans, 99mTc-SC leaves the vascular space rapidly,
with a clearance half-life of 2 to 3 minutes, and localizes in the liver, spleen, and bone
marrow." Abo ut 97% of the dose is removed from the blood within 10 to 15 minutes, and
liver imaging can then begin. In patients with severely diseased livers, the start of imaging
may need to be dela yed because of slow blood clearance. By 92 hours, 4% of the injected
activity is excreted in the urine and 3% in the feces." The remaining activity is retained
in the bod y with an effective half-life of 6 hours.

Imaging of the liver can begin about 15 minutes after intravenous administration of a
5 mCi (185 MBg) dose of 'l9mTc-SC. Most of the radiocolloid distributes uniformly through­
out the normal liver, and sp leen activity is also evide nt (Figure 17-5). Space-occupying
lesions, such as tumors and cysts, ap pea r as areas of dec reased activ ity.
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FIGURE 17-5 "v'Tc-su lfur coll oid
liver scans. Anter ior view of a nor­
mal liver and spleen, anterior liver
scan with a tumor mass in the right
lobe, and posterior liver-spleen scan
in a patient with hepa tocellular dys­
function secondary to alcoholic cir­
rhos is , d em on str at ing decreased
upt ake of radiotracer in the liver
w ith compensatory increased uptake
in the spleen and bone marrow.

Normal

Tumor

Cirrhosis

Several factors have been shown to influence the blood,clearance and distribution of
rad iocolloids." The most important of these are organ blood flow, disease state, particle
size and dose, and serum factors.

Blood Flow

Extrac tion of tracer doses of radiocolloids by the liver is directly rela ted to the volume of
blood flow through the organ . In a healthy individ ual, about 85% of a 99mTc_SC do se
localizes in the liver, 4(X) to 8% in the spleen, and the remainder in the bone marr ow."
This disproportionate localizat ion is primarily because the liver receives about 30% of the
cardiac output, compared wi th only about 5% for the spleen."

Disease State

Liver disease injures or destroys a significant number of cells, and th is diminishes the
amount of radiocolloid deposited in the liver. Severe cirrhosis produces bac kpressure in
portal blood flow, which also influences radiocolloid distribution . In this situation, reduced
liver uptake occurs, wi th shunting of excess colloid to the spl een and bone marrow (Figure
17-5) .

Using metabolizable micro aggregates of radioiodinated albumin, Wagner and lio"
demonstrated tha t bacterial infections may cause increased RES functional capacity in
humans. This effect is due to high levels of end otoxin, which stimulates overall RES
activity in the body. This may lead to uptake of radiocolloid in organs that do not normally
demonstrate uptake. Increased lung up take of -Tc-SC has been demonstrated in endo­
toxin-treated animals compared with nontreated controls." This phenomenon may be
responsible for the occasional increased lung uptake of 'l'>mTc-SC seen in patients during
a liver scan.

Particle Size

'l'>mTc-SC prepared by the origi nal hyd rogen sulfide method produces an essen tially mono­
dispersed colloidal prepa ra tion, with 90% of the particles being 0.09 ± 0.01 !lm." The
thiosulfate method used wit h commercial kits gives a less uniform size distribution . Using
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Nuclepore (Whatman) filtration analysis, Davis et a!.'" have shown size d istribution of
thiosulfate-generated parti cles as follows: less than 0.1 J.Lm, 15%; less than 0.4 J.Lm, 70%;
0.1 to 1.0 J.Lm, 80%; and grea ter than 1.0 J.Lm, 5%.

In general, larger particles are cleared faster from the blood and have greater deposition
in the liver and spleen and less in the bone marrow. Atkins et a1.25 compared small particles
of 99mTc-SC produced by the hydrogen sulfide method with particles of 99mTc-SC 10 tim es
larger p roduced by the thiosulfate me thod. Their studies demonstra ted that as the dose
of smaller particles is increased the percentage of uptake in the live r decreases, uptake in
bone marrow increases, and spleen uptake is unaffected.

Blood Clearance and Opsonization

When colloidal parti cles of 198Au are administered to rats in small numbers « 1 x 1013

particles/kg body weight), the rate of blood clearance is constant and half-life is 2.5
minutes." Similar clearance half-lives have been reported for '!9mTc-SC13 ln these situations,
the rate of liver uptake is related to blood flow rather than RES capacity. When the dose
of rad iocolloid administered is greater than 1 x 1013 pa rt icles/kg, the rate of blood disap­
pearance decreases with increasing dose, suggesting RES depression . This phenomenon
has also been observed in humans. It has been suggested that the depression is due to
saturation of the reticuloendothelial cell capacity, but exp erimental stud ies reveal that it
may also be due to depletion of a specific serum opsonin pool for that particular colloid."
Supporting the role of opsonins is the fact that RES depression in animals and humans
appears to be par ticle-specific; the injection of one type of colloid induces a state of RES
depression relative to the subsequent blood clearance of that particular colloid, whereas
the clearance of a dissimilar colloid is less affected." It can be inferred that the localization
of particles by phagocytosis may be con trolled by both antibodylike opson ins in the blood
and specific macrophages that recognize a specifi c opsonin-particle complex. Recogn ition
may be influenced by particle charge or other chemical properties of the particle surface.

Localization and M etabolic Fate

A common belief is that collo idal particles are localized prima rily in Kup ffer's cells .
Although this is true, it may not explain the process entirely. Reports indicate that other
mechanisms of localization may be involved. Using au toradiography, Chaud huri et a1.27

demonstrated in mice that although colloidal P''Au was primarily engulfed by Kupffer 's
cells, '!9mTc-SC maintained a generalized distribution throughout the liver with no ap parent
concen tration in Kupffer 's cells. This may be due to d ifferences in particle size of these
two colloids or to the ir chemical properties. According to Brucer," ph agocytosis of sm all
colloids «0.1 J.Lm) is a primary function of Kupffe r 's cells, whereas larger particles (0.1 to
1.0 J.Lm), which leave the sinusoida l blood through the slits between endothelial cells, may
become trapped in the netw ork of hepatocellu lar microv illi and collagen fibrils in the
space of Disse. Other studies demonstrate that a size dis tribution of sinusoidal cells exists.?"
There is preferential localization of sma ll colloids (0.005 to 0.05 J.Lm) such as 198Au in the
smaller cells, which are in the majority, whereas larger colloids (0.8 to 1.5 J.Lm), such as
99mTc-SC, localize pri marily in the larger sinusoida l cells, which ma ke up only 15% to 25%
of all cells.

Particles tra pp ed in the space of Disse are p resumed to d rain into portal and hepat ic
lymph nodes, a process requiring weeks to months.> Although no experimental evidence
supports this, it seems reasonable at least for the smaller colloids, which are readily
transported in lymph. Similarly, no firm evidence is available to demonstrate the fate of
particles engulfed by phagocytes . Unless specific enzyme sys tems are present to transform



596 Radiopharmaceuticals in Nuclear Pharmacy and Nucl ear Medicine

these inert sulfur particles into chemically excretabl e forms (e.g., S~- ), these particles are
probably stored in the cytoplasm of Kupffer's cells. Because these cells are eventually
replaced by new cells, the particles may simply be transferred from cell to cell wi th each
succeed ing generation. One study demonstrated tha t collo id al particles in the liver can
enter the systemic circulation and migrate to the lungs, where they can pass into the
airways and be expe lled in the saliva or swallowed and excreted in the feces."

Adverse Reactions and Toxicity

When a su bstance is retained for an indefinite period of time in the body, toxicity is a
concern. However, chronic and acute tox icity is of little concern w ith diagnostic radiocol­
loids because they are usually administered onl y once or tw ice to the same pa tient and
in extrem ely small amounts. Additionally, when the RES is challen ged with high doses of
colloids, recovery from RES depression is rapid and complete because of the system's
regenerative capacity." Colloidal indium hydroxide has been shown to produce hepato­
cyte toxici ty in mice, but only at doses 10,000 times larger than typical doses used in
nuclear medicine studies."

One circumstance in which adverse effects may be serious is the potential misadmin­
istration of 32p radiopharmaceuticals for therapeutic use . A serious situation may occur if
the wrong salt form of 32p is used . If an intracavitary injection of insoluble 32P-chromic
phosphate colloid is required for the treatment of peritoneal effus ions and the soluble 32p_
sod ium phosphate salt is used instead, severe bon e marrow depression may result." The
problem occurs because the soluble sod ium salt is readily absorbed into the bloodstream
from the peritoneal cavity an d is translocated to the bone marrow, where the be ta radiation
can caus e severe bone marrow depression.

No toxic reactions with 99mTc-SC hav e been observed in mice given intravenous doses
1000 times the usual adult dose." However, pyrogenic or allergic reactions have been
reported with the use of Y'lmTc-SC; these were attributed to stabilizers used in the formu­
lat ions .P Such reactions are rare.

Radiation Dose

Radiation dose estimates for """'Tc-SC are shown in Table 17-2." The doses listed are for
normal ind ivid uals and those with advanced parenchymal disease. As w ith all radio­
pharmaceuticals, the radiation dose to organs may be altered by disease. In the case of
severe liver disease , radiocolloid is shifted to other organs and their radiation dose is
increased while the dose to the liver is decreased. For example, when diffuse parenchymal
d isease (cirrhosis) is present, the radiat ion dose to the liver may be halved while the dose
to the spleen is doubled. "

HEPATOBILIARY SYSTEM

Physiologic Anatomy

In addition to its metabolic functions, the liver is also an exocrine gland, secreting bile.
Bile has two principal functions: (1) to dis pose of waste products, such as bilirubin, and
xenobio tics, such as drugs, and (2) to secrete bile salts into the intestin al tract to aid
digestion . Bile is produced continuously by the hepatocytes.

The hepatobiliary system (Figures 17-1 to 17-3) consists of the biliary canaliculi, the
ductal system (hepatic, cystic, and common bi le ducts), the gallbladder, and the sphincter
of Oddi.> Bile formed in the hepatocytes drains into the canaliculi, collecting in the right
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TABLE 17-2 Radiati on Dose Estimates for """'Te-Sulfur Colloid

597

Organ

Dose after IV Ad ministration
(radfcGyl/S mCi )

Norm..1 Adva nced
Liver Parenchymal Disease

Dose aft er O ral
Ad min ist ratio n
IradlcGyl/mCi)

Live r
Spleen
Bone marrow
Testes
Ovaries
Total body
Stomach wall
Small intestine
Upper 19 intestine
Lower 19 intestine

16.9

10.6

1.4
0.055

0.281

0.94

8.1

21.3
3.9

0.16

0.600

0.88

0.005

0.096

O.oJ8
0.140

0.260

0.480

0.330

Source: Reference 34 (pac kage inser t).

and left hepatic ducts. These two ducts form the common hepatic duct, which becomes
the common bile duct distally.The cystic duct of the gallbladde r branches from this ductal
pathway. The common bile duct is the segment between the cyst ic d uct and the ampulla
of Vater, where the common bile duct an d the pancreatic d uct join.

The mu scular sphincter of Oddi in the ampulla maintains a high tone during fasting,
directing bile into the gallbladder. This sphincter also regulates bile delivery to the duode­
num as it relaxes in response to peristalsis and endogenous cholecysto kinin (CCK) released
when food (gastric chyme) enters the duod enum. It also prevents reflu x of intestinal
contents into the bile and pancrea tic ducts. Substan ces that relax the sphincter include
CCK, anticholinergics, ~-adrenergics, calcium channe l block ers, and glucagon. Agen ts that
increase sphincter tone include opiates, gas trin, cholinergics, n-ad renergics, and moti lin.>

The gallbladder wall has smooth muscle that relaxes to allow filling and con tracts to
empty the gallbladder. The epithelial cells of the gallblad der absorb sod ium, bicarbonate,
chloride, and water, to concentrate the bile. This mechanism has a high capacity; the
gallbladder 's nominal volume is only 40 to 70 mL, while the volume of bile delivered to
it from the liver is 800 to 1000 mL per day. Bile enters the gallbladder when common duct
pressure is greate r than intraluminal pressure in the gallbladder. The gallbladder does not
fill continuously; filling is interrupted periodically by partial emptying of concentrated
bile and aspiration of diluted bile. In the fasting state, about 25% of gallbladder contents
is released every 2 hours in response to late ph ase 2 of the migratory myoelectric complex."
In response to gastric chyme released from the stomach into the duodenum, the gallblad­
der empties more tha n 75% of its contents into the duodenum. The gallbladder refills with
bile in about 3 to 4 hours."

Hepatobiliary Agents

In 1955, an interest in hepatic reticuloendothelial function led George Taplin to investigate
the excretion of rose bengal dye into the biliary system. It was p resumed at the time that
excretion of the dye was through Kupffer's cells . However, fu rther investigation with 1311_
labeled rose bengal led to the discovery that the dy e was excreted by hepatocytes and
was not absorbed by the bowel. This information eventua lly led Taplin and his colleagues'"
to introduce 13II-rose bengal as the radiopharmaceu tical for study ing hepatobiliary excre­
tion. It remained in use for nearly 20 years.
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In the mid 1970s, a serendipitous event occurred as Loberg et al.'9 were attempting to
develop a technetium-labeled heart imaging agent based on structure-distribution rela­
tionships. They chose to work wi th a molecule similar in structure to lidocaine. The first
two agents studied were 99mTc-methyl-iminodiacetic acid (99mTc-MIDA) and 99mTc-2,6-d i­
methylacetanilido- iminod iacetic acid (99mTc-HIDA). Biodistribution studies in anima ls
demonstrated tha t 99mTc-MIDA had rapid excretion into the urine, whereas 99mTc-HIDA
was excreted primarily into bile." This excretory pattern was not completely unpredict­
able; MIDA is quite hydrophilic, and the HIDA compound has lipophilic properties
because of its substitu ted ring system. The high liver extraction prompted the acronym
HIDA, for hepatobiliary-IDA. Since no good technetium-labeled agent for hepatob iliary
imaging was available at the time, the course of development shifted away from heart
agents to hepatobiliary age nts.

Several 99mTc-IDA analogues were produced by alkyl substitution into the aromatic
ring. The dimethy l analogue HIDA (lidofenin) has rapid hepatic uptake and a specificity
of about 80%. The diethyl ana logue OIDA (etifenin) also has rapid hepatic kinetics with
specificity over 90%, while the paraisopropyl ana logue PlPIDA (iprofenin) and the parabu­
tyl analogue BIDA (bulilfenin) have similar specificity but longer hepatocy te transit
times ." The d iisopropyl ana logue 2,6-diisoprop ylacetanilid o-iminod iacetic acid (OISIDA,
or disofen in) demons trates simila r hepatic specificity to DIDA and slightly faster biliary
excretion, properties also exhibited by the trimethylbromo analogue 2,4,6-trimethy l, 5­
bromoacetanilido-iminodiacetic acid (BRIDA, or mebrofeninj.v-" Three of these com­
po unds were eventually marketed in the United States: 99mTc-lidofenin, 99mTc-disofenin,
and 99mTc-mebrofenin . The latter two are the only agents currently on the ma rket. The
labeling chemistry of these analogues and their chemical structures are described in
Chapter 9.

Physico chemical Properties of 99mTc_IDA Analogues

An interesting finding from the original work with 99mTc-HIDA was the discovery tha t the
final complex formed with technetium was a dimer, with two molecules of the chelating
agent (HIDA) reacting wi th one atom of 99mTc (Figure 17-6). The complex was techn etium­
essen tial; without the techne tium atom the "C-labeled HIDA ligand itself had less than
1% hepatobiliary excretion, whereas 99mTc-HIDA had greater than 70% excretion." The
dimeric struc ture of the complex also confers stab ility. In vivo/in vitro ligand exchange
experiments between 99mTc-H IDA and 99mTc-EDTA demonstrated that at physiologic pH,
technetium release from HIDA is very slow. Thus, while 99mTc-HIDA does not possess the
thermodynamic stability of 99mTc-EDTA, it is kinetically inert and quite stable in vivo:"
This fact has been borne out in dogs injected with 99mTc-HIDA in procedures in which the
contents of the uri nary blad der and gallbladder were ob tained and retnjected. '? The results
showed an excretory pa ttern similar to that of the original compound, suggesting that
99mTc-HIDA is excre ted in its or iginal radiochemical form, minimally dissociated or metab­
olized. Other 99mTc-IDA ana logues should behave similarly.

FIG URE 17-6 Chemical structure of
wmTc-2,6-dimethyl acetanilido-i rn ino­
diacetic acid ('J9mTc-lidofenin).

~1.
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The hepatobiliary excretion of a substance has been shown to be related to several
physicochemical properties. tv'? These includ e (1) a molecular weight between 300 and
1000; (2) the presence of a strong polar group, usually ionized at plasma pH and typically
anionic; (3) the presence of nonpolar groups, usu ally as aromatic rings; (4) a lipophilic
character enhanced by ring substitu tion; and (5) binding to plasma albumin, which may
promote transfer into the hepatocyte and limit uri na ry excretion. The 'l9mTc-lDA complexes
appear to satisfy these requirements. In a review of structure-distribution relationships
for hepatobiliary agents, Nunn and Loberg" described how the alkyl substitu tion pattern
on the ph enyl ring modifies receptor binding of the complex to p lasma protein, the
hepatocyte membrane, and the intracellular hepatocyte proteins .

Biodistribution of 99mTc_IDA Analogues

After intravenous injection of either 'l9mTc-disofenin or 'l9mTc-mebrofenin, liver uptake in
normal ind ividua ls is evident within 5 minutes, peaking at arou nd 10 minutes. Gallbladder
visualization is genera lly evident within 10 to 15 minutes, peaking in 30 to 60 min utes,
with intestinal activity also evident at this tim e. The radiotracer is extracted from blood
by active transport via the anionic site on the hepatocyte membrane and is excreted into
the bile unconjugated.

The ideal hepatobiliary agent should have high hepatocyte extraction and transit an d
low renal excretion and shou ld be an effective competitor for bilirubin excretion." Because
the 'l9mTc-IDA analogues are extracted at the same site as bilirubin, liver extraction is
reduced competitively during hyperbilirubinem ia and renal excretion increases. In this
situat ion the best tracer to use is one that ha s high specificity for the hep atocyte transporter.
Some institutions increase the administered activity when serum bilirubin is high. A typical
dosing schem e is less than 2 mg/ dL bilirubin,S mCi (185 MBq); 2 mg / dL to 10 mg / dL
bilirubin, 7.5 mCi (277.5 MBq); and more than 10 mg / dL bilirubin, 10 mCi (370 MBq).

Lidofenin is effectively extracted up to 5 mg / dL of plasma bilirubin concentra tion,
whereas d isofenin and mebrofenin are effective at higher levels. Mebrofenin uptake into
hepatocytes is less affected by bilirubin than is disofenin. In studies of isolated rat hepa­
tocytes, d isofenin uptake decreased to 36% at 10 mg / d L bilirubin, whereas mebrofenin
uptake decreased onl y to 71%." The latter two agen ts exhib it simil ar hepatocyte extraction
efficiency (disofenin 60%, mebrofenin 66%) and parenchymal transit tim e (T h liver clear­
ance: disofenin, 19 minutes; mebrofenin, 17 minutes), but mebrofenin exhibits less renal
excretion than d isofenin.'" At 3 hours postinjection, 7% of disofenin and 1% of mebrofenin
appear in the urine of patients with normal bilirubin levels, rising to about 30% for
disofenin and 6% for mebrofenin at 24 mg/ dL bilirubin.'? Thus; mebrofenin demonstrates
a greater hepatic specificity than disofenin and therefore should be mo re effective in
patients with reduced hepatocellu lar function .

After intravenous administration of the -Tc-IDA tracer, the appearance of liver activity
during the arteria l phase is normally delayed relative to the kidney and spleen becau se its
principal blood supply is from the portal vein. The normal structures seen sequentially are
liver parenchyma, hepatic ducts, common bile duct, gallbladder, and intestine (Figure 17-7).
'l9mTc-disofenin and 'l9mTc-mebrofenin display rapid hepatocyte kinetics and high ductal
concentration, prod ucing superior images of the hepatic ducts." However, despite fast
kinetics, there is delayed transit of tracer to the intestinal tract when hepatoc ellular disease
or partial biliary obs tru ction is present.

In acute cholecys titis, gallbladder activity is absent (Figure 17-8). In chronic cholecys­
titis, the appearance of gallbladder activity may be delayed for several hours. When the
common bile duct is obs tructed with gallstones, radiotracer activity clears slowly from
the blood, liver uptake is decreased and its clearance delayed, and kidney activity is
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FIG URE 17-7 Normal hepatobiliary study after intravenous injection of 5 mCi of QlhnTc-d isofenin.
On the initial image taken at 10 minutes, radiotrecer accumula tion is seen in the liver, biliary tree,
common bile d uct , and duodenum. Radiotracer is seen in the ga llbladder on the 20 minute image.
During the 60 minute study there is prompt clearance of rad iotracer from the liver with increasing
accum ulation in the gallbladder and advancemen t through the bowel.

10 mi n

4 5 min

20 mi n

6 0 m in

3 0 m in
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FIGU RE 17-8 Acute cholecystitis. After a 5 mCi (185 MBq) intravenous dose of """Tc-disofenin there
is visuali:za tion of tracer material in the com mon bile duct and p roximal bowe l at 45 m inutes.
Nonvisualization of the ga llbladder at 60 minutes and 3 hours (image not shown) is consistent wi th
cys tic duct obstruc tion and acute cholecystiti s.

ev ident. Obstruction of bile flow in the common duc t prevents activity from being excreted
into the intestine (Figures 17-9 and 17-10).

Radiation Dose
Rad iation dose estimates for 9<JmTc-d isofenin and 9<JmTc-mebrofenin are listed in Table 17-35 1,"

In jaundiced patients these dose estimates change because of al tered tracer kineti cs.
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5 min

30 m in

10 min

45 min

20 min

60 m in

FIGURE 17·9 Biliary obstruction. Common bile duct obstruction decreases clearance of rad iotrace r
from the b lood and liver. Kidney activity is ev ide nt as we ll, because of decreased hepatobiliary
clearance of tracer from the blood.

A , "

FIG URE 17-10 Five-ho ur dela yed image (A, left) of the sa me pa tien t sh ow n in Figu re 17-9, demon­
strating lack of bowel excretion and prominent kidney activity. A 24 ho ur image (not shown) was
similar to the 5 ho ur image, consistent w ith complete obstructio n. Transhe pa tic cholangiogram in
this patient (B, right) demonstrates stone obstruction in the common b ile duct and cys tic duct
(arrows). Two stones are also evident in the gall bladder.

Pharmacologic Interventions
Several pharma cologic agents have become qu ite usefu l for augmen ting hepatobili ary
stu dies in nuclear medicine. The principal agents used are CCK, a chol ecystagogue that
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TABLE 17-3 Radiation Dose Estimates for 9<JmTc-Disofenin and
'l9mT c-Mebrofenin

Organ

Radiation Do se Estimate (rad[cGyl!5 mei)

99mTc-D isofenin ~mTc-Mebrofenin

Upper Ig intestine wall
Lower 19 intes tine wall
Urinary bladder wall
Small intes tine
Gallbladder wall
Liver

Ovaries
Testes
Total body

1.75

1.25

0.45

0.9

0.7
0.15

0.39

0.03
0.07

1.24

0.99
1.21

0.8
0.63
0.40

0.32

0.06

0.08

·;

Source: References 51 and 52.

increases bile flow to the intestine by causing contrac tion of the gallblad der and relaxation
of the sphincter of Oddi; morph ine sulfate, which enha nces the normal cons trictor tone
of the sphincter of Oddi, increasing intralu minal p ressure in the common bile duct; and
phenobarbital, wh ich induces enzyme production in immature hepatocytes to improve
conjugation and excretion of bilirubin and other substances transported via the same
pa thway. Each of these substances has a role in particular clinical situa tions.

Cholecystokinin

CCK is an endogenous 33 amino acid polypep tide hormone released from the intestina l
mucosa in resp onse to the presence of fats and protein substances in the intestinal contents.
After its release, CCK is absorbed into the blood and transported to the gallblad der,
causing it to contract. CCK also stimulates the pancreas to release its digestive enzymes
and relaxes the sphincter of Oddi so that bile and enzymes can en ter the duodenum to
pa rticip ate in the digestive process.

Sincalide is the synthe tic C-terminal octapeptide of CCK. It is marketed as a sterile
lyophilized pow der (5 J.lg/vial) under the trad e name Kinevac (Bracco). After reconstitu­
tion with sterile water for injection to a concentration of 1 J.lg i ml., sinca lid e injection is
stable for 24 hours at room tempe rature. It has pharmacologic actions similar to those of
CCK and a plasma half-life of about 2.5 minutes.

There are two principal reasons for using CCK in hepatob iliary imaging.53 One reason
is to empty the gallblad der of its contents in situations that might lead to a false-positive
study (nonvisualization of the gallbladder despite a patent cys tic duct). A fu ll gallbladder
interferes with rad iotracer uptake becau se of biliary stasis and sludge. Pa tients suspec ted
to have acute cholecystitis who have a full gallbladder because of fasting 24 hours or
more, are receiv ing total parenteral nu trition, or are anorexic should have thei r gallbladder
emp tied before the study. To facilitat e gallblad der uptake of radiot race r afte r CCK emp­
tying of the gallbladder, a waiting period of 30 to 60 minutes should elapse before injection
of the 99mTc-lDA tracer to allow the gallbla dder to relax.

The second reason for CCK cho lescintigraphy is to measure ga llbladder ejection frac­
tion (GBEF), which is useful in the diagnostic work-up of pa tients with chronic acalculous
cholecystitis (cho lecystitis without stones). 53_" The rationale for CCK cholescintigraphy is
based on the hypothesis that a partially obstructed, functionally impaired ga llblad der will
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respond differently to exoge nous CCK than a normal gallbladder." The GBEF provides
an objective test to preoperatively confirm a clinician's impression of acalculous disease.

The dosing of CCK for GBEF studies is critical....The dose for these studies (0.02 J.lg /kg)
was originally recommende d to be given over 1 to 3 minutes; this has been mo dified to
30 minutes.... The longer d osing time is reported to provide mo re reliab le gallblad der
contraction with less variability among normals and fewer adverse effects. A shorter
infusion time (1 to 3 minutes) has the potential of causing gallbladder neck spasm with
inadequate gallb ladder contraction and a falsely low GBEF. Additiona lly, abdominal
cramping, nausea, and occas ional vomiting may occur when the infusion rate is too rapid.

Morphine Sulfale

In a typical hepatobilia ry study,S mCi (185 MBq) of Y'lmTc-labeled disofenin or mebrofenin
is administered to a patient who ha s had no oral intake for 4 hours. Routine images are
obtained every 10 minutes for 1 hour. If the gallbladder is visua lized within this time, the
study is normal. If the gallbladder has no t been visualized by thi s time, delayed imaging
may be conducted for up to 4 hours to distinguish chronic cholecystitis from acute chole­
cystitis. The time delay is necessary to allow radiotracer to penetrate the viscous sludge
present in the cystic duct and gallbladder, which occurs in 20% of patien ts wi th chronic
cholecystit is." To shorten the time from 4 hours to about 1.5 hours, morphine su lfate (0.04
mg/kg in 10 mLnormal saline infu sed intravenously over 3 minutes) can be administered,
provided radio tracer is seen within the sma ll bowel. Morphine enhances sphincter of Oddi
tone, causing increased intraluminal pressure in the common bile duel, facilitat ing the
flow of tracer into the gallbladder." If the gallblad der is visualized during the delayed
study, cystic duct obstruction and acute cholecys titis can be ruled out. If it is no t visualized
within 30 minutes after morphine ad minis tration, acute cholecyst itis is deemed present.
The specificity of delayed hepatobiliary imaging is 93% to 96%.'" Before morphine is
administered, it is important to view images to ensure that sufficient rad iotracer is present
within the biliary rad icals; othe rwise a false-positive study may result. If there is insuffi­
cient activity, 1.5 mG (55.5 MBq) of additional tracer should be given before administering
the morphine.

Phenobarbital

Phenobarbital is an enzyme inducer that promotes the conjuga tion and excre tion of biliru­
bin. It is a useful adjunct in hepatobiliary imaging for differentiating neonatal hepatitis
from biliary atresia. Neon atal hepatitis ma nifests itself at 1 to.4 weeks of age. It ma y be
caused by hepatocytes that are unable to conjugate bilirubin as a result of infection, toxins,
or unknown causes.P Atresia is an obstructive condition caused by sclerosing cholangitis
or by the absence of intrahepatic or extrahepa tic bile ducts. Neonatal hepatitis requires
medic al management and is self-limiting, w hereas biliary atresia requires surgical inter­
vention . Hence, the differential diagnosis is critical.

Prio r to the Y'lmTc-IDA hepatobiliary study, the patient is pretreated with phenobarbital
5 mg/kg per day orally in two divided doses for 5 consecutive days." After injection of
Y'lmTc-d isofenin or Y'lmTc-mebrofenin at 5 mG (185 MBq)/1.7 m-, images are obtained every
10 minutes for 1 hour. Delayed images may be required for up to 24 hours. If biliary
excretion of the radiotracer occurs within that tim e frame, biliary atre sia can be excluded,
and the pa tien t is trea ted for neonatal hepatitis. If no excre tion occurs, biliary atresia is
the likely cause.
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SPLEEN

•

Physiologic Anatomy

The sp leen consists of two main comp artments: the white pulp, composed of small lym­
phocytes and plasma cells, and the red pulp, a swampy mass of vascular spaces (sinuses)
separated by a supporting structure (cords) that contains phagocytic cells of the RES. The
spleen has two main fun ctions: antibody production in the white pulp and particle filtra­
tion in the red pu lp. There is no significant storage of red or white blood cells in the human
spleen as there is in certain animal species; however, about 3D(Xl of the body's platelets
are sequestered by slow tran sit in the spleen and can be immedi ately released into the
circulation when ne ed ed .V

Blood entering the spleen through the splenic arterioles emp ties first into the white
pu lp, where plasma skimming occurs to remove soluble antigens . Passing through the
white pulp, blood enters the red pulp through an open meshwork of large oval cells at
the junction of the white and red pulp, termed the marginal zone. This cellular maze
appears to serve as an initial filter that removes abnormal cells and allows no rmal cells
to proceed unhindered . Upon entering the red pulp proper, blood cells may en ter either
the sinuses or the cords. Blood that enters the sinuses directly passes ou t easily from the
sp leen through the efferent veins. Blood cells that enter the cords, however, must pass
through a fenestra ted , screenlike basement membrane separating the cords from the sinus
before gaining access to the venous drainage sys tem. Thus, they are delayed to varying
degrees in their transit. Because these fenestrae are only 3 urn in diameter, the blood cells
must squeeze th rough and are deformed in their passage. It is at this point that abno rma l,
misshapen, and chemically altered cells are detained or destroyed . The macro phages tha t
line the cord sid e of the sinus basement membrane can then phagocytize the cellu lar
debris. The spleen's physiologic function has been described in deta il by Williams et al."

Spleen-Imaging Agents

Two basic types of radioactive agents are used to image the spleen: (1) radiocolloids, wh ich
are localiz ed by sp lenic phagocytes; and (2) denatured radiolabeled red blood cells (RBCs).
9'>mTc-SC is used to image the spleen because of convenience, but it lacks specificity becau se
the liver sequesters most of the radiopharmaceutical. Heat-denatured radiolabeled RBCs
are more spleen-specific, but their use requ ires isolation of the cells from whole blood,
radiolabeling, and treatment prior to reinjection.

Heat-Denatured 99mTc_Red Blood Cells

Techniques for labeling and heat-denaturing RBCs were developed by Smith and
Richards" at Brookhaven National Laboratory. The method involved a stannous citrate
kit to "tin" the RBCs pr ior to labeling with pertechnetate. The 9'>mTc-labeled red blood cells
(9'>mTc-RBCs) were then mixed with saline and heated for 15 minutes at 49°C to 50°C. The
unique featu re of this method was that excess tin, not associated with the cells, was
removed before the addition of pertechnetate. This maximized the labeling yield at more
than 97%. A commercial kit now on the market (UltraTag-RBC, Mallinckrodt) is based on
the Brookhaven kit. It has been modified to allow labeling to occur in whole blood,
obv iating the need for a centrifugation step to remove excess stannous ion from the tinned
RBCs pr ior to pertechnetate ad d ition. The UltraTag kit is not approved for spleen imaging,
but the me thod could easily be adapted for thi s purpose with a heat-treating step after
the RBCs are labe led . An alternati ve is use of the stannous pyrophosphate in vivo or in
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FIGURE 17-11 Spleen scans after
............ injection of " o'Tc-labeled heat dena­

tured red blood cells. Normal ante­
rior splee n scan (left), and spleen
scan in the left anterior oblique pro­
jection (right) identifying an acces­
sory spleen in a patient who
underw ent a splenectomy 10 years
earlier.

vitro RBC labeling method (see Chapter 9), modified by adding a heating step once the
cells are labeled with technetium.

- Tc-labeled heat-denatured RBCs prepared with the Brookhaven kit have been eval­
uated for splenic seques tration in humans.""The blood clearance of the cells is rapid (Th '

6.3 minutes), and splenic uptake reaches a plateau by 30 minutes. Up take varies among
patients, with the lowest value at 42% of the administered activity and the mean at 72%.
Two hours after dosing, 5% of the ad ministered activity is excreted in the urine. The
reliability of splenic uptake with this method has been attributed to two factors: (1) The
small volume of cells (4 mL) during the heating step provides more uniform hea ting so
that adequa te cell pre paration is achieved in a short time, and (2) the small volume of
cells administered reduces the possibility of overloading the spleen's seq ues tering ability,
compared with a large r volume of cells.r"

Mechanism of Localization

Heating RBCs cha nges their shape from normal biconcave disks to spherocytes. Heat­
denatured sp herocytes have an altered cell membra ne with knobby projections .' ! The
changes in the memb rane make it fragile. When the weakened cells squeeze through the
3 urn pores in the cords of the red pulp they are lysed, releasing their rad ioactive contents
within the spleen . Splenic removal of RBCs is a more selective process than removal by
the liver and othe r RES tissue. Insufficien t heating of cells produces incomplete denatur­
ation and dec reased seques tration by the sp leen, whereas overheating causes localization
in the liver due to cell lysis in the bloodstream . Heating must be controlled carefully to
produce a spleen-specific agent. Figure 17-11 illustrates a normal spleen scan and the
localiza tion of an accessory sp leen using <l9mTc-labeled heat-denatured RBCs.

GASTROINTESTINAL STUDIES

Several usefu l procedures have been developed to evaluate the GI system with radio­
pharmaceuticals. Proced ures are routinely performe d to eva luate gastroesophagea l reflux
and gastric emp tying, detect a GI bleeding site, and localize a Meckel's diver ticulum. An
in vitro procedure to eva luate GI protein loss is used occasiona lly.

Radiopharmaceuticals for Gastroesophageal Reflux

<l9mTc-SC is typ ically used in gastroesophageal reflu x studies because it is insoluble in
gastric juices . Significant amoun ts of soluble <l9mTc-sod ium pertechnetate are undesirable
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because its systemic abso rption may cont ribute to increased background act ivity in the
esophageal region. 99mTc-SC is us ua lly given as an acidified liquid meal, which tends to
aggravate reflu x because an acid load in the stomach appears to delay gastric emptying
and lower the resting pressure gradient of the lower esophageal sphincter."

Radiopharmaceuticals for Gastric Emptying

Radionuclide gastric emptying studies measure the rate of removal of radiolabeled liquids
and solids from the stomach. Such studies provide a noninvasive method of evaluating
gastric physiology. Under normal conditions, liquids clear in an exponential ma nne r and
at a faster rate than solids. Although gastric emptying studies are rela tively simple to
perform, accurate qua ntitation requires attention to several aspects of the study:

1. Radion uclide markers must have high labeling efficiency and remain stable in
vivo during the study.

2. Meal size and composition should be sta nda rd ized .
3. A standard patien t position and posture should be maintained for imaging tim es.
4. Correction techniques should be ap plied when needed to compensate for radio­

nuclide dec ay, multip le radionuclide interference, geometry changes, septal pen­
etration, and scatter from high-energy gamma rays.

The idea l tracer should not be absorbed through nor bound to the gastric mucosa,
should have no effect on gastric emptying, and should mix evenly with ingeste d food .
The two types of radioactive markers used in gastric emptying studies are liquid markers
and solid markers . Liquid markers are soluble radiopharmaceuticals that are miscible w ith
aqueous liquids and will trace the movement of liquids from the stomach. They must be
nonabsorbable and stable and not localize in the stomach. Commonly used liquid markers
include 1I1In-DTPA, 99mTc-DTPA, and 99mTc-SC. 99mTc-sodium pertechnetate cannot be used
because it localizes in the gastric mucosa.

Solid food marke rs are radionuclid es incorp orated into food . Vario us techniques ha ve
been exp lored to bind radio nuclides to so lid food. It is important that the radiolabel remain
bound to the solid during the cour se of study; othe rwise, gastric emptying of solids will
be erroneously sho rtened because of radionuclide leaching into stomach fluid .

Various methods have been used to bind 99mTc to solid food. One method involves
binding 99mTc to an inert resin and incorporating it w ith oa tmeal." A method tha t is w idely
used is to mix 1 mC! (37 MBq) of 99mTc-SC with an egg and scramble the mix ture to
incorporate the 99mTc-SC into the egg soli d . The radiolabeled egg can be ea ten as is or in
a sandwich between two slices of bread. The radioactive meal is then followed by a chaser
of water to rinse the esophagus.

In some instan ces a so lid-liquid marker meal may be given as 1 mC! (37 MBq) of 99mTc_
SC in scrambled egg and 100 ~Ci (3.7 MBq) of 1I1In-DTPA, chased w ith 4 oz of wa ter. If a
solid -liquid marker is given and the 99mTc-to-IllIn activity ra tio is 6 to 1 or greater, down­
scatter of 11IIn counts into the 99mTc w indow is minirnized.>'

To obtain meaningful results, a standard insti tutional protoco l must be established for
performing gastric emptying studies. The size of the meal and its composition will affect
emptying rate s. Liquids empty from the stomach mon oexponentially and at a faster rate
than solids, which tend to empty at a constant ra te, being restr icted by the pylorus .6-I·os
The emptying ra te is also in fluenced by the type of food an d the amount. In gene ra l, large
meals and high-calorie and fatty meals empty more slowly. An institu tion should use a
standard meal for its gastric emptying stud ies and establish its own parameters for normal
gastric emptying rate.
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TABLE 17-4 Radiopharmaceuticals for Detection
of Gastrointestinal Bleeding
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'I'ImTc-SuIfur Coll o id

Fast blood clearance

High target-to-background ratio

Requires active bleedi ng

99mTc-Red Blood Cells

Slow blood clearance

Low target-to-background ratio

Best for intermittent bleeding

Radiopharmaceuticals for GI Bleeding

Successful management of acute GI bleeding depends upon accurate localization of the
bleeding site. Most GI bleed ing occurs intermittently, which presents a problem for using
invasive diagnostic methods su ch as angiography for localizing the site. Angiography
requires active blee ding during the procedure to accurately localize the site . The signi ficant
morbidity associated with this procedure led to the development of scintigraphic methods
using rad ioph armaceuticals,

Two radiopharmaceuticals have been found to be use ful for localizing GI bleeding
sites. The first agent used was 9'lmTc-SC, and the current agen t-is 9'lmTc-RBCs. Each agent
has unique properties related to its use for detecting GI bleeding (Table 17-4). An ideal
agent for de tection of GI bleeding wo uld extravasate into the bleeding site and be cleared
from the blood and excreted rapidly. This would provide a high target-to-background
ratio to facilitate localization of the site. Ne ither 9'lmTc-SC nor 9'lmTc-RBCs mee ts these
stringent requirements. 9'lmTc-SC clears rapidly from the blood after intravenous injection
and therefore requires active bleed ing at the time of injection. Ad di tiona lly, its localization
in the liver and spleen may obscure bleeding sites in the se areas of the abdo men. The
advantage of 9'lmTc-RBCs is that the radi opharmaceutical's prolonged circulation time
provides a reservo ir of radioactive blood when bleeding occurs and is thus ideal for
intermittent bleeding. This is a double-edged sword, because the prolonged blood clear­
ance creates high tissue background. However, this has not appeared to interfere sign ifi­
cantly wi th the detection of bleeding sites. The use of both these agents has been
reviewed.66- 6H

9'lmTc-RBCs are now the agent of choice for this proced ure, A comparison between
99mTc-SC and 9'lmTc-RBCs has been made."" The study invol ved injection of both agents
into the same patient, 99mTc-SC first, followed by image acquisition for 15 to 20 minutes,
followed by 9'lmTc-RBCs with imaging for 90 minutes. Con tinuous 1 minute compu ter­
acquired images were made along with 5 minute scintiphotos in each ph ase of the study.
Of 100 patients studied, 41 had active bleeding; 38 of these cases were accurately iden tified
by 'l'imTc-RBCs. Only five cases were identified by 99mTc-SC, and in no instance did 9'lmTc_
SC demonstrate active hemorrhage that was not subsequently identified by 9'lmTc-RBCs.

A key requirement for using 9'lmTc-RBCs is a high tagging efficiency, because any
significant free pertechnetate is localized in the gastric mucosa, where it can po ten tially
interfere wi th diagnostic interp retation . A kit for the in vitro preparation of 9'lmTc-RBCs
(UltraTag-RBC, Mallinckrodt) permits labeling in whole blood and routinely produces
yields in excess of 95%. The method for labeling RBCs with this kit is described in Chapter 9.

Radiopharmaceuticals for Mecke l's Diverticu lum

Meckel's diverticulum is the most frequent congenital malformation of the GI trac t in
humans.'" It is found in 1% to 2% of people, most commonly in children, although it has
been diagnosed at every age from birth onward. The most cornman symptom of Meckel's
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diverticulum is rectal bleeding that results from peptic ulceration of the bowel by acid
secreted from the gas tric mucosa in the diverticulum.?" The frequent presence of gastric
mucosa in a Meckel' s diverticulum led to the use of 99"'Tc-sod ium pe rtechnetate for scin­
tigraphic studies because of its inherent biologic localization in gastric mucosa. Its use in
this application has shown a sensitivity of 85% and a specificity of 95% in cases of surgically
proven Meckel's diverticula with ectopic mucosa.Zl-? The procedure does not d irectly
detect diverticula tha t do no t contain gas tric mucosa.

Radiopharmaceuticals for GI Protein Loss

Under normal circumstances, large amounts of protein (approximately 100 grams) en ter
the GI tract daily as a result of digestive secretory processes; however, this protein is
largely reabsorbed after intestinal catabolism. Protein-los ing enteropathy (PLE) is charac­
terized by excess ive protein loss in the stool. Several diseases that produce inflammation
an d ulceration of the GI tract ma y cause excessive protein loss.

The test for protein loss involves recovering and measuring radiolabeled albumin that
leaks into the GI tract.? Ideally, the radiolabel should remain firmly bound to the protein
and not be excreted in the uri ne, because urine can con tamina te stool samples . The labeled
protein should be excreted into the intestinal tract only through abnormal leaka ge sites
and not be reabsorbed.

l3II-HSA was one of the firs t agen ts used to study PLE. However, it had the di sad van­
tage of being catabolized in the gut, with reabs orption of the radioiodine. Stud ies using
51Cr-Iabeled albumin or 5lCr-chromic chloride demonstrated tha t these agents could be
recovered almost completely from the stool after oral administration, indicating no reab­
sorption of the radiolabel.P-" Consequently, 5lCr-Iabeled products have become the agents
of choice for PLE. 5lCr-albumin demonstrated less urinary excretion (13%) than 51Cr_
chromic chloride (60%) 3 days after dosing and therefore was the preferred agent, wi th
less chance of urinary contamination of stool samples during the study." However, 51Cr_
albumin is no longer on the market. When given intravenously, 5lCr-chromic chloride
labels plasm a albumin in vivo and is effective for this study, but it must be prepared in
a sterile form. Also, 5lCr-chromic chlor ide mu st be prepared carefully because it adheres
tenaciously to glass; loss can be minimized by ma intaining the solution at or below pH 4
an d using plastic or siliconized glass containers. The final preparation must be sterilized
by 0.22 J.1m membrane filtration before intravenous administration.

Test Procedure for PLE

A dose of 0.25 to 0.5 J.1Ci (9.25 to 18.5 kBq) 5lCr-chromi c chloride per po un d of body weight
is administered intravenously. All stools passed during the next 4 days are collected by
the pa tient. Patients with some conditions (e.g., Crohn's disease) may need mu ltipl e
containers because of the large volume of liquid stool. Empty metal pa int cans containing
10 m L phenol preservative are satisfactory for collecti ng stool specimens. Each sample is
adjusted to a standard we ight with water and assayed for radioactivity with a scintillation
counter. A 51Cr standard, identical to the patient dose administered, and a background
can are pre pared and counted along wi th the stool specimens. The percentage of the dose
excreted in the cumulative stool samples is calcu lated . Normal subjects excrete 1% or less
of the administered dose in 4 days.73,,, Patien ts with PLE have been shown to excrete 2%
to 40% of the dose. Care must be taken to ins truct patients not to contaminate stool samples
wi th urine.
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Magnetic resonance imaging (MRI), compu ted tomograph y (CT), and ultrasound are
commonly used to evaluate the an atomy of the liver, hepatobiliary system, and spleen .
However, imaging with radionuclides can offer more information about the phys iology
and function of these org ans. Several radiopharrnaceu ticals wi th different mechanisms of
uptake can be used to image these organ sys tems.

liver-Spleen Imaging

Rationale

Liver-spleen imaging uses radi olabeled colloids that are taken up by the RES. These
radiopharma ceuticals are phagocytized by RES cells in the liver, sp leen, and bone marrow.
Most of the particles (80% to 90%) are take n up by Kupffer's cells in the liver. Abo ut 5%
are taken up in the spleen and a small percentage in the bone marrow. This allows for
functional ima ging of the RES and can be use ful for eva lua tion of hepatocellular d isease
such as cirrhosis, hepatomegaly, splenomegaly, and certain hepatic or splenic lesions seen
in an anatomic imaging study such as CT. Liver-spleen nuclear imaging studies can also
be usefu l to localize sp lenic tissue.

In patients wi th hepatic metastatic disease, hepatic artery infusion pumps are surgi­
cally placed to deliver strong chemotherapy directly to the liver. Proper placement is
essential so that the chemotherapy d rugs are delivered only to the liver and no t to other
organs. Imaging evaluation of pump function is accomplished with ""mTc-albumin aggre­
gated (99mTc-MAA) . Once injected via the pump, these small particles are trapped in the
liver by capillary blockade. If radiotracer accu mulation is seen outsid e the liver, the
position of the pump catheter needs to be adjusted or collateral circulation to these other
areas needs to be identified and ligated . 'J'lmTc-SC liver-spleen imaging can be pe rformed
for comparison if there is a question about the results of the ""mTc-MAA study. This is
especially true in patients who have had liver surgery prior to pump placement. In these
patients, the liver may have an abnormal contour that can be difficult to evaluate (Figure
17-12).

Blood-pool studies with 99mTc-RBCs can be used to evaluate suspected cavernous
hemangiomas in the liver. Because there is sluggish blood flow in hemangiomas, these
are typically seen as focal defects on the early flow images that demonstra te increased
uptake on de layed images (Figure 17-13).

Splenic imaging is useful for evaluat ing abdominal masses thought to be resid ual
functiona l splenic tissu e in pat ients who have had surgical splenectomy for thrombocy­
topenia, for confirming suspec ted splenos is in patients who have undergone sp lenectomy
after trauma, and for d iagnosing congenital abnormalities such as asplenia or polysplenia
in children. Splenic imaging can be accomplished with colloid agents as part of the
liver-spleen scan. More specific imaging of the spleen can be accomplished wi th autolo­
gous heat-denatured 99mTc-RBCs; th is is useful in determining the presence of functioning
splenic tissue . Heat-denatu red 99mTc-RBCs are sequestered by the functioning sp lenic
tissue, which allows for its iden tification with imaging (Figure 17-14). The red blood cells
are not sequestered by the liver, so the liver is not imaged as in a colloid liver- spl een scan .
This can be helpful in differentiating sp leen from adjacen t structures, esp ecially in pa tien ts
with a liver that has a large left lobe adjace nt to the spleen or in a patient with questionable
situs inversus.
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FIGURE 17 -12 Hepatic artery infusion pump study. The pa tient has had a left hepatic lobectomy
and placement of a hepatic artery infusion p ump because of metasta tic in volvement by colon cancer.
(A) Anterior 5-second-per-fram e im ages from a 'I'lmTc-MAA study. On the initi al im age , rad iotracer
is seen in the injection syringe (block arrow) and in the hepat ic artery infus ion p ump (solid ar row) .
As the dose is injected, uptake is seen in the liver. (B) Anterior and posterior images of the liver
from the QI,lmTc-MAA study showing patchy uptake in the liver with apparent up take in the left lobe
(double arrows). (C) Ant erior and posterior images from a 'NrnTc-SC study done the next da y
demonstrate absence of a left lobe, indicating that the 'NmTc-MAA activity seen the previous day in
th is region is ou tsid e the liver pa renc hyma in bowe l.
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FIGURE 17-13 'NmTc-RBC liver scans. (A) Normal anterior planar liver scan demonstrati ng prom i­
nent activity in the heart b lood pool, spleen, and urinary blad der, with no focal uptake in the liver.
(B) Hem angioma. Liver scintigraphy in anterior, right an terior, and left an terior oblique views. 'NmTc­
sulfur colloid study shows a large focal defect in the left lobe (arrow). Immediate 9<JmTc-RBC study
shows a foca l defect in the left lobe with som e increased act ivity in the periphery. Late 9'JmTc-RBC
study shows a large blood pool of activity in the left lobe consistent with hemangioma. (17-13B
repr inted with perm ission of the Society of Nuclear Medicine from Front 0 , Royal HD, Israel 0 , et
al. Scintigraphy of hepatic hem angiomas: the value of Tc-csm-Iabeled red b lood cells: concise
communication. JN llcl Med . 1981;22;684-7.)
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+- FIG URE 17-14 "v'Tc-labeled heat-denatured
RBC study in a patient with a history of sple­
nectomy. An terior, po sterior, and left latera l
views of the abdom en show a sma ll focal area
of 'NmTc-RBC accumulation posteriorly in the
left upper quadrant consistent wi th an acces­
sory spleen.

Procedure

Live r-spleen imaging requires no specific patient preparation. The adult patient receives
an intravenous injection of 4 to 6 mCi (148 to 222 MBq) of Y9mTc-SC. A large field-of-view
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camera with a low-energ y all-purpose (LEAP) or low-energy high-resolution (LEHR)
collimator is used for ima ging. If blood flow imaging of the liver is desired, the pa tient is
injected under the camera and 1 or 2 second frames can be obtained over the first minute
to evaluate variations in blood flow to the liver (Figure 17-15A). Usually, static ima ges are
obtained 15 to 20 minutes after administration of the radiotracer. Images of the abdomen
are usually obtained in the anterior, posterior, lateral, and oblique positions (Figure 17-15B).76
Delayed images of the liver are obtained 1 to 2 hours later. SPECT imaging can some times
be helpful if suspected lesions are small or there are severa l lesions.

Hepatobiliary Scintigraphy

Rationale

Hepatobiliary scintigraphy is accomplished with rad iopharmaceu ticals tha t are taken up
by hepatocytes and excreted into the bile. Radiotracers are excreted into the bile canaliculi
and adva nce through the biliary tree an d common bile duct into the sm all intestine. Some
of the radiotracer also enters the cystic d uct and accumulates in the gallblad der. Hepato­
biliary function can be estimated by the amount and tim ing of live r uptake and clearance.
Patency of the hepatobiliary system can be evaluated by follow ing the flow of radiotracer
through the biliary tree and intes tines . Rad ionuclide imaging of the hepatobiliary system
is commonly used to evaluate acute cholecystitis, CBEF, common bile duct obs truction,
bile leak, and congenital anomalies su ch as biliary atresia.

The most common indication for hepatobiliary scinti graphy is evaluation of suspected
acu te cholecysti tis. Most cases of acute cho lecys titis are caused by obstruction of the cys tic
duct by a gallstone. It is importan t to obtain a pertinent pat ien t history before pe rforming
this exam. The history should includ e de ta ils of any prior CI surgeries (such as cholecys­
tectomy), when the last meal was eaten, whether the the patient is taking opioid medi ca­
tions for pain, if the patient has had recen t ult rasonography, and if the patient ha s had
recent laboratory tests to determine liver enzyme leve ls.

The liver makes bile continuously. Normally, about two-thirds of the bile flows through
the common bile duct into the duodenum. Approximately one-third flows up the cystic
duct into the gallbladder, where it is stored.'? The gallb ladd er contra cts and empties its
contents into the duodenum in response to endogenous CCK, which is produced by
duodenal mucosal cells in response to fats and proteins in the intest ina l contents. If the
patient has recently eaten a meal, circulating endogenous CCK will prevent the gallbladder
from filling. The patient should fast for 4 hours before beginni ng this exam. However, if
the patient has no t eaten for mo re than 24 hours or has been receiving total paren tera l
nutrition (TPN), the gallbladder may be full of thick, viscous bile. In this case the gall ­
blad der may not accumulate radiotracer. Both of these conditions can resu lt in false­
posit ive studies (absence of gallbladder uptake of radi otracer activity).

If the patient is currently taking op ioid drugs, th is may interfere wi th the exam. The
administration of opioids such as morphi ne sulfate results in constriction of the sphincter
of Od d i, wh ich increases the intraluminal pressure in the common bile duct and can
prevent bile from en tering the duodenum. Although the gallbladder ma y be visualized,
failure of the radiotracer to enter the small bowel may be interp reted as obstruction of the
common bile duct. The refore, the study should be dela yed for 4 hours after opioid ad min­
istration .

If the patient's liver enzymes are elevated, the hepatocytes may not be able to concen­
trate enough radiotracer to visua lize the gallbladder. Higher dosage of the radiopharma ­
ceutical may be needed if the patient has ma rked hyperbilirubinemia.
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FIGURE 17-15 (A) Normal anterior liver blood flow study in a patient af ter intravenous inject ion
of 5 rnCi (185 MBq) of 9'lmTc-sulfur colloid. Sequential images taken at 5 seco nd intervals demonstra te
the no rma l distribution of act ivity in the heart, abdominal aorta, live r, and spleen. (B) Normal sta tic
liver-spleen scan in the sa me patient ob tained 15 minutes after the liver flow study. Fou r standard
views (anterior, right lateral, posterior, and left lateral ) and a right an terior oblique view are shown.
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Procedure

The pat ien t should fast for abou t 4 hours befo re ad ministra tion of the radiot racer. If the
pa tient has not eaten for more than 24 hours or is receiving TPN, the patient may be
pretrea ted wi th sinca lide. a synthetic C-terminal octapeptide of CCK. The usual pretreat­
ment dose of sincalide is 0.02 tlg/kg. This is sometimes given as a slow intravenous
infu sion over 3 minutes but is preferably given as a slow drip over 20 to 30 minu tes to
lessen the possibility of adverse effects . Sincalide should no t be administere d as a bolus
because it can cause gallbladder spasm and abdominal discomfort. Sincalide should also
not be used if the pat ient is currently receiving morphine, which acts to constrict the
sphincter of Oddi . If pretreatment with sincalide is considered appropriate, the hepatobiliary
rad iotracer is usually ad min istered 30 to 60 minutes after the sincalide infusion is over.

Typically 1.5 to 5 mCi (55.5 to 185 MBq) of a 9'imTc-labeled IDA compound (disofenin
or mebrofenin) is administered to an adult. Images are ob tained using a large field-of­
view gamma camera with a LEAP or LEHR collimator. Anterior spot images of the
abdomen can be obtained every 10 minutes, or continuous I -minute-per-frame images of
the abdomen can be obtained until radiotracer is seen in bo th the proximal small bowel
and the gallbladder." In most normal studies, the gallbladder and sma ll bowel are visu ­
alized within 60 minutes (Figure 17-7). If there is questionable activ ity in the region of the
gallbladder fossa, which may be either gallbladder accumulation or poo ling in the prox­
imal duodenum, a right lateral view can be helpful. The gallbladder is usually an anterior
st ructure. If the focal accumulation is still qu estionable and the patient can have some
water by mouth, this will clear the activity if it is in the d uodenum.

If the gallbladder is no t visua lized after 60 minutes, delayed imaging should be per­
formed after 4 hours. If there is activ ity in the proximal bowel, an alternative to 4 hour
delayed imaging is augmentation with morphine sulfate. Morphine su lfate administration
constricts the sphincter of Oddi, which increases the int raluminal pressure in the common
bile du ct. This forces radiotracer into the cys tic duct and into the gallbladder if there is
not an obstruction. Usua lly, a morphine dose of 0.04 mg /kg is given intravenous ly and
imaging is continued for another 30 minutes. If there is very little rad iotracer activity in
the liver and a decision is made to ad minister morphine sulfate, a "booster dose" of 99mTc­
IDA should be given 10 to 20 minutes before morphine administration . The booster dose
is usually 1 to 1.5 mCi (37 to 55.5 MBq).

In some patients with a history of right up per quad rant pain, no evidence of gallstones
on ultrasound, and a normal-appearing hepatobiliary scan, it can be useful to eva lua te
the CBEF. A poo r ejection fraction can be seen in conditions such as chronic acalculous
cholecystitis, biliary dysk inesia, cystic duct syndrome, and sphincter of Oddi dysfunction.
Sincalide ad minis tration is used to assess CBEF after the gallbladder is maxima lly filled
with the radiotracer and most of the radiotracer has cleared from the liver. Usually,
sinca lide 0.02 to 0.04 tlg/ kg is administered over 20 to 30 minutes. An ter ior J-minute-per­
frame images of the gallbladder can be obtained over the 20 to 30 minute interval. Regions
of interest are drawn around the gallbladder and the adja cent liver to determ ine back­
ground (Figure 17-16). CBEF is calculated as

CBEF%
Net maximum CB counts - Net minimum CB counts x 100

Net ma ximum CB counts

In general , a CBEF less than 35% is considered abnormal. Because sinca lide has a plasma
half-li fe of only about 2.5 minutes, it can be used both for pretreatment in patients who
have fasted longer than 24 hours and for CBEF. However, sincalide shou ld not be used
in patients who required morphine stimulation to visualize the gallblad der. In these



liver, Splee n, and Gastrointestinal Syste m 615

I I

16

,

10 MIN

45 MIN

2

7

12

17

,

,

20 MIN

60 MIN

3

8

13

18

A

B

•

30 MIN

9

I i

,

19

5

10

15

20

r

FIGURE 17-16 No rmal hepatobiliary study after in travenous injection of 5 mCi (185 MBq) of "v'Tc­
disofenin. (A) On the initial image taken at 10 minutes, radiotracer accumulation is seen in the liver,
biliary tree, and gallbladder. Radiotracer is seen in the proximal bowel on the 20 minute image.
During the 60 minute study there is good clearance of radiotracer from the liver, wi th increasing
accumulation in the gallbladder and advancement through the bowel. (8) After this, serial I-minute­
per-frame images of the abdomen were obtained during intravenous admini stration of cholecysto­
kinin (CCK). There is normal gallbladder emptying during the 20 minute CCK ad ministra tion. (C.
page 616) A gallbladder time-activity curve shows prompt emptying of the gallbladde r, with 74%
emptying at1 4 minutes. (D, page 616) Another patient wi th an abnormal gallb ladder ejection fractio n
(GBEF). During the 20 minute CCK administration there is very little change in the appearance of
the gallbl adder (arrows). GBEF was only 5%.
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FIGURE 17-16 (Continued)

pa tients, the sphincter of Oddi is contracted because of morphine administration. Sincalide
will cause the gallbladder to con tract against a closed sphincter.

Radiopharmaceuticafs

Hepatobiliary imaging is performed with 9'JrnTc-lDA compounds. When these compounds
are introd uced into the blood, they are bound to albumin, which minimizes clearance
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from the kidneys. They are actively taken up into the hepatocytes by a carrier-mediated
mechanism similar to that of bilirubin uptake. Once in the hepatocytes, they are excreted
unchanged into the bile canaliculi by active and passive membrane transport mecha ­
nisms.?" The two radiopharmaceuticals currently in use in the United States are 9':lmTc_
disofenin and 99mTc-mebrofenin. 99mTc-mebrofenin has a higher hepatic extraction and
lower renal excretion than 99mTc-d isofenin and may be more useful in patients wi th high
bilirubin levels.

Interpretation

If blood flow images of the abdomen are obtained, the liver is normally seen a few seconds
after the kidneys and sp leen. This is because most of the blood flow to the liver comes
from the po rtal circulation . In a normal study, there is prompt, homogeneous uptake of
the radiotracer in both lobes of the liver. After only about 5 minutes there should be goo d
clearance from the blood pool and visualiza tion of the liver parenchyma . Delay in clear­
ance of the blood pool is seen with he patic insufficiency. After about 10 minutes there
should be evidence of radiotracer accumulation in the biliary tree (biliary excre tion) . Next
there should be rad iotracer in the common bile duct, followed by accumulation in the
gallblad der an d the proximal bowel. Normally, rad iotracer activity should be seen in the
gallbladde r and bowel wi thin 1 hour (Figure 17-7).

Acute Cholecystitis

The most common cause of acute cho lecystitis is a stone in the cystic duct that causes an
obstruction . In the proper clinical setting (i.e., the pa tient has fasted for 4 hours, has been
pre trea ted with sinca lide if he or she has fasted for more than 24 hours, and has not had
a cholecys tectomy), nonvisualization of the gallbladder by 4 hours is consis ten t with acute
cholecystitis. If morphine augmentation is used, nonvisualization 30 minutes after mor­
phine administration is considered consistent with acute cho lecystitis. In some cases of
acu te cholecystitis, the re is a rim of increased activ ity in the gallblad der fossa along the
inferior hepatic edge with nonvisualization of the gallbladder. Th is is referred to as the
rim sign and is secondary to inflammation and hyperemia aro und the gallblad der (Figure
17-17).

Chronic Cholecystitis

Most patients with chro nic cholecystitis have normal hepatobiliary scans . Some may show
de layed gallbladder filling or delayed appearance of activity in the bowel. Many people
with symp toms associated with either calcul ous or acalculous chronic gallbladder disease
have reduced GBEF. In these patients GBEF after sincalide ad ministration can be clinically
useful.

Common Duct Obstruction

If there is a high-grad e common d uct obs truc tion, radi otracer will not be able to en ter the
bowel. Early on, there is good visualizati on of the liver pa renchyma but no evidence of
accumulation in the biliary tree or bowel (see Figu res 17-9 and 17-10). If the obs truc tion
is prolon ged , there will eventually be decreased hepatic function. Par tial common duct
obstruction will cause a delayed or p rolonged biliary-to-bowel trans it time . Nonv isual ­
ization of activ ity in the bowel after 1 hou r suggests parti al comm on duct obstruction .
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FIG U RE 17-17 Acute cholecysti tis. (A) Serial an terior images of the abdomen were obtained for 60
minutes after intraveno us administrat ion of 5 mC i (185 MBq) of 'l<lmTc-d iso fenin. On the ini tial image
at 10 minutes, there is rad iotracer in the live r, biliary tree, common bile duct, an d p roximal bowel.
Rad iotracer is not seen in the gallbladder at 60 minutes. A rim of parenchymal activity is seen in
the area of the gallbladder fossa on these images, which is often associa ted with acu te cholecystitis
(arrows). It is ev ident in about 25°;;) of acute cholecystitis patients who are at an advanced stage of
the disease . (B) Activity was not seen in the gallbladde r even after aug mentation wi th morphine to
constrict the sphincter of Oddi.

However, delayed visu alization of radiotracer in the bowel can be normal in some people
(20% to 25%). In part ial obstru ction, there is often persistent accumulation of rad iotrace r
in the common du ct proximal to the obs truction.

Bile Gastritis

During the hep atobiliary scan, radiotracer can reflux from the duodenum into the stomach
(bile reflux). This can sometimes be a cause of the patient's symptoms (Figure 17-18).
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FIGURE 17-18 Acute cholecystitis with reflux gastritis.
'J9mTc-disofenin study with morphine augmentation. The
gallbladder was not visua lized during the first 60 min­
utes of the study, so morphine sulfate was administered .
There was still no radiotracer accumulation in the gall­
bladder 30 minutes after morphine in this patient with
acute cholecystitis. The linear area of radiotracer accu­
mulation just inferior to the left lobe of the liver is bile
reflux of the radi otr acer into the stomach.

FIGURE 17-19 Neonatal hepatitis. Nor­
mal anterior hepatobiliary study in a
child 2 hours afterq&jntTc-disofenin follow­
ing 5 days of pretreatment with phe­
nobarbital. Excretion of radiotracer into
the intestinal tract confirms the presen ce
of neonatal hepatitis and rules out biliary
atresia.

Biliary Atresia

Hepa tobiliary imaging can be useful in a jaundiced infant with suspected biliary at resia.
The main d ifferential dia gnosis in a neonate with prolonged hepatic dysfunction and
hyperbilirubinemia is neonatal hepatitis versus biliary atresia. Biliary atresia requires
pro mpt surgical intervention before irreversible damage to the liver occurs. If biliary
atresia is suspected, the infant is usua lly pretreated wi th oral phenobarbital 2.5 mg/ kg
twice da ily for 5 to 7 days prior to the hepatobiliary scan to stimulate liver excretion. After
administration of the rad ioph armaceu tical, imaging is performed until definite bowel
activity is seen . Demonstra ting radiotracer in the extrahepa tic biliary tree and bowel ru les
out the diagnosis of biliary atresia (Figure 17-19). If definite bowel activ ity is no t seen after
several hours, a delayed 24 hour image can be helpful. If there is no evidence of bowel
activity after 24 hours, the findings likely represent biliary atresia (Figure 17-20).

Bile Leak

Hepatobiliary imaging is useful in evaluating patients with suspected bile leak after either
trauma (hepatic laceration) or surgery (such as laparoscopic cholecystectomy, liver tra ns­
plant, or hepatectomy) . If fluid collection in the abdomen is detected by another imaging
modality such as ultrasound or cr, hepatobiliary imaging can be used to evaluate for
clin ically significant leaks, as well as obstruction that may require further surgery (Figure
17-21). Sma ll leaks often are clinically insign ificant and can be watched.
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FIGURE 17-20 Biliary atres ia. Anterior images of the body taken out to 24 ho urs after administrat ion
o f 500 ~C i (18.5 MBq) of "v'Ic-disotcnin. On the initial image taken at 10 minu tes after injec tion of
the radiopharmace utical, there is up take in the liver. Activity is also seen in the bladder and (faint ly)
in the kidneys. There was no ev idence of radiotracer accumulation in the bowel or gallbladder after
24 hours in this 8 week old pati ent.

Gastrointestinal Studies

Several other nu clear medicine studies involve the Gl trac t. Some of the more common
studies involve evalua tion of GI bleed ing, suspected Meckel's div erticulum, gas troesop h­
ageal reflux, and gastric emptying.

Gastrointestinal Bleeding

Effective management of pa tients suspected of having active GI bleeding often depends
on identifying the bleeding site . Upper GI bleeding, which or iginates from the Gl tract
proximal to the ligament of Treitz, is su ccessfully evaluated with endoscopy. The lower
GI tract is much more d ifficult to evalua te with endoscopy. Many pa tients bleed only
intermittently, ma king it d ifficult to identify the bleeding site with angiography. Nuclear
imaging using 'I9mTc-RBCs is the method of choice for evaluation of active lower GI
bleeding. Labeled RBCs remain in the intravascular space and can be imaged for up to
24 hours. This increases the chances of detecting an intermittent hemorrhage site.

Procedure

A sample of the patient' s blood is remo ved for radiolabeling using an in vitro technique.
Dosage is typically 20 to 30 mCi (740 to 1100 MBq) autologo us 'I9mTc-Iabeled autologous
RBCs. With the patient supine, dy nam ic 60-second-per-frame anterior images of the abdo­
men and pelvis are obtained for 60 to 90 minutes using a large field-of-view camera with
a LEAP parallel hole collima tor. The images can then be played back in cine mode for
eva lua tion. Some times, if there is no evidence of bleeding during the 90 minute study, a
delayed image at 16 to 24 hours can be usefu l. Activi ty seen within loops of bowel on the
del ayed images indicates that there has been active GI bleed ing and may suggest the
severity of the bleed ing. However, delayed imaging may not be able to demonstrate the
intermittent bleeding site. Activity seen in the bowel may be downstrea m from the bleed­
ing site because of peristalsis."
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FIGURE 1 7~ 2 1 Bile leak. (A) Serial anterior images of the abdomen were obtained for 75 minutes
after intravenous administration of 5 mC i (185 MBq) of " v'Tc-disoferun in this patient after liver
transplant. The images show a large photopen ic defect at the dome of the liver. On the 30 minute
image a linear accumulation of radiotracer is seen in the middle of the de fect, which grows during
the study and is consistent with an active bil e lea k. There is another large photopenic area be low
the liver. Between 45 and 75 minutes there was radiotrac er accumulation in the p roximal small
bowel, which borders this photoperuc area. (B) An axia l CT image showing a low-d ensity fluid
collection anterior to the liver (black arrow). (C) Ano the r axial CT image inferior to the liver shows
a large fluid collection in the abdomen (white arrow).

Interpretation

Normally, 99mTc"labeled RBCs remain in the circulati on. After administration, they come
into equilibrium in the intravascular space. In a normal RBC stud y, activity can be seen
in the heart, great vessels, liver, and spleen. It is normal to see some activity in the urine.
Active GI bleeding is identified as an area of radiotracer accumu lation with in the bowel
that increases and moves with time (Figures 17"22 to 17"24).

Meckel's Diverticulum

A Meckel's diverticulum is a blind-ending tube a few centimeters long arising from the
antimesenteric borde r of the terminal ileum about 50 to 80 cm from the ileocecal valve. It
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FIGURE 17-22 Abnormal GI bleeding study. Anterior images of the abdomen and pelvis from a
- Tc-RBC study in a patient with a history of passing bright red blood per rectum. (A) An early
bloo d flow image shows activ ity in the heart, great vessels, and liver. (B) By10 minutes, an abnormal
focal area of accumu lation is seen in the ascending colon near the hepatic flexure (arrow) , dem on­
strating the active GI bleeding site.

FIG URE 17-23 Abnormal GI bleeding study
de monstrating a large abdominal aortic aneu ­
rysm (large arrow). During the study some
radiot raccr accumulation was also seen in the
descending colon (small arrows) , cons istent w ith
active GI bleeding. Normal activity is seen in the
heart. liver, and sp leen.

FIGURE 17-24 GI bleeding study showing active
small bow el bleeding site. Anterior image taken
30 minutes after intravenous administration of
WmTc-RBCs. Activity can be seen more centrally
in loop s of small bowel.

is a vestigial remnant of the omphalomesenteric duct that is present in app roxima tely 2°;'
of the population . About half of these can con tain ectopic gastric mucosa or pancreatic
cells that can lead to ulceration from acid secre tion and can become clinically apparent a,
rectal bleed ing . Most of the cases of recta l bleeding resulting from a Meckel's d iverticulurr
occur before the age of 2 years, and almost all of the diverticula responsible for recta
bleeding contain ectopic gas tric mucosa.'! ""mTc-sod ium pertechnetate is the agent of choio
for imaging Meckel's diverticu la contain ing ectop ic gastric mucosa because it concentrate
in the mucous cells of the gastric mucosa.
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FIGURE 17-25 Meckel's diverticulum . Anterior images of the abdo men and pelvis of a 14 month
old girl wi th intermittent GI bleed ing, obtained at 10, 20, and 30 minutes after intravenous admin­
istration of 1 mCi (37 MBq) of 'J'JrnTc-sod ium pertechnetate. Radiotracer accumulation is seen in the
stomach (white arrow) and blad de r (black arrow) . There is also a small focal area of radiotracer
accumulation in the right abdom en (small arrows ) which was found to be a Meckel's div erticulum
containing ectop ic gastric mucosa.

Procedure

With the patient supine, dy namic 60 second-per-frame anterior images of the abdomen
and pelvis are obtained for 60 to 90 minutes using a large field -of-view camera with a
LEAP parallel hole collimator. In children, about 200 to 30n uCi/kg (7.4 to 11.1 MBq/kg)
of 9'lmTc-sodium pertechne tate is administered intravenously. In adults, the dose is usually
10 to 15 mCi (370 to 555 MBq)." Pret reatment wi th various pharmaceuticals can increase
the sensitivity of a Meckel's scan. Histamine, (H,)-blockers such as cimetidine block
secretion from the gastric mucosa cells, resulting in increased uptake. In children, oral
cimetidine can be given for 2 days prior to the study at a dose of 20 mg/kg per day. In
adults the dose is 300 mg four times daily for 2 days before the study. Pretreatment with
pentagastrin is an alternative to Hj-blockers. Pentagastrin stimulates gastric secretion and
increases gas tric mucosa uptake.v

Interpretation

Initial anterior images of the abdomen and pelvis show activ ity in the intravasc ular space,
including the heart, great vessels , liver, spleen, and kidneys. After a few minutes, physi­
ologic activity appears in the gastric mucosa of the stomach. Over time the stomach activity
becomes intense as the background activity in the heart, liver, and spleen decreases.
Radiotracer uptake in a Meckel's d iverticulum containing ectopic gastric mucosa should
appear at about the same time act ivity appears in the stomach. This usually is identified
as a focal are a of radiotracer accum ulation in the righ t lower quadrant or mid abdomina l
region (Figure 17-25). However, it can appear anywhere in the abdomen. On lateral views
of the abdomen, this focus is anterior.

Gastroesophageal Re flux

Nuclear medicine imaging can be u sed to evaluate the presence and degree of gastro­
esophageal reflux, reflu x of stomach contents into the esophagus manifested as a burning
sensa tion in the chest referred to as heartburn. If this becomes severe and frequent, it is
referred to as gastroesopha geal reflux disease (GERD). The three different mechanisms
thought to be responsible for eso phage al reflux are transien t relaxation of th e lower
esophageal sphincter, transient increase in intra-abdominal pressure, and low resting
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pressure of the lower esophageal sphincter." GERD can lead to respira tory com plications
resulting from aspiratio n of gas tric bacteria."

The rad ionuclide gastroesophageal reflux study is a sensitive, noninvasive test that is
able to detect reflux in 90% of symptomatic patients·2,&! Additionally, the study permits
quantitation of the extent of reflu x into the esophagus and can be extended to de tect
pulmona ry aspiration of gastric contents.B5,M

The procedure is we ll tolerated by childre n, Two hundred microcuries (7,4 MBq) of
'!9mTc-SC is administered orally in 30 m L of apple juice followed by additional juice or
form ula until the patient is sated, Abdominal p ressure measurements are pe rformed using
a blood pressure cuff in small children to demonstrate reflux, The value of the radionuclide
gas tric reflux study in children was demonstrated in a study that showed an 80% rate of
de tection in subjects with gas troesophageal reflux previous ly documented by othe r acid
reflu x me thods."

Gas troesophagea l reflux is a com mon prob lem in infants and children but also occurs
in adults, It frequently leads to respiratory com plications, presumably resulting from
aspiration of gastric contents," The reflux study can be exten ded to detect pulmo nary
aspiration as a consequence of gastroesophageal reflux and has been sho wn to be mo re
sensitive than conventional nonradionuclide procedures." The dose of '!9mTc-SC given as
a liqu id meal at bedtime wi th lung scanning the following day can identify lung aspira tion
of refluxed gas tric contents,

Adult pa tients shou ld fast for 4 to 6 hours before the reflux study, The rad ioph arm a­
ceutical most often used is '!9mTc-SC Typically 0,3 mCi ( ILl MBq) '!9mTc-SC is added to
300 mL of acid ic orange juice, which is a combination of 150 m L of orange juice and 150
mL of 0,1 N hyd rochlor ic acid, Prior to administra tion of the radiotracer, the pa tient is
fitted with an abdominal binder that can be inflated to increase pressure around the upper
abdomen, The patient dr inks the radiolabeled orange juice an d then is positioned sup ine
under the gamma camera, The field of view should include the en tire esophagus an d as
much of the stomach as possible, If there is activity in the esophagus on the initi al image,
it ma y be resid ual swallowed activity, A small amount of water can be given to the pat ient
to clear thi s activity Typically, dynamic anterior 30 second-per-frame images are obtained
during the study, If there is no evidence of activity in the esophagus, pressure is increased
in the abdo minal binder in 20 mm Hg increments up to 100 mm Hg. Serial 30 second-per­
frame images are obtained at each incre ment."

Normally, there sh ould be no activi ty above the stomach during the study Activity
visualized in the esoph agus is cons idered abnormal and is cons istent with esophageal
reflux (Figure 17-26), The degree of reflux can be calculated using the formula:

where:
R = the percent of gas troesophageal reflux
E, = the esophageal coun ts at time t when the reflux is max ima l
E" = the esophageal background counts at the beginning of the study
Go = the stomach cou nts at the beginning of the stud y

The upper limit of norm al is consid ered to be 3 fXl reflux . Over 41X, is considered abno rmal ."
Attention should also be paid to the lungs, If aspiration is p resent during the study, there
will be radiotracer accumulation in the lungs,
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FIGURE 17-26 Gastroesohageal scintigraphy displayed on an oscilloscope of a data processor. (A)
This study demonstrates reflux above the stomach into the esophag us. (B) An asym ptomatic normal
volunteer dem onstrating gastric activity and filling of the pylorus but no reflux cephalad. (Reprinted
with permission of Elsev ier Science from Malmud LS, Fisher RS. Radionucl ide stud ies of esophageal
transitand gastroesophageal refl ux. Semi" Nuc l Med. ]982;12:104-15.)

Gastric Emptying

The stomach can be divided in to four regions: the fundus, bod y, antrum, and pylorus.
The fundus and proximal body of the stomach p redomina ntly serve as a storage reservoir
for food. The distal stoma ch and antrum demonstrate peristaltic contractions that break
down the food into small particles and mix them wi th gastric secretions . The pyloric
sphincter acts as a sieve, allowing particles sm aller than 1 mm to enter the duodenum
with each peristaltic contrac tion." Liqu ids empty from the stomach in an exponential
fashion . However, solids de monstrate a lag phase while the food is being broken down
into sma ller particles. The lag phase is then followed by a more linear emptying phase.

Gastric emp tying disorders fall into two diffe ren t categories: de layed emptying and
abnorma lly fast emptying (dumping) . Delayed gastric emptying symptoms can include
nausea, vomiting, abdominal discomfort, bloating, and early sa tiety. There are many
potential causes for del ayed gas tric emp tying, including endocrine disorders such as
diabet es mellitus, mechan ical obs truc tion, postsurgical effects, certain drugs, and idio­
pathic factors. Nuclear medicine gastric emptying studies are commonly ordered to eval­
uate for d iabe tic gastroparesis. Dumping can be associated with gastric surgery such as
gastrectomy, ant rectomy, and pyloroplasty that allows the passage of larger particles int o
the sma ll bowel. In these patients, a d umping syndrome can occur after eating, with
symptoms of dizziness, weakness, nausea, vomiting, sweating, and palpitations.

Scintigraphic evalua tion of gastric emptying can be do ne with solids, liquids, or a
combination of the two. In practice, gastric emp tying studies are almost always done with
a solid meal because the solid phase is more sens itive than the liqu id phase for detecting
delayed gas tric emptying. The patient should fast for 8 hours before the study. Often
pa tients are instructed to fast after midnight and the study is done in the morning.
Typically, 1.0 mCi (37MBq) 'J'JmTc-SC is mixed with an egg, which is subsequently cooked
and served scrambled. This is served either alone or as an egg san dwich. For infants 0.5
mCi (18.5 MBq) of 9'lmTc-SC can be added to milk or formula. The patien t should eat the
radiolabeled food quickly, and imaging should start immed iately after completion of the
meal. The patien t is positioned so that anterior images of the abdo men that include the
distal esophagus, stomach, and small bowel can be obtained ." The patient can be standing
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FIGURE 17-27 Gastric emptying curve. Stomach
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FIGURE 17-28 Normal gas tric emp tying study in a 2 month old girl. Serial an terior images of the
abdomen were obtained for 120 minutes after oral administration of 0.5 mCi (18.5 MBq) of "t-Ic­
SC in SO mL of form ula. In the in itial image. labeled 0 min, all of the radiolabeled formula is seen
in the stomach . Regions of interest are drawn around thc stomach in the subsequent im ages to
ob tain a gastric time-activity cu rve (inset). The re was 92.3°,{. gastric emptying by 90 m inutes.
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FIGURE 17-29 Delayed gastric emptying in a 50 year old patient. Serial anterior images of the
abdomen were obtained out to 120 minutes after the patient ingested a radiolabeled egg. On the
initial image, labeled 0 min, all of the radiolabeled egg is in the stomach. Regions of interest drawn
around the stomach in the subsequent images show delayed gastric emptying, with only 31.9%
gastric empty ing by 90 minutes .

or supine during the study. If geometric means of the stomach counts are to be calculated,
a dual-headed camera can be used to obtain anterior and posterior ima ges of the stomach.
The geometric mean (Janterior counts x posterior counts ) corrects for attenuation d iffer­
ences between the anterior and posterior counts (Figure 17-27). Alte rnatively, the left
anterior oblique (LAO) viewing angle can be used to acquire images. In this projection,
the stomach contents move roughly pa rallel to the hea d of the gamma camera, minimizing
the effect of attenuation. This method has the advantages of simple acquisition and no
need for mathematical correction; however, it is not as accurate as the geometric mean
method .r" Dynamic I -minute-per-frame images can be ob tained for at least 90 minutes.
Alternatively, static images can be obtained every 15 minutes. Regions of interest are
drawn around the stomach in each of the images, and a gast ric time -activity curve is
obtained to calcu late percentage of gastric emptying .

The rate of gastric emptying depends on many variables and on the type of meal,
patient position, and protocol used. Idea lly, normal curves should be establish ed in the
institution performing the study. In general, for a solid gastric emptying study, there
should be at leas t 50% emp tying by 90 minutes (Figures 17-28 to 17-30).81

Dietary changes, including the reduction of extra fat and bulk and frequent small meals,
can be useful in the treatment of both diabetic and nondiabetic gastroparesis. Therapy with
prokinetic drugs such as cisapride can improve gas tric emptying. Metoclopramide is a rea­
sonable option if cisap ride is ineffective" Erythromycin can also be used to increase gastric
emptying in bo th diabetic and nondiabetic gastroparesis (Figure 17-31).92.93 Follow-up gastric
emptying studies can be performed after initiation of medical therapy to assess the effec­
tiveness of treatment.
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FIGURE 17-30 Rapid gastric emptying after 1
mCi (37 MBg) of "v'Tc-sulfur colloid/scrambled
egg meal. Regions of interest drawn around the
stomach a t va rious times represent activ ity
rem aining in the stomach, which is subtrac ted
from the baseline stomach activity at time zero
(100%) to give the percent em ptying.

Omin

20 min, 69% Emptying

10 min, 43 % Emptying

30 min, 96% Emptying

FIGURE 17-31 Delayed gastr ic
empty ing with phar macolo gic
intervention . Images a t var ious
time points represent percent
gastric emptying.
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18 Kidney

The kidney is the organ primarily responsible for eliminating metabolic waste products
as well as dru gs an d the ir me tabo lites from the body. The renal excretion of radiophar­
maceuticals provi des an effective noninvasive means of assessing kidney function . A
unique feature of renal nuclear medicine studies is that the function of each kidney can
be measured. This is part icularly useful in assessing kidney transplants. Scintigraphic
methods have been developed to assess glomerular and tubular function, to de tect the
presence of space-occupying lesions such as tu mors and cysts, and to me asure relative
function between the left and right kidneys . Genitourinary problems, including ureteral
obstruction, residua l urine after voiding , and vesicoureteral reflux, can also be evaluated.
Pharmacologic agents are used to improve the diagnostic power of some renal studies.
Although structural abnormalities of the kidney are best evaluated by other diagnostic
modalities, kidney function is bes t assessed by radionuclide techniques.

PHYSIOLOGIC ANATOMY

The functional unit of the kidney is th e nephron, illustrated in Figure 18-1.' It consists of
the glomeru lus, proximal convoluted tubule, loop of Henle, distal convoluted tubule, and
a collecting duct that empties in to the renal pelvis. Tubular urine flows through the
nephron in that order. There are approximately 1.5 million nephrons in each kidney. Abou t
85% of the nephrons reside in the kidney cortex, with their glomeruli located in the outer
two-thirds; about 15% of the nephrons are juxtamedullary, wi th glomeruli in the cor ti­
comedullary junction; and no glomeru li are found in the kidney medulla . In cort ical
nephrons, the loops of Henle penetrate only a short dis tance in to the medulla and have
thin descend ing and thick ascending limbs; in juxtamedullary nephrons, the loops of Henle
are long, penetrate deep into the medulla, and return to the cortex.

Approxima tely 20% to 25% (abou t 1200 mL) of the cardiac output flows through the
kidneys . About 20% of this am ount is filtered by the glomeruli, producing a filtrate that
is essentially identical to plasma minus the protein. Blood enters the nephron through the
afferent arteriole, which branches off the in terlobular ar tery, subsequently flows through
the glomeru lar capillaries, exits the glomeru lus through the efferent arteriole, and enters
the peritubular capillar ies that bathe the tubules. Blood then leaves the nephron through
the cortical venule, which flows in to the interlobular vein. About 85% of renal blood
perfuses the cor tex and bypasses the medulla, 10% perfuses the cor ticomedullary junction,
2% perfuses the medulla, and 3% flows through arteriovenous shunts that bypass the
cortical glomerular and per itubular capillary systems and does not contribute to glomer­
ular filtration or tubular secretion and reabsorption.

Renal Excretio n Mechanisms

Renal elimination of drug substances from the blood and into urine involves the transport
processes that typically occur across biologic membranes: passive diffus ion, facilitate d
diffusion, and active transport. The se processes are described in Chapter 13. Renal excre­
tion mecha nism s have bee n di scussed in depth by Gottschalk and Nielsen.i-' In general,
substances are removed from the blood by glomerular filtration and tubular secretion.

633
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FIGU RE 18-1 Diagram of the sagittal surface of a bisected kidney (lower left), Numbers 1 through
9 indicate the following: 1, minor calyx; 2, fat in sinus; 3, renal column of Bertin; 4, med ull ary ray;
5, cortex; 6, pelvis; 7, int erlobar artery; 8, major calyx; and 9, ureter. The letter A indicates the renal
artery, and the letter V indicates the rena l vein . Inser t (a) from the upper pole is en larged to illustrate
the relationships between the juxtamedullary and the cor tical nephrons and the renal vascu lature.
(Reprinted wi th permission of Elsevier Science from reference 1.)

Reabsorption processes also occur in the tubule, where essential substances in the glom­
erular filtrate, such as glucose, elect rolytes, and water, are reabsorbed into the blood,

A substance must satisfy two basic criteria to enter the glomerular filt rate: It must be
non-protein bo und and it must have a small molecular size. The glomerular capillaries
are abou t 100-fold more permeable to water and salt than capillaries in genera l; how ever,
substances with molecular weights greater than 50,000 are almost completely excluded
from the glomerular filtra te. Non-protein-bound drugs with mo lecular w eights less than
5000 are freely filterab le'

Any drug that en ters the glomer ular filtrate w ill be excreted in the urine if it is not
reabsorbed into the blood . In general, un-ionized, lip id-soluble drugs are freely diffusible,
whereas ionized, water-so luble species remain in the urine unless they are reabsorbed by
a carr ier-mediated transpor t process.' Therefore, substances used to assess the glomerular
filtration rate (CFR) should possess strong polar properties that favor urinar y excretion,
as opposed to nonpolar proper ties that favor passive tubular reabsorption.

The degree of ionization of a drug depends on its pKa and the urinary pl-I, in accor­
dance with the Henderson-Hasselbalch equatio n. For drugs that are w eak organ ic acids,
this equation is expressed as follows:

H Ka I __i_oruzc-·---c-ed----:d_ru:-'g<-.p =p + og . .
un-ionized drug
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Consider, for example, a we ak-acid drug with a pKa of 6. At a urinary pH of 5 it is 90%
un-ionized, favoring pass ive tubular reabsorption, whereas at a urinary pH of 7 it is 90%
ionized, favoring urinary excretion. Since most drugs are either weak acids or weak bases ,
their renal elimina tion is affected by the urine's pH.

Active tubular secretion is known to occur by at least two independent pathways
involving eithe r organic anions or cations. These pathways are utilized by endogeno us
compounds such as choline, creatinine, epinephrine, and dopamine and by d rugs such as
atropine, cirnetidine, and morphine.v' Of importance to nuclear medicine is the active
tubular secretion of organic anions such as I3II-o-iodohipp urate (l31I-OIH) an d 'I'ImTc-mer­
tiatide ("""'Tc-MAG3). Several compounds that are secreted by the anionic pathway fit a
general structural req uirement proposed by Despopoulos:?possession of a primary anionic
bind ing site such as a carboxylic acid (CO,-) or a su lfonic acid (S03-) group and a second ary
site provided by a carboxyl oxygen or hydroxyl group." A few compounds that meet these
requirements include p-aminohippurate (PAH), hyd roxybenzoates, fatty acids, penicillin,
probenecid, salicylates, and the renal radiop harmaceuticals 131I-OIH and 'I'ImTc-MAG3.

Glomerular filtration of a drug requires that it be non-protein bo und an d freely
distributed in plasma water, but elimination of a d rug by active tubular secretion is less
affected by protein binding , provide d the binding is reversible.' If.a dru g exhib its revers­
ible protein binding, all of the d rug will be availab le for tubu lar transport because as free
drug is removed from plasma by the tubular cells, bound dru g dissociates rapidly into
plasma water and becomes immedia tely availab le for eliminat ion .

Renal Clearance

Extraction of a drug from blood by the kidney can be quantitated by measuring renal
clearance of the drug, defined as the minimal volume of plasma required to supply the
amoun t of drug excre ted in the ur ine in a given period of time.' The clearance concept is
applicable to all subs tances excreted in the ur ine and is expressed by the formu la

(18-1)

where :
U, = urine concentration of drug
P, = plasma concentration of d rug
V = urine volume per unit time
Cl, = renal clearance in milliliters per unit time

Conside r, for example, the clearance of Nat. Given that V = 1 mL / minute, U", = 280
mEq/ L, and PN, = 140 mEq/ L, the clearance of sod ium (ClN, ) is 2 mL/minute. In other
wo rds, an amount of sodium ion equal to tha t contained in 2 mL of plasma (0.28 mEq) is
excreted into the ur ine each minu te. Another way to describe clearance, therefore, is tha t
it is the volume of plasma that has its amount of drug (Nat in this case) complete ly
removed per unit time . The clearance volume is virtual, however, not real, and one should
not infer that all of a drug (Na" in this case) is removed from each 2 mL of plasma passing
through the kidney. On the contrary, only some of the sod ium is removed from a much
larger volu me of plasma perfusing the kidney.

Drug clearance occurs by glomerular filtration, tubular secretion, or a combination of
these processes. Reabsorptive processes work aga ins t cleara nce. If a drug is known to be
cleared by only on e particular process, such as glome rular filtration, then the d rug can be
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used to measure that function. Normal GFR is about 125 mL /minute per 1.73 m?in humans
and represents about 20% of the renal plasma flow (RPF). The mean RPF is about 650
mL / minute. A small molecular weight substan ce that is no t bound to plasma protein can
enter the glomerular filtrate. If it is not metabolized, reabsorbed , or secreted by the tubule,
it will remain in the ur ine with a clearance of 125 mL /minute. The polysaccha ride inulin
best sa tisfies these requ irements and is the standard substance used to measure GFR. Thus,
during steady-sta te intravenous infusion of inulin, when GFR is normal the amount of
inulin contained in 125 mL of plasma will appear in the urine each min ute as a resu lt of
glomerular filtration . A disease process tha t affects glomeru lar function will change the
inulin clearance. Hence, inulin clearance can be used to assess kidney function in a variety
of conditions .

Although the clearance of a drug does not delineate a specific mechanism involved in
its renal excretion , some idea of the processes involved can be gained. For exam ple, if a
freely filterable drug has a clearance less than the GFR, then it must undergo some degree
of tubular reabsorption . Glucose is such a substance, being completely reabsorbed by the
tubule. Its clearance, therefore , in the normal individual is zero. On the other ha nd, if a
subs tance ha s a clearance greater than the GFR, it must undergo tubular secretion as well .
PAH is an example of such a substance because its renal clearance is nearly equal to the
RPF.

Extraction Efficiency

Renal clearance provides information onl y about the amoun t of d rug removed from the
blood that ap pears in the urine . It is no t applicable to substances that are stored, synthe­
sized, or metabolized by the kidney.' On the other hand, the extraction efficiency or
extraction ratio (ER) is a measure of the amounts of drug eliminated into the urine and
retained by the kidney. ER is defined by Smith!" as the fraction of a substance removed
from plasma during one circulation through the kidney. It is expressed as follows:

ER =A- V
A

where:
A = the renal arterial concentration of a substance
V := the renal venous concentration of a substance

(18-2)

Consider, for example, a drug that has an ER of 1.0. It will be completely removed in a
single pass through the kidney. If none of the drug appears in the ur ine, then all of it is
reta ined by the kidney. A radiopharmaceutical with this property would be an ideal rena l
imaging agent becau se all of the injected activity would end up being bound in the kidney.
No radiopharmaceu tical comes close to having these properties, but YYmTc-succimer (9'1mTc_
DMSA) has a significant amount of the injected dose retained in the kid ney. On the other
hand, if all of the d rug appears in the urine, none is retained in the kidney and its clearance
is equal to the RPF (650 mL/ minute). A rad iopharmaceutical with this property wo uld
be an ideal agent for measuring renal plasma flow and tubular function, beca use most of
the activity entering the ur ine would occu r by tubular secretion. Two radiopharmaceuticals
that closely approximate these properties are I31I-OIH and 99mTc-MAG3.

If a drug has an ER of 0.2 and none of it is bound, secreted, or reabsorbed, it will have
a clearance of 125 m L/minute, making it a good GFR agent. 125I-iothalamate and 99mTc­
pentetate (99mTc-DTPA) are radiop harmaceuticals that have essentially these properties,
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FIG URE 18-2 Schematic of the nephron, demonstrating the sites of radiopharmaceutical processing
in the kidney.

TABLE 1B-1 Ideal Prope rties of Renal Rad iopharmaceu tical s

Extraction Ratio

1.0
1.0
0.2

Clearance (mUmin)

o
650
125

Significance

Al l bound in kidney (good renal imaging agent)
None bound in kidney (good. renal function agent)
None bound, secreted, or reabsorbed (good GFR agent )

and they both are used to quan titate GFR. Figure 18-2 and Table 18-1 summa rize these
concepts.

In renal physiology, the clearance of PAH (ClPAH) is used to estimate the renal plasma
flow. However, its clearance is not equa l to the renal plasm a flow, beca use its ER (EpAH)

is about 0.92. Therefore, the clearance of PAH measures only the effective renal plasma
flow (ERPF)lOThe ERPF of PAH in hu mans averages 600 mL / minute. RPF can be deter­
mined from the clearance and extraction ratio of PAH by the following relationship:

RPF = ClPAIi = 600mL/min = 650mL/min
EpAH 0.92

Renal blood flow (RBF)can be determined from RPF and the hematocrit by the relationship
RPF/(1 - hematoc rit).'? Hence, an average individual with a hema tocrit of 45% would
have RBF of approximately 1200 m LI minute.

The reasons for incomplete extraction of PAH have been examined. Wesson ll lists
several possible causes: (1) parenchymal bypass, in which a small amount of blood that
enters the renal vein does not pass through the tubules; (2) red blood cell transport, in
which drug that ente rs red blood cells does not readily diffuse out during blood transit
through the cor tical tubules; (3) incom plete cortical extra ction due to incomplete drug
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dissociation from plasma protein; and (4) unavailability of drug from blood that passes
through the medulla.

OIH also exhibits renal extraction of less than 100% for reasons similar to those given
for PAH. Because of free iodide present in OIH, which undergoes tubular reabsorption,
clearance of OIH is less than clearance of PAH. OIH, however, offers the advantage of
external detection for imaging and quantitation, which is not possible wi th PAH. OIH has
been used to measure ERPF after pharmacoki netic analysis of its plasma disappearance
over time.

Drug Elimination

The renal clearance tells us the amount of d ru g that is excreted in the urine per unit tim e,
but it tells us nothing about the fract ion of total d rug that is elim ina ted by the kid ney. For
this we need to know the drug's volume of d istr ibu tion (V)5 Consider, for exa mple, a
hypothet ical class of drugs that are eliminated so lely by renal excretion. After an in trave­
no us bolus injection of a dose (10)' the rate of change in plasma concentration with respect
to tim e (dC/dt) is given by the equation

dC =k.C
dt

(18-3)

w here k is the elimi nation rate constant determined by the ratio of clearance to apparen t
vo lume of distribution:

k= CIR

V

The plasma con centra tion of drug immediately after injection (Co) is

In tegration of Equation 18-3 yields

(18-4)

(18-5)

(18-6)

This rela tionship betw een plasma concentrat ion and time can be linearized by taking the
natural logarithm of both sides of the equa tion:

(18-7)

The clearance of a drug (ClR) is the prod uct of renal extraction efficiency (ER) and renal
plasma flow (Qp):

(18-8)

This set of equations forms the basis for determining a drug's elimination rate and the
influen ce that clearance and volume of d istrib ution have on the rate.
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FIGURE 18·3 Plasma el im inatio n rates for two
hypothetical drugs, A and B, eliminated entirely by
renal excretion and administered in equimolar

odoses. Left: Drugs A and B have identical renal .s
extraction efficien cies (ide ntical clearances) bu t
drug A has a smaller volume of distribution than
B. The elimination rate of drug A is higher because
its initial plasma con cen tration is higher because of
a smaller vo lume of di stribut ion . Right: Drug A has
a lower extraction efficiency than drug B{i.e., lower clearance) and the ratio of extraction efficiencies
(B to A) is equal to the ratio of the distribu tion vol umes (B to A). Drug A is now eliminated at the
same rate as drug B. Even though the extraction of drug A is less than for drug B, its plasma
concentration is higher (because of a smaller distribution volume) , w hich compensates for its lower
clearance.

Consider, for example, tw o hypothetical drugs, A and B, that are excreted entirely in
the urine. V is smaller for d ru g A than for drug B, but the extraction efficiencies of the
two drugs are identical (i.e., renal clearance is identical). If equimolar doses of th e two
drugs are administered, Equa tion 18-5 predicts that the initial concentration of A will
exceed that of B. On the other hand, Equ ations 18-4 and 18-7 predict that the p lasma
concentration of A will decline more rapid ly than that of B. The result of th is situation is
shown on the left in Figure 18-3. Now, con sider a case in which the extraction efficien cy
(and renal clear ance) of A is decreased (e.g., because of high plasma pro tein binding) such
that the rati o of extrac tion efficiencies (B to A) is eq ual to the ratio of d ist ribution volumes
(B to A). Equations 18-4 and 18-7 then predict that the plasma concentra tion of A will
decline at the same rat e as the plasma concentration of B. The result of this situation is
shown on the right in Figure 18-3. Thus, it can be shown that the rate of decline in pl asma
concentration (slope of k) is determined by both the volume of d istribution and the
clearance .

These concepts, par ticularly the second hypothetical situat ion described, explain why
the elim ination rates of 1311-OI H and 99mTc-MAG3 are similar even though their biologic
properties are d ifferent. A comparison of these agents is made later in the chapter.

Often , elimination ra tes are di scussed in terms of a drug's half-life. Substituting
0.693 f T~ for k an d rearranging Equat ion 18-4 yields

0.693 · V

Cl
(18-9)

This relationship dem onstra tes that as the volu me of distribution of a drug increases, its
half- life of elimination increases proportionately (i.e., its excretion rate declines). Goldstein
et al.' have shown that, theoretically, if a drug is distributed only in plasma water (V = 3
L) and is completely cleared per pass through the kidney (ER = 1.0, CI = 650 mLfminute),
its plasma elimination half-life would be 3 minutes. If its d istr ibution were in extracellu lar
flu id (V = 12 L) or the to tal body wa ter (V = 41 L), its hal f-life would be 13 minutes or 44
minutes, respectively. Hence, any radiotracer di stributed only in plasma water and having
a high renal extraction will be cleared most rapidly from the bloodstream.

DEVElOPMENT OF KIDNEY IMAGING AGENTS

A large number of radiopharmaceuticals have been investigated for renal imaging studies.
The chemical st ructures and properties of the agents routinely used in renal scintigraphy
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are described in Chapter 9. Several review articles have co mpared ren al imaging
agents.6.8,12- 14

The radioisotope renogram was in troduced by Taplin et al ." in 1956 in response to the
need for a method of evaluating unilateral kidney d isease in a noninvasive manne r. The
original method used a two-channel detection system, each kidney having its own scin­
tillation detector connected to a rate meter and recorder. After intravenous injection of an
age nt cleared primarily by tubular secretion, time-activity curves were recorded over each
kidney. The firs t agent used was 13'I-iodopyracet. Its main drawback was liver uptake,
which in terfered with right kidney evaluation . PAH was a good agen t to use for physio­
logic reasons, but no satisfactory method could be developed to label it w ith a suitable
gamma-emitting nuclide. However, attempts to label PAH led to the developme nt of 1311_
OIH (hippuran) in 1960 by Tubis et al. '6 OIH is structurally similar to PAH but can be
labeled with radi oiodine. It is eliminated primarily by tubular secretion, and for over 30
years it w as the agent of cho ice for assessing renal function. OI H is not bo und in the
kidney, however, and therefore cannot be us ed as a renal imaging agent.

The lack of an agent that would remain fixed in the kidney for ima ging space-occu ­
pying lesion s led to the development of 2Q1Hg-chlormerodrin. This me rcury compound
was bound 5% to 10% to sulfhydryl-containing proteins in tubular cells, w ith an effective
half-life of 28 days.'? It permitted visualization of kidney morphology and the detection
of lesions, which appeared as focal areas of decreased activity. Th e high radiation dose
from the beta-emitting 203Hg nuclide (117 rad/mCi), however, prompted its replacement
with 197Hg, which decays by electron capture and had a radiation dose of onl y 6 rad/mCi.
However, its low-energy photons (77 keY) yielded scans with lower resolution than 2O.1Hg.
These problems stimulated the pursuit of a 99mTc-labeled agent.

In 1966, Harper et al." developed a 99mTc-iron ascorbate complex for renal imaging .
This complex provided the advantages of Y9mTc for imaging, namely the ability to admin­
ister large amounts of activity with improved sensit ivity and resolution and low radiation
dose. This agent was followed by several Y9mTc-labeled complexes with diethylene triam ine­
pentaacetic acid (DTPA) with either iron-ascorbate or stannous ion as the reducing
agent.'9"" Comparison studies determined that the iron-reduced complexes did not behave
biologically as true chelates and should not be used for GFR stud ies.P Stannous-reduced
99mTc-pentetate (99mTc-DTPA) became the agent of choice for GFR studies .

In 1973, 99mTc-gluceptate (99mTc-GH), a complex of technetium with glucohep tanoic
acid, was developed at New England Nuclear Corporation, and Y9mTc-DMSA was devel­
oped at Medi-Physics by Lin, Khentigen, and WinchelJ.2' 99mTc-DMSA reaches high con­
cen trations in the renal cortex, making it a good choice for imaging the renal parenchyma.
Its clearance from blood into urine is slow, however, because of high plasma protein
binding, making it a poor agent for evaluating the pelvocaliceal collecting system. Y9mTc_
GH is not so high ly protein bound and has a faster renal clearance than 99mTc-DMSA, but
the fraction bound in kidney is lower. Early images after injection of 99mTc-GH demonstrate
the collecting system well, similar to Y9mTc-DTPA, whereas later images show renal paren­
chyma alone, similar to 99mTc-DMSA.13

Inulin clearance is regarded as the standard for measuring GFR. Attempts to prepare
rad ioactive inulin have been successful in tha t hydroxymethyl 14C-inulin shows a high
degree of correlation to standard inulin for GFR measurements . H owever, it requires liquid
scintillation counting of the 14C labe l. Attempts to prepare inulin with a su itable gamma
emitter have not been successful.

In 1965 Sigman et al." used 13' I-iothalamate to measure GFR. Th is agent was subse­
quently shown to have renal clearance identical to that of inulin." lothalamate labe led
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with 1251 has remained the radioactive agent of choice for quantitative assessment of GFR
over the years, although "mTc-DTPA is also used for this purpose.

Several metal chelates of EDTA and DTPA have been investigated for GFR stud ies.
Noteworthy are 5lCr-EDTA, IlIIn-DTPA, and " mTc-DTPA. The 51Cr complex is no t ideal
for imaging studies becau se of IJ W photon abundance of its 320 keY gamma ray. 1l11n_
DTPAand "mTc-DTPA have similar biologic properties in humans but are not identica!."
The 1Ilincomplex has a slightly faster total-bod y clearance. The slightly greater retenti on
of 9'lmTc-DTPA in tissu es probably represents "mTc not chelated with DTPA. " mTc-DTPA
also sligh tly underestimates GFR (by a few percentage points); this is related to its small
amount of protein binding. Corrections for this binding have made - Tc-DTPA a useful
agent for quantitative GFR measurements.

The first technetium complex designed to replace l' II-OIH was ..mTc-N,N'-bis(mercap­
toacetyl) ethy lened iamine (9'lmTc-DADS).25 While it demons tra ted significant rena l excre­
tion, biodi stribution studies in animals using rena l transport inhibitors (probenecid and
2,4-dinitrophenol) demonst rated that the excretion of '~mTc-DADS was decreased more
than that of D1I-OIH, suggesting that 99mTc-DADShas a lower affini ty for the renal trans por t
proteins." Studies also demonstrated hepa tob iliary excretion with 9'lmTc-DADS in pa tien ts
with increased creatinine levels." A series of substituent modifications demonstrated that
add ition of a carboxylate group to the ethylenediamine backbone improved renal excre­
tion." This modification, however, created an asymmetric carbon atom and resulted in two
chelate ring stereoisomers, 'l9mTc-CO,-DAD5-A and - Tc-CO,-DAD5-B. The A isomer had
renal excretion properties similar to those of BlI-OIH, but the B isomer did not. Biodistri­
bution stud ies demonstrated that, 30 min utes afte r intravenous injection, the rena l excre­
lion of 9'lmTc-CO,-DADS-A isomer was 81% of BlI-OIH, compared with 40% for WmTc_
DADS (mixed isomers). Although this was a significant improvement, the requirement
for high-performance liqui d chromatograp hic (HPLC) purification to separate the A and
B isomers precl uded development of an easily usable kit, which limited the potential
usefulness of 'l9mTc-CO,-DADS in the nuclear med icine clinic.

The development wo rk with 99n'Tc-DADS demonstrated tha t a carboxylate group was
necessary for high specificity of the renal tubular transport system. To prevent the forma­
tion of stereoisomers from substituents placed on the N,S, backbone of DADS, the ligand
was changed to N,S or triamide monomercaptide. Changing the core donor ligand and
placement of the carboxyl gro up on the third amido nitrogen produced a radioche mically
pure product withou t an asy mmetric carbon." The simplest ligand havin g the necessary
groups for renal excretion was mercaptoacetyltriglycine. The absence of stereoisome rs
permitted a kit formulation that could be easily used in the nuclear medicine clinic. See
Chapter 9 for de tails on the chemist ry of WmTc-MAG3.

Animal and clinical studies with 9'lmTc-MAG3 have shown its rena l excretion profile
to be essentially identical to that of I3lI-OIH. Because of its biologic properties and tech­
netium label, 'l9mTc-MAG3 has replaced BlI-OIH as the renal function agent of choice in
routine nuclear med icine studies.

BIOLOGIC PROPERTIES OF RENAL RADIOPHARMACEUTICALS

Radiopharmaceuticals for rena l studies belong to two pr incipal groups: (1) renal clearance
agents, which can be subdivided int o GFR agents and tubular function agents; and (2)
renal imaging agents, which are used to assess rena l morphology and relative functi on.
Agents currently used in nuclear medicine are listed in Table 18-2.
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TABLE 18-2 Renal Radiopharmaceutical,

Renal Clearance Agents
1. GFR" agen ts

a. I25I-iothalarnate
b. 'I'lmTc-pentetate ('l'JmTc-DTPA)

2. ERPP' agents
a. l3II-o-iodohipp u ra tc (l31I_OIH)
b. 99IllTc-mertia tide ('I'ImTc-MAG3)

Renal Imaging Agents
1. "v'Tc-glucepta te (9'lmTc-GH)
2. 'l'ImTc-succimer ('l'JmTc-DMSA)

~ Glomeru lar filtration rate.
h Effective renal plasma flow.

Technetium Tc 99m Pentetate Injection

Technetium Tc 99m pentetate injection (""mTc-DTPA) is a complex of Tc(IV) with diethyl­
enetriaminepentaacetic acid (DTPA). 'l'ImTc-DTPA was originally developed because its
route of excretion offered po tential for renal ima ging studies. After intravenous injection,
'J9mTc-DTPA distributes into the extracellu lar space. Because it has low plasma protein
binding (around 5%) and has no significant binding to red blood cells, rena l excretion of
'J9mTc-DTPA is rapid, with 50% of the dose appearing in the urine 2 hours after injection
and 96% excreted by 24 hoursB~4 The complex is quite stable and is excreted unchanged
in the urine. It is excreted by glomerular filtration , is not secreted or reabsorbed by the
kidney tubule, and has no appreciable binding to the renal parenchyma. 'J9mTc-DTPA is
useful in evaluating gross blood flow to the kidneys and in visua lizing obstructions to
urine flow in the collecting system and ureters because its renal distribution is restricted
to the renal vascular space initially and the tubular urine thereafter. In this regard, 'J9mTc_
DTPA has principal ap plication in the assessment of renal pe rfus ion, relat ive kidney
fun ction, and obstructive uropathy.

The renal clearance of 'l'ImTc-DTPA is approximately 20% of renal plasma flow (i.e., 125
mL/minute), making it useful for the quantitative assessment of GFR." -34 Methods that
measure GFR by plasma clearance of 'J9mTc-DTPA are reliable when GFR is greater than
30 ml. yrnlnute." The method use d should employ a correction for plasma protein binding
of 'J9mTc-DTPA.30~1 While mos t methods are relat ively simpl e in principle, they require
careful attention to technique. Additionally, it is important to rep ort GFR values that are
normalized to body surface area of 1.73 m' .34

Technetium Tc 99m Succimer Injection

Technetium Tc-99m succime r injection ('J9mTc-DMSA) is a complex of Tc(III) with 2,3­
dimercaptosuccinic acid (DMSA). Several 'l'In'Tc-DMSA complexes can be form ed, depend­
ing on the labeling conditions.v-" Complex I is form ed with an acid pH of 2.5, a DMSA:Sn
ratio of 3, an d the absence of oxygen. It reverts to complex II within 10 minu tes of
incubation. Complex II is the agent that localizes in the renal cortex. If 'J9mTc-DMSA is
prepared at a higher pH, renal cortical concentration decreases.'? Unstabilized p repara­
tions of 'J9mTc-DMSA are usefu l for 30 minutes, while the product prepared from a stabi­
lized kit is usefu l for 4 hours. See Chapter 9 for de tails on chemistry and preparation .

After intravenous injection in humans, 'l'ImTc-DMSA becomes loosely bound to plasma
protein (75% at 1 hour after injection, increasing to 90% by 24 hours), with little or no
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FIGURE 18-4 Renal sc an with 99mTc-succimer
('I'IlTlTc-DMSA), demonstrating liv er up take
(arrow) secondary to renal failure.

diffusion into red blood cells13-" Renal excretion is slow, wi th only 16% of the dose in
urine 2 hours afte r injection. The tracer accum ulates slowly in the renal cortex, where it
becomes fixed, primarily in the cells of the proximal convoluted tub ule.2I.39 Kidney micro­
puncture studies de monstrate that its mechan ism of localization is via extraction from
peritubular blood and fixation within the cor tical cells:"'·" Evidence suggests that this
occurs by an active process tha t is not inhibited by probenecid; thus , 99mTc-DMSA appar­
ently localizes by a transport system different from that of other tubular agents (e.g., 1311_
OIH and 99mTc-MAG3)41." Although a small amount of non-protein-bound 99mTc-DMSA
is filtered, this fraction is not believed to be reabsorbed." Subcellular localization within
cortical cells ha s been reported to be primarily within cytosol proteins" and microsomes.r'
In rats with acidic urine" and patients with proximal tub ular acidosis," renal uptake of
'J'JmTc-DMSA declines significantly.

A maximum of abou t 40% of an injected dose of 5 mCi (185 MBq) is eventually bound
in the two kidneys 6 hours after Injection." Since the uptake half -life for renal accumulation
of "mTc-DMSA is 1 hour, imaging is best performed 4 to 5 hours after injection, but it can
be don e as early as 2 hours. The high degree of protein bin ding limits the amount of
activity that is filtered, precluding visualization of the collecting system. The low urinary
excretion and high cortical binding of 99mTc-DMSA make it an excellent agent for detecting
focal abnormalities in the renal cortex, and it is useful for assess ing relative function
between righ t and left kidney. Normal distribution in the kidney demonstrates high uptake
of activity within the cortical regions. Extensi on of the relatively active cortical columns
of Bertin into the colde r regions of the medulla gives the kidneys a unique pattern of
hot /cold activity distribution that mu st be appreciated in reading DMSA scans. Lesions
such as tumors and cysts appear as cold areas within an otherwise hot kidney. An alter­
native rou te of elimination for 99mTc-DMSA is the hepatobiliary system, which can be
visualized in renal failure patients studied with this agent (Figure 18-4).

Technetium Tc 99m Gluceptate Injection

Technetium Tc-99m gluceptate injection (99mTc-GH) is a complex of Tc(V) and the com­
plexing agent glucoheptonic acid. Its chemical structure and method of prepa ration are
discussed in Chap ter 9.

After intravenous injection, 99mTc-GH distr ibutes into the extracellular space. It is
loosely bound to plasma protein (50% to 75% 1 to 6 ho urs afte r injection) with no significant
binding to red blood cells.P Renal excretion is rap id, with 50% of the dose in urine 2 hours
after injection and 71% excreted by 24 hours. Its renal mecha nism is glomeru lar filtration
and tubular secretion." Soon after injection, the renal distribution of 99mTc-GH resembles
that of 99mTc-DTPA, being limited to the vascular space initially, followed by a sign ificant
amount of activity accumulating in the collecting system. In late r images, 99mTc-GH differs
from 99mTc-DTPA in that about 12% of the injected dose is retained in the cortex because
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of tubular bind ing.I' Thus, 99mTc-GH has the versa­
tili ty of visualizing the collecting system early after
injection, similar to " mTc-DTPA, and the renal paren­
chyma at later times, similar to "mTc-DMSA. Com­
pared with 99mTc-DMSA, however, a smaller fraction
of the injected dose of 99mTc-GH locali zes in the kid­
ney, and thus its 10 to 15 mG (370 to 555 MBq)
dosage is proportionately larger. Clin ically, there­
fore, 99mTc-GH is useful for evaluating renal perfu­
sion, obs tructive uropathy, relative kidney function,
and renal masses . An alternative route of elimination
for 99mTc-GH is via the hepatobiliary system, but thi s
is not ty pically seen except in patien ts w ith severe
renal insufficiency (Figure 18-5). FIGURE 18-5 Hepatobiliary excretion

(arrows) of ""mTc-gluceptate ("""'Tc-GH)
in a renal transplant patient.

Technetium Tc 99m Mertiatide Injection

Technetium Tc-99m mertiatide injection (99mTc-MAG3) is a complex of Tc(V) and mercap­
toacetyltriglycine.w" Its chemical st ru cture and a detailed method of preparation are
d iscussed in Chapter 9. The primary advantage of "mTc-MAG3 is that it exh ibits the rapid
excretion of 13ll-olH but has the more desirab le im aging properties of 99mTc.

After intravenous injection, approximately 90% of "mTc-MAG3 is bound to plasma
protein.14,,,,,,,, The high degree of protein bind ing restricts the amoun t that is filtered at the
glomerulus, but the binding is reversible because rapid renal excretion of the rad iotracer
occurs via tubular secretion. Plasma disappearance curves of " mTc-MAG3 and nl l-OIH
demonstrate that 99mTc-MAG3 plasma concentrations are around 15 times higher than
those of I3l I-OIH; however, both agents exhibit similar rates of loss from the blood over
time and therefo re have the same elimination half-lives." The mean plasma clearance of
99mTc-MAG3 in human sub jects is 55% to 65% that of 1311-OIH, but its urinary excretion
profile is iden tical." Accord ingly, about 70% of the dose ap pears in urine 30 minutes after
injection and greater than 90% by 180 minutes, Although 99mTc-MAG3's clearance is less
than that of I3l I-OIH because of a low er extraction efficiency, its plasma conc entra tion is
higher because of a sma ller volume of distr ibution." The lower clearance is ba lanced by
the smaller volume of distribution (Equation 18-4), giving 9"mTc-MAG3 an elimination ra te
equal to that of I3lI-OIH .48.49

The renogram curves for 99mTc-MAG3 and 13ll-olH are similar, with a mean time to peak
of 3 to 5 minutes for both agents." The tracer is not bound by the kidney, nor does it have
sign ificant red blood cell uptake. Properties of 131 l-olH and 99mTc-MAG3 are listed in Table
18-3, and properties of all renal imaging rad iophannaceuticals are summarized in Table 18-4,

Because of its mechanism of excretion, 99mTc-MAG3 is an excellent agent for v isua liz ing
the renal collecting system, evaluating urinary obstruction, and assessing renal tubular
funct ion. Studies have shown that, in general, 9"mTc-MAG3 clearance is propor tiona l to
that of 1311-0 n i but that some disproportionate differences occur clinical ly.t --" Thus, it has
been suggested that clearances of the two agents should be reported d irectly and not be
rela ted to each other by a convers ion factor when these agents are used to qua ntita te
ERPF14 Although the ren ogram curves of the two agents are similar, superior image quality
and anatomic detail are achieved w ith 99mTc-MAG3 because of its 99mTc label. In the past,
renal perfusion in kid ney transplants was evaluated wi th a combination of 99mTc-DTPA
for RBF and 1311-OIH for tubular func tion. The use of 99mTc-MAG3 allows both determi­
nati ons to be made wi th one agent, simplifying the procedure and improving overall image
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TABLE 18-3 Properties of 9<JmTc-MAG3 and u 11_0 1H

99mTc-MA G3/
Property 9'JrnTc-MAG3 lll I-OIH 1311-0 1H Ra ti o Ref

Plasma pro tein binding ('Yo ) 87.5 ± 2.6 66.2 ± 6.9 1.32 -16
90.1 ± 2.8 70.7 ± 5.0 1.27 47

RBC uptake (%) 5.] ± 3.3 15.3 ± 4.1 0.33 47

Tubular extra ction coefficient' 0.55 0.83 0.66 47

Plasma clearance, CI (mL /min) 420 ± 120 600 ± 100 0.70 -16
265 ± 98 412 ± 169 0.64 47

Volume of distribution, V (mL) 5210 7030 0.74 46

3380 5540 0.62 47

Elimination rat e, k (min-I) 0.0806 0.0853 0.94 46

0.0784 0.0744 1.05 47

a Fraction of drug extra cted as a fun ctio n of its clearance and protein bind ing .

TABLE 18-4 Bio logic Properties of Renal Imaging Radiopharmaceuticals

Property 'I'lmTc_DTPA 99mTc_GH 99mTc-DMSA 99mTc_MAG3 1311-0IH

Glomeru lar Yes Yes Not sign ificant' Not signi ficant" Yes •-, o "
filtration

Tubular transport No Yes (cortical Yes (cortica l Yes (secre tion) Yes (secre tion)

b inding) bind ing) .. 0

Tubu lar No No No No No

reabsorption

Collecting system Yes Yes N o Yes Yes

Cortical binding No YC'S (-15% lD ' ) Yes (-45% 10' ) No No

Dosage 10 mCi 10 mCi 5 mCi (static) 5 mCi 75 ~Ci (1 kid ney )
(blood flow) (blood flow ) (blood flow) 200 ~Ci (2 kidneys)

3mCi 15 mCi 1-3 mCi (renogram)

(renogram) (sta tic) (renogram)

Critica l organ Bladder wall Bladder wall Kidney cortex Blad d er wall Blad der wall

Rad(cGy)/mCi 0.27 0.28 0.85 0.48 5.71

(4.8 hr void) 1,

a 85% to 90% plasma protein bind ing.
1> Injected dose.

quality. The relatively high renal extraction of 99mTc-MAG3 (around 50%) compared with
99mTc-DTPA (around 20%) provides superior images in patients with impaired renal function.

lothalamate Sodiu m I 125 Injection
lothalamate sod ium I 125 injection (I2S1-iothalamate; Glofil-125, Cypros Pharmaceutical)
has been used for many years as a diagnostic agent for measuring GFR. Its renal clearance
closely approximates that of inulin, and 12S1-iothalamate is cleared by glomerular filtration
without tubular reabsorption or secretion. 12'I-iothalama te is not a renal imaging agent,
because 1251 pho tons (27 to 35 keY) are almos t en tirely abso rbed by the tissu es.

lodohippurate Sod ium I 131 Injection
After intravenous administra tion, iodohippurate sodium 1 131 injection (1311-0IH) rapidly
disappears from the blood by d iffusion into the extracellula r spa ce and thro ugh renal
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elimination. It is not metabolized in the bod y and is excreted unchanged in the urine ." It
is not bound to renal tub ular cells." In the normal hydrated subject, 70% of a single dose
of IJ1I-01H is excreted in the urine 30 minutes after injection.v

Renal excret ion of 13I1-01H is primarily by active tubular secretion, although a sign if­
icant amount of glomerular filtration also occurs. The exact fraction of injected activity
excre ted by each process is not well de fined. Theoretically, 20% sho uld be filtered and
80% secreted if the drug was not protein bou nd and had 100% renal extraction. Approx­
imately 70% of 1311-01H is protein bound in plasma ." The overa ll renal extraction efficiency
is less than lOOIXl; it varies between 65% and 85°AJ.9 The wide range of repor ted va lues
depends on the conditions of measurement and several intrinsic factors , su ch as binding
to blood components, the presence of radioiodide or other impurities in the injected dose,
and reabsorption by the tubule."

In addition to plasma protein binding, OIH also exhibits some degree of red blood
cell bind ing, and these factors reduce the amount extracted by the kidneylO-'9~3 Addition­
ally, any free rad ioiod ide present in the injected dose will be filtered and undergo reab­
sorption, thereby reducing clearance. As a conse quence of such factors, the clearance of
OIH underestimates the renal plasma flow and, as with PAH, measures only ERPF. A
comparison of OIH-to-PAH clearance ratios demonstrated that the ratio varies inverse ly
with free radioiodide in OIH preparations, ranging from 0.91'with less than 2% iod ide to
0.80 with greate r than 5% iodide." When radioiodide imp urity is high, the rate of blood
cleara nce and uri na ry accumulation of radioactivity decreases subs tantially and produces
renogram curves with flattened peaks of diminished heigh t followed by a slowed excretory
segme nt;'»

IJ!I-OIH has been used to measure ERPF. The method has been simplified from a
multiple blood sampling procedure to one requiring on ly one or two blood samples.33,,,,52

Nevertheless, the p roced ure demands attention to technique, Technical er rors, such as
inaccuracy in dose preparat ion, incomplete injection of the dose, inattention to the plasma
sampling time, and inaccurate sample d ilutions, must be avoided."

A simple r study for routine assess ment of renal functi on is the renogram. This proce­
dure has been performed for over 30 years with 1311-OIH, bu t it is now done primarily
wi th 99mTc-MAG3. The pa rameters associated with the renogram and the measurement of
GFR and ERPF are discussed below,

Technetium Tc 99m Ethylenedicysteine Injection

Technetium-99m ethylend icysteine injection (99mTc-EC ) is the d iacid metabolite of the de­
esterification of 99mTc-ethy lenecys teinate dimer (99mTc-EC). Whe n compa red with 99mTc_
MAG3 in huma n volunteers, 99mTc-EC de monstrates 31% protein binding (two-thirds less
than wmTc-MAG3), 25% higher plasma clearance, and a larger volu me of d istribution.
Renogram curves are similar, but Y<)mTc-EC ha s a slightly higher kidney-to-background
r<l tioJill,57 At present <J'JlllTc_EC is not approved by the Food and Drug Administration for
renal imaging. The chem istry of 99mTc-EC is describe d in Cha pter 9.

THE RENOGRAM

The renogram measures the time course of activity of a rena l clearance agent passing
through the kidney. A plo t of kidney act ivity versus tim e after intravenous inject ion of
the rad iopharmaceutical yields a renogram curve (Figure 18-6). Both kidneys can be
imaged simultaneously with the gamma camera and the activity in each kidney analyzed,
The renogram procedure provided the first method of eva luating individual kidn ey func­
tion noninvasively.
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Immediately after intravenou s injection, \3lI-OIH is confined to three spaces: the blood ,
the extrace llu lar space, and the kidney. 9'JmTc-MAG3's distribution is similar, but less
activity enters the extra cellular sp ace because of its higher plasma protein binding . The
initial spike of activity recorded in the renogram cu rve (pa rt A in Figure 18-6) occurs
during the first 30 to 60 secon ds after injection and represents the simultaneous detect ion
of radioactivity in the blood, extracellular space, and kidney. Part B of the renogram cu rve
represents transport of radiotracer through the renal parenchyma. It is an extension of the
initial sp ike, which continues to rise as activity is extracted from the blood in to the kidney.
During these two portions of the curve, no radioactiv ity above tissue background is
detectable in the urinary bladder. In the normal hyd rated subject, peak renal activity is
reached 3 to 5 minutes after injection, just before the initial appearance of bladder activity.
The time to peak reflects both the av erage line ar rate of movement throu gh the tubular
system and the patency of the renal pelvis.'" A prolonged time to peak is seen in various
conditions, including low RBFstates (e.g., dehydra tion, renal ar tery stenosis), parenchymal
damage (e.g., in terstitial nephrit is or tubular necrosis), or urinary tract obstruc tion. The
decline of the renogram curve, represented by part C in Figure 18-6, correlates temporally
with an abrupt rise in bladder radioactivity as radiotracer leaves the kidney. The curve
cont inues to fall because the amount of radioactivity leaving the kidney region is greater
than that being extracted from the blood .

The time from peak curve am plitude to half th is value on the falling segment of the
curve in no rmal subjects is in the range of 12 to 15 minutes. Half-life is prolonged in renal
disease and measures the sam e physiologic events as the time to peak, but it is less
dependent on the injection technique.'"

The \3l I-OIH renogram is a complex representation of mu ltiple phys iologic phenomena
and, as such, is best used as a unique parameter of renal function. Relative func tional d iffer­
ences between kidneys or within comparable segments are more easily evaluated than mar­
ginal changes in overall function. If the physiolo gic state is comparable, serial studies can be
used to evaluate the relative overall renal function while monitoring temporal changes. Figure
18-7 illustrates several renogram curves demonstra ting these temporal changes.

Since the introduction of 9" mTc-MAG3, the use of BlI-OlH in nuclear medicine has essen­
tially stopped. The parame ters of 9'JmTc-MAG3 renogram.s are the same as those of I3I I-OIH
renograms. A principal advantage of 'l9mTc-MAG3 over I3II-OIH is that the quality of kidney
images is superior because of the 'l9mTc label. 'l9mTc-MAG3 is superior to 'l9mTc-DTPA for
renograms because its higher renal extraction provides higher target-to-background rat ios
on kidney images, which is especially importa nt with decreasing renal function.
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FIGURE 18-7 Normal reno­
gram curve (1) and curves
depicting progressive kidney
deterioration (2,3, and 4).
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Interventional Renograms

The utility of renograms to assess kidney function can be extended further with the use
of pharmacologic agents. Two such studies are the diuretic renogram and the captopril
renogram.

Diuretic Renogram

The diuretic renogram is a useful test for investigating dilatation of the urinary tract.'"'''''
Dilata tion refers to any increase in the size of the renal calices, pelvis, or ureter detected
by int ravenous urography or ultrasound, These modalities detect the dilatation but cannot
de termin e whe ther it is caused by an obstruction; the diuretic renogram can help deter­
mine this ,

In the past the diuretic renogram was performed with 'I'ImTc-DTPA. However, better
images and eas ier inte rpretation are achieved with 'l'lmTc-MAG3 because of its higher renal
extraction. The pa tient should be we ll hydrated prior to the study. A 500 mL drink of
water or orange juice 15 to 30 minutes before the study is recommended. The d iuretic
renogram is performed in two phases." The first phase is a standard renogram, obtained
for 20 minutes after intravenous injection of 'l'lmTc-MAG3 (2 to 3 mG [74 to 111 MBq] in
ad ults; the pediatric dose is based on body surface area but is not less than 10% of the
ad ult dose). The renal image in the first phase will demonstrate pooled activity in the
dilated collecting system, Furosemide (1 mg/kg in infants, 0.5 mg/kg in child ren age 1
yea r to 16 years, and 40 mg in adults) is then given int ravenously 20 minutes after the
'I'ImTc-MAG3 dose, The fu rosemide stimulates tubu lar function and increases urine flow,
Peak diuretic response occurs in 10 to 15 minutes, A prompt washout of pooled rena l
activity indicates no obstruction (Figure 18-8), Lack of washout or continued accumulation
of activity strongly suggests the presence of obstruction , In patients without obs truc tion
but with low GFR «15 mL/ minute), a false-posi tive study (poor diuretic response) is
likely. These pati ents may require additional interventions .Y'"

Captopril Renogram

Renovascular hypertension (RVH) is defined as an elevation in blood pressure caused by
stenosis of the rena l artery or one of its major branches." Because the hypertension can
be cured or ameliorated by a revascularization procedure, a noninvasive diagnostic tech­
nique such as the captopril renogram plays an important role in defining its presence in



Kidney

A NORMAL PATTERN

QIUI1(Tl(
1~J(CI1ON

l
,

10 1$ <'0 ~

t iME t""null'\1

B DILATED NOfr(OBSTRUCTED
PATTERN

OIUlltT IC
I~J(CltO!l

l

DIU_Ute
JIIXCIION

l

10 IS
11K tllliovltil

C OBSTRUCTED PAnERN

DH,IlltllC

INU:(I I~ ,.._--- __-

l

!!!!l!!

•s
~ DltlRlTIC

II()(CtlClIt

l

• " • n
l l".t ..ln~l

649

FIGURE 18-8 Representa tive furosemide renograms showing time-activity curves in a normal
patient (A) and in patients with dilated nonobs truction (8) and obstruction (C) of the urinary
collecting system. (Reprinted with permission of Elsevier Science from Thrall JH, Koff SA, Keyes
JW Jr. Diuretic radionuclid e renogra phy and sc intig raphy in the differential diagn osis of
hydroureteronephrosis. Semin Nucl Med. 1981;11:89-104.)

patients wi th moderate to high risk of RVH. The test helps define which patients should
have angiography.

The effect of cap topril on spl it renal function in patients wi th unila teral renal artery
stenosis was reported by Wenting et al6 2 in 1984. In 7 of 14 patients, 50 mg of cap topril
sign ificantly reduced the renal extraction rati os of 13J I_OIH and 125I-iothalamate in the
affected kidney, and uptake of ""mTc-DTPA was almost zero, indicat ing a severe reduction
in CFR. Ca ptopril had little effect on the contralateral normal kidney. These findings
eventually led to the use of captopril as an interventional pha rmacolog ic agent in diag­
nostic nuclear medicine.

Under normal circumstances, CFR is pro portiona l to the di fference between the affer­
ent and efferent arteriolar cap illary pressures in each kidney. When renal artery stenos is
is present in a kidney, such as occurs in RVH, a fall in renal arterial pressure stimulates
the ren in-angiotensin sys tem. Renin, a polypeptide hormone secreted by specialized cells
in the jux taglomerular apparatus, stimulates the enzyma tic conversion of ang iotens inogen
to angiotensin I. Angiotensin I, a decapep tide , is then conver ted to angiotensin II, an
octapeptide, by a.ngiotensin-converting enzyme (ACE) in the lu ng parenchyma and
plasma (Figure 18-9) . Angiotens in II has two main effects: vasocons triction and stimulation
of aldosterone secretion from the zona glomeru losa in the ad renal gland . It causes con­
striction of the efferent arteriole in the stenotic kidney, helping to restore filtration pressure
and CFR (Figure 18-10) . There is little effect on the normal kidney. Because of the com­
pensating effects of angiotens in II on glomeru lar filtrati on pressure, the renogram curve
for the stenotic kidney tends to appear normal. Cap top ril, an ACE inh ibitor, compe titively
inh ib its the conversion of angiotens in I to angioten sin II. Captopril therefore causes a drop
in angiotensin II in the plasma, resulting in relaxation of the efferent arter iole of the stenotic
kidney (Figure 18-1OC). This effect causes a d rop in the stenotic kidney's filtration pressure
and a red uced extract ion of radiotracer (99n'Tc-MAC3, 13I1-01H,or 99mTc-DTPA). The normal
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FIGURE 18-9 Schematic of the renin­
ang iotensin-aldosterone system showing
the cascade of events leading to vasocon­
s triction. (Repr inted w ith per miss ion of
Elsevier Science from Nally jV, Black HR.
State-of-the-art review: captopril renogra­
phy-pathophysiological considerations and
cl ini cal observa tions. Semin Nucl Med.
1992;22:85-97.) t Aldosterone

and Na+ re tention
Vasocons triction

Normal Renal Artery Renal Artery Stenosis

GFR
Reduced

Renal Artery Stenosis plus Captopril

FIGURE 18-10 Schematic of captopnl's effect on renal function. (A) normal renal artery and normal
CFR; (8) renal artery stenosis, caus ing ang iotens in Il-med iated constriction of the efferent arteriole,
w ith GFR maintained; (C) renal artery stenos is plus captopril, demonstrating relaxation of efferent
arterio le due to ACE inhibition. (Reprinted wi th permission of Elsevier Science from Nally IV, Black
HR. State-of-the-art review: captopri l renography-pathophysiologica l considerations and clinical
observations. Semin N ucl Med. 1992;22:85--97.)

kidney is less affected, Consequently, little change occurs in the renogram of the normal
kidney, but the stenotic kidney demonstrates a prolonged time to peak and increased
retention of radiotracer. Hence, a differential d iagnosis can be made (Figure 18-11)_

The pa tient should be hydrated with 8 oz of water 30 to 60 minutes before the study,
ACE inhibitors should be discontinued for at least 2 days, p referably 3 to 5 days. Study
sensitivity declines abo ut 20% if medication is no t stopped before the study.s' No solid
food should be eaten w ithin 4 hours of the study, because food decreases absorption of
captopril by 30% to 40%. Blood pressure should be measured before the start of the study
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FIGURE 18-11 Effect of captopril on the reno­
gram in patients with unilatera l renovascular
hypertens ion. The precaptopril renogram shows
normal time course of activity in right and left
kidneys. In the postcaptopril renogram, the right
kidney is normal but radiopharmaceutica l uptake
in the left kidney, affected by renal artery stenosis,
is greatly diminished because of the reduced fil­
tration pressure induced by captoprtl's inhibition
of angiotensin II production.

and every 5 to 10 minutes during the study. An intravenous line should be inserted to
facilitate control of blood p ressure, if necessary, and for ad ministration of intra veno us
enalaprilat in lieu of oral captopril. Imaging the pa tient in the supine position during the
study helps reduce the occurrence of hypotensive episodes. At the end of the proced ure
the patient's stand ing blood pressure should be monitored to ensure a stab le reading
before allowing the patient to leave the department.

A typ ical 1 da y protoco l involves performing a baseline study by first injecting 1 mC!
(37 MBq) 99mTc-MAG3 an d ob taining a 20 minute renogram. After a 1 hour wa it (or 1 day
for the 2 day protocol), 50 mg of captopril is given orally. The tablet should be cru shed
and administered with 8 oz of water to enhance the rate of absorption from the gas trointes­
tinal tract. After a 60 min ute wait to achieve peak cap topril blood levels, the patien t is
injected with 3 mC! (111 MBq) 99mTc-MAG3 and a second 20 minute renogram is acquired .

The data are then analyzed , comp aring the right and left kidney renograms to assess
low, intermed iate, or high probability for RVH. The most important criterion for the
diagnosis of RVH is unila teral parenchymal retention of activity after adminis tration of
captopril .v' Typical renogram curve patterns demonst rating temporal changes associated
with pa renchymal retention are shown in Figure 18-761."'1 For example, a diagnosis of high
probabili ty for unilateral RVH can be made if the 99mTc-MAG3 baseline (before captopri!)
renogram pattern changes from pattern 1 to 3 or from pattern 2 to 4 in Figure 18-7. Other
types of changes have also been used in making the diagnostic interpretation .s--"

CLEARANCE PROCEDURES

Assessment of renal func tion is quite usefu lbecause so ma ny factors affect kidn ey function,
notably di sease processes and the effects of nephrotoxic drugs. Renal cleara nce of
radiotracers has been used for many years to ob tain a measure of renal fun ction through
the assessment of GFR and ERPF. 99mTc-DTPA and 13!I-OIH are the p rimary agents used
for thes e measurements. Since the introd uction of 99mTc-MAG3, a procedure for assessment
of tubular function has been developed, because 99mTc-MAG3 is excreted almost exclu­
sively by tubular secretion."

GFR measurement is the most familiar to clinicians and is the clearance mea surement
most widely sought. The best estimate of GFR and ERPF is mad e with p rocedures that
employ multiple p lasma sampling and simultaneous urine collection, following the classic
clearance method. The most accurate measures are achieved if a measure ment of residual
blad der urine is made." The complexity of this me thod has stimulated the development
of simpler methods that rely on p lasma sampling alone, using one or two plasma samples
to estimate renal clearance. It is important to understand that p lasma clearance methods
for mea suring rena l clearance will work only if the radiotrace r is cleared solely by kidney
excretion. Scintillation gamma camera methods have also been developed for measuring



652 Radiopharmaceuticals in Nuclear Pharmacy and Nuclear M edicin e

100

5

g1-'--r-T""T""....-rrr-r-r--

A.

FIG URE 18-12 (A) Theoretical open two-compartment mammalian model close ly approximates
the human body's hand ling of injected 131I_OIH. VI designates the ,volum e into which the injection
is made, V2 the interchangeable vo lume, and V3 the end vo lum e into which the activ ity is excreted.
The VI curve (expressed as pe rcentage of injected do se) is constructed from plasma sam ples, and
the V2 and V3 volumes can then be calculated. lntercompartmenta l flow from V I to V3 is equal to
the OIH clearance. (B) Bi-exponenrial plasma disappearance curve of OIH obtained by multiple
sampling and plotted on semilog paper. The late slow component (Au) is subtracted from the curve
to derive the early fast component (~), and the intercepts A and B are determined . The curve satisfies
the eq uation X = Ac-J..".1 + Be-e'. (Reprinted with permission of Elsevier Science from reference 52.)

clearance and have been validated aga inst plasma methods, but in general plasma me th­
ods are more accurate.

ERPF Measurement

When a rad iot racer is injected intravenously, it distributes into various body compartments
as shown in Figure 18-12." 1311-0 11-1 and other rad iotracers (99mTc-DTPA an d 125I-iothala­
mate) distrib ute pri marily into the pla sma space and the extravascular space, yielding a
biexponential p lasma disappearance curve (Figure 18-12A). Rad iotracer is removed from
the cen tral compartment (V,), into which the tracer was injected, by kidney excretion into
the urine compartment (V3) . Removal of tracer from compartment V, (plasma) to com­
par tment V3 (uri ne) represents the clearance of radiotracer. If the rad iotracer is 99mTc-DTPA
or 12'I-iothalamate, the clearan ce is a measure of GFR; if the radiotracer is 1311-0 IH, the
clearance is a measure of ERPF. The curve shown in Figure 18-12 is for '3I I-OIH . The
periphera l compartment (V2) is not well defined an d represen ts rad iotracer tha t cannot
be removed from the plasma into the urine because it is either in the extravascular space
or bound (e.g., within red blood cells) .

When radiotracer is injected and blood samples are obtained at various time po ints
(5, 10, 15, 20, 30, 40, 60, and 90 minutes) and their respective plasma activities in counts
per minute per milliliter are plo tted, the bie xponentia l p lasma di sappearance curve B is
obtained. Subt raction of the slow component from the whole curve yields the fas t com ­
ponent. From these curves the elimination rate constants of the fast (~\) and slow (lea)
components and their respective y-inte rcepts, B and A, can be determined . The biexpo­
nential disappearance curve satisfies the equa tion x = Ae-\" + Be-;'" from which the fol­
lowing clearance formula is derived:
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(18-10)

(18-11)

These equations can be used to calculate the renal clearance (ERPF) of 1311-GIH52
A simplification of the ERPF measurement us ing one plasma sample taken at 44

minu tes after injection of 1311-0IH has been developed. Tauxe et al.M.o., validated the sin gle­
sample method against the whole-curve method of measuring ERPF and demonstrated
that the single-samp le meth od was able to estimate ERPF wi th an error of ±30 mL/ minute.
This has become the recommended single-sample technique for measurement of effective
renal plasma flow.33

GFR Measurement

The primary agents recommended for GFR de termina tion in the United States are 'l9mTc_
DTPA and 125I-iothalam ate . The sam e pharrnacokinetic principles described above for
ERPF measurement app ly to GFR measurement. GFR can be estimated from a single
injection of either of these agents using Equation 18-10, except that later blood samples
must be taken becau se of the slow clearance of these agents. Thus, in addition to the early
blood samples no ted above, late samples are collected at 120, 150, and 180 minutes afte r
injection. Again, from the plo tted biexponential curves, the slow and fast elimination rate
constants are derived, along with their respective y-intercep ts, which are applied to Equa­
tion 18-10 to calculate GFR.33 If 'l9mTc-DTPA is used, ultrafiltration of the plasma samples
must be done because 'l9mTc-DTPA has around 5% plasma protein binding. Becau se normal
huma n plasma is 94% water and 6% protein, when the protein is filtered out of 1 mL of
plasma, only 0.94 mL of ultra filtrate remains. Therefore, ultrafiltrate counts must be
mult iplied by 0.94 to give the appropriate correction . This correction is no t needed with
1251_iothalamateo

A simplified two-sample method for GFR measurement with 'l9mTc-DTPA has been
deve loped and validated.v-" as well as a sing le-sample method."

NUCLEAR MEDICINE PROCEDURES

Anatomic imaging using ult rasound, CT, and MRI has an important role in evaluations
of the genitourinary system. However, renal scintigraphy continues to play an important
role in the evaluation of renal perfusion, renal function, and, in certain cases, anatomic
abnormalities. Imaging with radionuclides can provide a combination of bo th ana tomic
and physiologi c information about the kidneys. In mos t cases, it is the fun ctional infor­
mation that makes nuclear imaging unique and important.

Rationale

Renal scintigraphy is performed to provide information about renal perfusion, renal pa ren­
chymal function, or function of the collecting system. Hydronephrosis is one of the most
com mon indications for scint igraphic evaluation of the kidneys. Hydronephrosis or
obstructive uropathy is dilatation of the pel vis and calices of one or both kidneys, usually
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identi fied on an anatomic study. Hydronephrosis can be acute, such as in passage of a
calculus with impaction in the ureter, or it may be chronic or congenital. Other common
indications for renal and genitourinary scintigraphy include evaluation of acute or chronic
ren al failure, renal function after trauma, renovascular dis ease, acu te pyelonephritis, cor­
tical scarring in patients with vesicouretera l reflux, differential renal function, postoperative
perfusion, RBF, renal agenesis, congenital abnormalities, vesicoureteral reflux, and acute
testicular pain, as we ll as evaluation of potential kidney donors and of kidney transplan ts.

Procedures

The choice of procedure for evalua tion of the kidneys and genitour inary system depends
on the indicat ion . The type of study and radiopharm aceutical are chosen to specifically
answer questions about the renal or urologic problem being investigated.

Perfusion Studies

Renal perfusion studies are obtained to eva luate blood flow to the kidneys. The patient
is placed in the supine pos ition with the gamma camera facing the patient's lower back.
A large field-of-view camera is used so that the kidneys and bladder can be visualized .
If a '!9mTc or 12.l1agent is ad ministered, a low-energy, high-resolution pa rallel hole collima tor
is used. The radiotracer is administered as a bolus, usually into an antecubital ve in. One­
to five-second-per-frame images are obtained for the first minute.

Renogram

Renography refers to a recording of the am ount of radioactivity in the kidney or kidneys
over time after administration of a radiopha rmaceutical. A renogram graph ically displays
the uptake and clearance of the radiotmcer in the kidneys in the form of a renal time-activ­
ity curve. Time-activity curves are calculated by obtaining mu ltiple serial images of the
kidneys over 20 to 40 minutes. Regions of in terest are drawn around the kidneys, the renal
cortices, and the renal pelves in each of the images to calcu late the amount of activity in
each of thes e structures at different time points over the length of the study. Renograms
are used to evaluate suspected renal obstruction, renal artery stenosis, acute tub ular
necrosis, and transplant rejection.

Before the study, the patient should be well hydrated . Poor hydration can result in
delayed radiotracer uptake and clearance , suggesting poor renal func tion . The patient
should void before the start of the study. Norma lly, the patient is placed in the supine
position and posterior images are obtained for native kidneys. If a transplanted kidney is
being eva luated, an terior images are obtained because a transplanted kidney is usually
located an ter iorly in the iliac fossa .

A perfusion study is typically obtained for the firs t minute. After this, static 1- to 5­
minute-per-frame images of the abdomen and pelvis are obtained for the next 20 to 40
minutes to evaluate both uptake and clearance of the radiotracer in the kidneys .

Diuresis Renography

Once hydronephrosis ha s been es tablished by another imaging modality such as ultra­
sound, nuclear med icine evaluation of the dilated upper urinary trac t is usually accom­
plished with diuresis renography. During the renogram, if there is poor clearance from
one or both of the collecting systems afte r 20 minutes, a diuretic such as furosemide can
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be given to determ ine if the poor clearance is caused by either a functional or mechanical
obstruction . In the ad ult patient, 40 mg of furosemide is administered intravenously. If
the obstruction is functional, there is typically a good response to the administra tion of a
diuretic. If the obstruction is mechanical, there is poor response or no response to the diuretic.

Renovascular Hypertension

Normally, systemic blood pressure is controlled by the renin-angiotensin sys tem. Whe n
there is a drop in sys temic blood pressure, there is an associated d rop in GFR in both
kidneys. As a response to the drop in GFR, there is release of renin from the juxtaglo ­
merular cells in the kidneys. Renin then converts circulating angiotensinogen, which is
made in the liver, in to angiotensin!. Angiotensin I is then conver ted to the potent vaso­
constrictor angiotens in II by ACE, predo minantly fou nd in vascular end othelium in the
lungs. Angiotensin II increases GFR by constricting the efferent glomerular arte rioles in
the kidneys. The resultant increase in GFR leads to an inhibition of renin release in the
juxtaglomerular apparatus. Angiotensin II increases the systemic blood pressu re not only by
vasoconstriction but also by increasing salt and wa ter reabsorption by the renal tubular cells.v

Most patients wi th hypertension ha ve what is referre d to as essential hyperten­
sion- hypertension of unknown origin tha t is treated with lifelong medical man agement.
However, a sma ll subset of pa tients ha ve hypertension seconda ry to stenosis of one of the
renal ar teries. Many of these patients have new-onset hyper tension that is difficul t to
control with medications. If the degree of rena l artery stenos is is great enough to signifi­
cantly decrease GFR, the renin-angiotensin system is activated, resulting in increased
systemic blood pressure. An elevation in blood pressure that is caused by renal artery
stenosis is referred to as RVH. Rena l artery stenosis is often caused by either atherosclerosis
or fibrom uscular dysplasia. If the patient's hypertension is secondary to renal artery
stenos is, revascularization procedures such as balloon angioplasty and stent placement
can cure or improve the hyp ertensi on.

Radionuclide evaluation of RVH is accomplished with cap top ril renography. Captopril
is an ACE inhibitor that works by blocking the conversion of angio tens in I to the potent
vasoconstrictor angiotensin II. If signifi cant renal ar tery stenosis is the cause of the patien t's
hypertension, inhibiting the effect of angiotensin II on the efferent arterioles in the kid neys
will decrease GFR in the affected kidn ey. The drop in GFR will result in delayed up take
of the radiopha rmaceutical as we ll as increased cor tical retention in the affected kidney.

Cap top ril renography can be done as either a 1 day or a 2 day study. The study usually
consists of two renograms, one with captopril and a baseline study wi thout captopr i!. If
the patient or ordering physician agrees to a 2 da y study, the captop ril ren ogram is done
first. If the captopril renogram is normal, there is little chance tha t the patient has RVH
and there is no need to obtain a baseline study. However, if the captopril study is abnormal,
a baseline study with the patient off ACE inhibitors is needed for com parison. For a 1 da y
study, a baseline renogram is usually performed first with a small amount of radiotracer.
Typically, 1 mCi (37 MBg) of "'mTc-MAG3 is used . "'mTc-DTPA can also be used . After the
baseline renogram, there shou ld be a de lay of about 1 hour before beginning the cap topril
study. The delay allows time to clear out possible interfering residual activity in the
kidneys from the baseline study. The patient is then given 25 to 50 mg of cap topril by
mou th . The cap topril is cru shed and dissolved in water before administration. Patient,
should be well hydrated for the study. However, except for fluids, patients should not ea:
for 4 hours before the study to enhance absorption of the captop ri!. The patient is ther
monitored for an hour while the blood level of captopril comes to peak, because significan
hypotension can be associated with captopril administration. The ren ogram is ther
repeated with a larger amount of activity, usually 3 mCi (111 MBg) of 9'JmTc-MAG3. Thr
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With the patient in the supine position, the testicles must be positioned properly for
anterior imaging . Usua lly, a lead shield is placed behind the testicles to shield un derlying
activity from the thighs. This can be an appropriately sized piece of lead wrapped in a
towel. The penis is taped to the abdomen so that it does not overlay the test icles, and the
testicles are positioned on the shield so that side-to-side comparison can be made. Once
in position, 2-seconds-per-frame blood flow images are obtained for the first minute afte r
administration of the radiopharmaceutical. In an adult, the dose is usually 10 mG (370
MBq) of "mTc-sodium pertechnetate. Static blood pool images are obtained after the flow
phase of the study.

Radiopharmaceuticals

Radiopharmaceuticals used in the evalua tion of renal morphology and function fall into
three main categories: glomerular filtra tion agents, tubular secretion agents, and tub ular
fixation agents.

Glomerular filtration agents are used to evaluate GFR. The most common radiophar­
maceuticals used for measuring GFR are 9')mTc-DTPA and 12sI-sodium iothalarnate. Mea­
surement of GFR with both of these agents corresponds well to inulin measurements. The
total GFR is evaluated by obtain ing blood samples after administration of the radio phar­
maceutical and comparing the blood activity against a known standard. Althoug h both
agents do well in estimating total GFR, there is a disadvantage to the use of 12-'I-sodi um
iothalamate in that it cannot be used for imaging. If "mTc-DTPA is used to evaluate GFR,
a gamma camera can be used to image the kidneys duri ng the initial pa rt of the study.
Regions of interest can be drawn around each kidney to de termine the activ ity in each,
and this can be used to estimate the diffe rential GFR.

Tubular secre tion agents can also be used for renography; these include <J9mTc-MAG3
and either 1231_or 131 I-GIH. OIH was introduced in 1960and was one of the first radiotracers
used to eva lua te renal failure." OIH is chemically simil ar to PAH. OIH can be used no t
only to image the kidneys but also to determine the plasma clearance or ERPF.69 OIH is
secreted prima rily by the proximal tubular cells (80%), with on ly abo ut 20% filtered by
the glomeruli.?"

There are drawbacks to the use of either 1231_ or 1311-0IH in the evaluation of renal
function. 1311 has a high photon energy of 364 keY, which is not ideal for gamma camera
imaging, and has a long p hysical half-life of 8 days. It also decays by beta emission. Even
though 1311-0 IH is rapidly cleared by the kidneys, the absorbed dose can be high , especially
in renal failure. Because of this, the administered dose mu st be low, usua lly be tween 0.2
to 0.3 mG (7.4 to11.1 MBq). 1Z31_0 IH is preferred because IDI has a better photon energy
for imaging (159 keY). Because 123( does not have particulate rad iation, a higher dose can
be ad ministered, 0.4 to 0.5 mCi (14.8 to 18.5 MBq). However, 1211 is expensive and not as
readily available as 1311.

9'lmTc-MAG3 is currently the tu bu lar secretion agent of choice for evalua ting RBF and
function. It can also be used to evaluate plasma clearance or ERPF69,7t After intravenous
administration, 9'lmTc-MAG3 clears quickly from the blood pool in a biph asic patte rn, The
first component of the biphasic pattern has a T~ of 3.18 minutes, and the secon d component
has a T" , of 16.9 minutes, " 9'lmTc-MAG3 is highly protein bound and is secreted by the
proximal tubular cells.'? The 140 keY energy of 9'lmTc is excellen t for imaging, and <J9mTc
has a short ph ysical half-life of on ly 6 hours and no particulate radiation. Becau se of these
characteristics, a higher dose can be admin istered, resulting in a greater pho ton flux and
better ima ging.

The last category of rena l rad iopharmaceuticals is the tubu lar fixation agents. These
agents are used to ima ge the renal parenchyma. The two agents currently in use are
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99mTc-DMSA and 99mTc_GH. These agents localize in the kidney primarily by tubular
transport processes. After intravenous administration, accumulation in the renal paren­
chyma is related to the amount of funct ioning renal tissue. The re is good clearance from
the urine and the blood pool, wi th prolonged accumulation in the renal cor tex. This allow,
for excellen t imaging of the cortex to assess for abnorm alities such as scarring. Regions
of interest can be drawn around both kidneys in the anterior and posterior images, and
geome tric means can be calcu lated to determine diffe rential renal function.

Interpretation

FIGURE 18 -13 Normal 99mTc-MAG:
rena lblood flow study. Prompt, symmet
ric activity is seen in both kidn eys. Activ
ity in the kidneys is seen at the same tim.
as in the abdominal ao rta.
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To evaluate renal perfusion, the radiotracer is
given as a bolus, usually into an antecubital vein.
With the patient in the supine position, poste rior
1- to 5-second-per-fram e images of the abd omen
are obta ine d for the firs t m inute. Imaging is
sta rted jus t as the bolus of radiotracer is admin­
istered. The bolus of activity advances through
the subclavian vein into the superior vena cava
and then into the r ight hea rt. After th is,
radiotrace r is seen in the lungs, and then in the
left heart and the aorta. Blood flow to the kidneys
should be seen approximately 1 second after the
bolus of radiotrac er in the abdominal aorta passes
the renal arter ies. Normally, there should be
prompt, symme tric blood flow to both kidneys
seen at approximately the same time the abdom­
inal aorta is visua lized (Figure 18-13).

There are three d istinct phases to the normal
renogram. Ini tia lly, after administration of the
radiotracer there is uptake in the kidneys related
to blood flow. Radiotracer is seen in the kidneys
with in abou t 1 second after the in je cted
radio tracer in the abdominal aorta passes the renal arteries. This phase occurs over th
first min u te and is referred to as the vascular phase. The next 2 to 4 minutes are referre
to as the parenchymal phase, in which radiotracer is concentrated in the renal parenchyme
Maximal parenchymal activity is usually seen between 3 to 5 minutes after administratio
of the radio pharmaceutica l. The time to peak is the duration between administration (
the radiopharmaceutical and the maxim um renal cortical activity and is a measure of rem
function. At the end of the parenchymal ph ase, radiotracer accumulation begins to be see
in the collecting systems. The next phase is the excretion phase. During the excretion phas
there should be continued clearance from the renal parenchyma. If there is no obstructior
there also should be continued clearance from the collecting systems (Figure 18-14).

A cap topril (or ACE inhibi tor ) renogram is performed to eva luate for RVH. A pos itiv
study is one that demonst rate s a significant change in the baseline renogram after ad mir
istration of an ACE inhibitor such as cap topril or enalaprilat. In patients with normal ren,
function, radiotracer retention in one kid ney after administration of captopril is consis tei
wi th a high probability for RVH (Figure 18-15). Many of these patients can be cured (
significantly improved through balloon angioplasty or stent placement.

When the re is a question of obs tructive uropathy, a diuretic renogram is per former
When patients p resent with a dilated collecting system, it is important to de termi ne if tl
collecting system is obstructed . Hydronephrosis can be the result of mechanical obstructio
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higher dose is used to compensate for any residual activity from the ba seline study. Tl
renal time-activity curves for the studies done before and after captopril ad ministratic
are then compared.

Cortical Scintigraphy

Acute pyelonephritis in children usually results from vesicourete ral reflux of infect,
urine. Renal cortical scintigraphy using tubular fixatio n agents such as 99mTc-DMSA <

99mTc-GH has been shown to be a sensitive technique for diagnosis of acute pyelonephrit
and assessment of renal scarring. Afte!_ intravenous administra tion of either, of- the:
agents, accumulation in the renal parenchyma is related to the amount of functionir
renal tissue. In acute pyelonephritis there is decreased radiotracer accumulation intl
affected renal parenchyma as a result of both ischemia and tubular cell dysfunction."
acut e pyelonephritis is detected early and treated with appropriate antibiotics, the infe
tion can be hea led without scar form ation. Repeated infections can lead to renal scarrir
and eventually to renal failure. Cortical scintigraphy can also be used to evaluate tl
relative functioning of renal tissue.

There is no specific pa tient preparation for administration of the radiotracer. Tl
typical dose of 99mTc-DMSA in children is 0.04 to 0.05 mCi/kg (1.48 to 1.85 MBq/ k
administered intravenously.'" Anterior an d posterior images of the kidneys are usual
obtained approximately 4 hours later. However, delayed imaging can be obtained up
24 hours. Oblique images or single-photon emission computed tomograp hy (SPEC
images of the kidneys can also be obtained to help evaluate for cor tical defects.

Radionuclide Cystography

Radionuclide cystography is generally accepted as a sensitive test for vesicoureteral reflu
Urinary trac t infection (UTI) with vesicoureteral reflux can lead to renal infections th
result in scarring and hypertension. Although vesicoureteral reflux can be evaluated wi
convent ional rad iographic techn iques such as the voiding cys tourethrogram, radionuclic
cystography results in significantly less gonadal radiation . Radionuclide cystography
considered the technique of choice for evaluating UTI in young girls. Radionuclid e cy
tography can also be used for follow-up afte r surgical in tervention or medical manageme
of vesicoureteral reflux .

The most common method for evaluating vesicoureteral reflux involves catheterizatic
of the bladder and ins tillation of 1 mCi (37MBq) of 99mTc-sodium pertechne tate throuj
the catheter into the bladde r. The catheter is then attached to a saline drip and the blad d
is passively filled to capacity. For the filling phase of the 'study, the patient is supine wi
the camera under the patient. Serial posterior 5-second-per-frame images of the abdorru
and pelvis are obtained during the filling, maximal fill, and voiding phases of the stuc
In an older, more cooperat ive child, the voiding phase is usually accomplished with tl
child sitting on a bedpan with the camera positioned behind the pat ient. An image
obtained after voiding. Regions of interest can be drawn around the bladder and tl
ureters to obtain an estimate of the relative amount of ves icoureteral reflux.

Scrotal Scintigraphy

Although ultrasound is more commonly used to evaluate acute scrotal pa in, scrotal sci
tigraphy can be used as an alternative method. Scrotal scint igraphy can be useful
differentiating acute pain from inflammation (e.g., in epididymitis) from testicula r torsio
which is a surgical emergency.
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FIGURE 18-14 N ormal Y'JmTc-MAG3 renogram. (A) Static posterior 5-minute-per- frame images of
the kidneys were obtained for 40 m inutes . There is good clearance in bo th kidneys. (B) Regions of
interest were drawn around the renal cortex, the kidney, and the pelvis of each kidney to measure
activity over time in these regions, as well as background activity. (C) Renal time-activity curves
demonstrate the maximu m parenchymal phase activity at approximately 2 minutes. There is good
clearance from both kidneys during the study.

which can lead to loss of renal fun ction, or it can be secondary to functional abnorma lity
such as muscle atony. In either the mechanically obstruc ted kidney or the fun ctionally
dilated bu t nonobs tru cted kidney, there is a delayed time to peak for the rad iotracer as
well as little to no clearance pri or to administration of a diuretic. In the obstructed kidney,
administration of the d iuretic has little to no effect on the renal time-activity curve.
However, in the case of nonobstructed hydronephrosis, there is usuall y prompt resp onse
to the administrati on of the diuretic (Figure 18-16). After administ ration of the di ure tic,
the kidney usua lly clears half the radioactivi ty in less than 10 minutes when there is no
significant obstruction. If the time to half-maxim um radiotracer is grea ter than 20 minutes
after diuretic administrat ion, the kidney is obs tructed . A time to half-m axim um between
10 and 20 minutes is indeterminate for partial obstruction.

Kidney transp lants are placed in the anterior iliac fossa. Renograms are sometimes
obtained shortly after surgery to determine if the transp lanted kidney is fun ctionin g. A
complication tha t is often present soon after transplant is ischem ic damage to the donor
kidney. This presents as poor renal function and poor urine output bu t with good renal
perfusion. This is referred to as acu te tub ular necrosis and usually resolves over the first
three weeks. On the renogram it is seen as a delayed time to peak and poor clearance (Figure
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FIGURE 18-16 Diuret ic renogram w ith 'NmTc-MAG3 in a patient wi th bilateral hydronephrosis.
There is a de layed time to peak in both kid neys and no significant clearance from either kidney 20
minutes into the study. A diuretic was administered at 20 minutes (a rrows). There is prompt response
to the diuretic in the right kid ney with 75'X, clearance at 40 minutes and little to no response in the
left kidney in this pat ient wi th partial obstruction in the left kid ney and nonobstructcd hydroneph­
rosis in the right kidney.

18-17). After the first week and most commonly dur ing the first 3 months after transp lanta­
tion, acute rejection is a concern. On the renogram, acute rejection is seen as delayed renal
uptake and reduced excretion with worsening rena l perfusion on the flow images.

In a normal rena l cortical scan, there is homogeneous rad iotracer accumulation in the
renal parenchyma of both kidneys. Both kidneys should demons trate reniform shape .
Normal differen tial renal function can vary from 50% in each kidney to 44% and 56%
(Figure 18-18). Defects sometimes can be asso ciated with non fun ctioning renal tissue.
Figure 18-19 demonstrates a cortical defect associa ted with a renal cell carcinoma. Infection
such as acute pyelone phr itis can be seen as a single cor tical defect in one kid ney or multiple
cortical defects involving one or both kid neys . Scarring is usually associated wi th volume
loss. Scarring may appear as a wedge-shaped cortical defect, a flattening of the rena l
contour, or a concave de fect (Figure 18-20).

FIGURE 18-15 (Opposite) Captopri l renogram with <l'J
mTc-MAG3. (A) Precaptopril reno gram with

1 mCi (37 M5g ) of l/4
mTc-MAG3 shows no rmal renal time-activity curves in both kidneys . (5)

Postcaptopril s tudy dem onst rates a significan t increase in the time to peak and delayed clearance
in the left kid ney consistent wi th renal artery stenosis.



662 Radiopharmaceuticals in Nuclear Pharmacy and Nucl ear Med ic ine

(\ 1
i • ~

j,
•

; e . •
I ,

«

FlOW S SlX: I Fr

A

•

• • • ,
RENOGRAM 2.5 muvrreme

. n_1% U Jl I ....1IlU . ..
_I I I ....

'0-,'----­,
I

•

•
•

"

~t_:

T.
T 1/2 Max
lei 20a in

K.~ P. I.... .

16.0 19.0 20
nF NP HA
I • o

B

FIGURE 18~17 Renal transp lant evalua tion using l)<lmTc-M AG3. (A) Anterior fi-second-per-frame
blood flow images of the transp lan t kidney in the righ t iliac fossa. The re is prompt blood flow to
the transplant kidney. Activity is seen in the kid ney at the same time as in the iliac vessels. (B) Static
anterior 2.5-minu te-per-frame images ove r the next 20 minutes and the associated ren al time--activity
cu rve demonstrate a d elayed time to peak in the kidney and poor clea rance, althoug h there is some
excretion into the bladder. The patient's transplant surgery was only a few d ays earlier. These
findings are most consistent wi th acute tub ular necrosis.
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FIGURE 18-18 Nonnal renal cortical scan using - Tc-DMSA. (A) There is relatively homogenous
radiotracer accum ulation in both kidneys. There are no cortical defects to suggest infection or scarring .
(B) Regions of interest were drawn around each kidney in both the anterior and posterior projections,
and geometric means were calcu lated to determine differen tial renal function . The differential function
was calculated to be 52'}';, on the left and 48% on the right, which is considered. normal.

Although not routinely used for renal imaging, positron emission tomography with 18F_
fludeoxyglucose (18F-FDG) has been used to image renal masses and to assess for distant
metastatic involvement. Since 18F-FDG is normally excreted by the kidneys, a diuretic such
as furosemide can be used to clear activity from the kidneys prior to imaging (Figure 18-21).

Renal cortical scintigraphy can also be useful in evaluating renal function in congenital
renal abnormaliti es. Figure 18-22 demonstrates lack of fun ction in a multicystic dysplastic
kidney. Figure 18-23 shows a horsesh oe kidney joined at the lower poles.

A normal radionuclide cystogram will show radiotracer activity in a normally shaped
bladd er only du ring the filling, full blad der, and voiding stages of the exam. On the
postvoid image, there should be no significant residual activity in the bladder. In the
presence of vesicoureteral reflux, there will be evidence of radiotracer accumulation in
one or bo th of the ureters during the exam. If radiot racer refluxes only into the distal
portion of the ureter, this is cons idered mild or grade 1 reflux . There is moderate or grade
2 reflux if radiotracer is seen to the level of the renal pelvis of what appears to be a
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FIGURE 18-19 Renal cell carcinoma. (A) Posterior renal cortical scan with 9'JmTc-DMSA demonstrat­
ing a concave cortical defect in the lateral lower po le of the right kidney (arrow). (B) Renal ultrasound
long-axis image of the right kidney showing a corresponding hypocchoic mass in the right kidney
(arrow). (C) Coronal magnetic resonance im age also demonstrating the mass in lateral lower pole
of the right kidney (arrow).

nondilated renal collec ting sys tem (Figure 18-24). If there is reflux into a dilated renal
collecting system, the reflux is severe or grade 3.

Scrotal imaging is performed to eva luate acute-onset scrotal pa in . In the normal scan,
there is symmetric, diffuse, mild perfusion to both testi cles as well as symmetric blood
pooling on the delayed images. Acute epididymitis is seen as increased blood flow an d
pooling in the region of the epididymis (Figure 18-25). Early in testicular torsion there
may be decreased blood pooling in the torsed testicle. Alte r several hours, there can be
increased blood flow and pooling to the scrotum around the torsed testicle. The testicle
appears as a photopenic defect sur rounded by increased .radiotracer (Figure 18-26).

- •
Anter ior

A
Posterior

FIGURE 18-20 Renal cortical scan of a 5 year old girl with a history of urinary tract infections
obtained 6 hours after intravenous administration of 2 mC i (7.4 MBg) of 99mTc-DMSA. (A) Anterior
and posterior images show a small scarred right kidney (arrows) with a normal-appearing left
kidney. (B) The dif ferential renal function was calculated to be only 8°;;) in the right kidney.
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FIGURE 18-21 Renal sarcoma . (A) Axial noncon trast computed tomography (en image thro ugh
the right kid ney shows an exop hy tic soft tissue mass in the po sterio r asp ect of the righ t kidney
(\...hite arrow). (B) A correspond ing axial positron emission tomography (PET) ima ge using rap,
fludeo xyglucose show s a focal area of hypermetabolism in the same reg ion (black arrow). (C) Axial
PET / Cf fusion image demonstra tes that the focal area of hyp ermetaboli sm corres ponds to the
exophytic mass (white arrow). The mass was fou nd to be a renal sa rcoma.
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Anterior
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FIGURE 18-22 Multicystic dysplast ic kidney in a 5 month old chi ld. (AJ - Tc-DMSA renal cortica
scan shows normal-appearing right kidney with no evidence of a fun ction ing left kid ney. (B) Sagi tta
ultr asound image of the left kid ney shows mu ltip le cysts in this pati ent with multicystic d ysp lasti
kidney.

FIGURE 18-23 Horseshoe kid ney. Anterior and posterio r images from a renal cortical <lQmTc-DMS.
study demonstra ting a un ion of the lower poles of the kidneys in this pati ent with a horseshc
kidney.
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FIGURE 18-24 Vesicou rcter al reflux. After catheteriza tion of
the bladder, 1 mCi (37 MBq) of "o'Tc-sodium pcrtechn etate
was administered into the bladder. (A) Radiotrace r is seen in
the bladder (open arrow). (B) On a subsequent image there is
reflux of rad iotracer into the left ureter on this posterior image
of the abdo men and pelvis (black arrow). (C) On a later image
there is accumulat ion in the left renal pe lvis (blac k arrow­
head). (0) Rad iot raccr is seen in the left renal p elvis and
ureter. There is no evidence of reflu x in to the right ureter.
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Flow Study 5 secJlmage
FIGURE 18-25 Sc ro ta l im ag in g w it h ",mTc_
sodium pertechnetate. (A) Blood flow, (B) blood
pool, and (C) 15 m inute delayed anterior images
of the pel vis demonstrate increased blood flow
and blood po ol to the superior and lateral right
scrotum in this pat ient with acute-on set righ t
scrotal pain . The pattern is most consistent with
acute epididymi tis.

B

1 min ANT

c
15minANT

FIGURE 18-26 Delayed tes ticular torsion. Ante­
rior images of the scrotum taken at (A) 5 and (B)
15 minutes after intravenous administration of
"v'Tc-sod ium per techn etate. Ima ges show
increased scro ta l activity on the rig ht wi th a p ho­
top enic centra l area corresponding to the
ischemic right testicle (ar row) . The patient's right
scrotal pain began the da y before the study.
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19 Bone

Bone imaging is performed for many reasons, including the evaluation of metastatic
disease, infection, and traumatic injury. An important benefit of bone imaging is its sen­
sitivity. On a standard x-ray exam, bone mineral content must be altered significantly
before a lesion can be detected. In comparison, it takes only a few me tabolically active
cells undergoing osseous remodeling to attract bone-avid radiolabeled complexes that
"light up " on the bone scan. Bone imaging, therefore, is useful for assessing pathologic
lesions in bone at an early stage of disease. However, regions of bone remodeling dem­
onstrate increased accumulation of activity regardless of the cause. Thus, bone imaging
lacks specificity beca use the bone scan does not detect a particular type of pa thology; it
reveals only the effects of that pa thology.

PHYSIOLOGIC ANATOMY

Bone is composed of minute crystals of hydroxyapatite (HA) associated with collagen
fibers. The crystals are con tinually being produced and reabsorbed in the bone remodeling
process. The surface area of bone m ineral is quite large because of the small size of bone
crystals. Bone mineral is composed ma inly of calcium, phospha te, and hydroxyl ions . The
presence of these ions on the large adsorptive surface of bone crea tes a chemically reactive
site for many radionuclidic substances that have an affinity for bone. This provides a
mechanism for study ing bone phys iology and for performing diagnostic imaging proce­
dures to de tect disease associated with bone.

Living bone cons ists of a var iety of tissues, as shown in Figure 19-11 The outer laye r
of bone, which imparts its shape and strength, is cortical bone. Internal to the cortical
bone is spongy cancellous (trabecular) bone. Cancellous bone contains the marrow, which
is composed of fat and hematopoietic elements. The articulating surfaces of bone are
covered with a layer of car tilage . Tendons, ligamen ts, and muscle attachments are inserted
into cort ical bone. Blood vessels penetrate the cortex and permeate the cancellous bone.
A fibrous and cellu lar envelope covers the bone tissue surfaces . This envelope, consist ing
of the periosteum externally and the endosteum internally, contains the osteocytes, which
are pluripotent in bone remodeling.

Bone Composition

Fresh compact bone is composed of 9% water, 11% organic matrix, and 69% inorganic
salts.' The organic matrix consists of a noncollagenous or gro und substance (10%) and
collagen fibers (90%). The noncollagenous matrix cons ists of multiple substances, includ­
ing mucopolysaccharides, glycoproteins, phosphoproteins, and phospholipids. It serves
as min eralization nucleator and inhibitor and as a "glue" that occupies the space between
collagen fibers. Little else is known about the precise distribution and function of the
noncollagenous matrix in bone.

Collagen fibers give bone its tensile streng th and provide nucleation centers for the
deposition of inorganic salts. These salts, composed essentially of calciu m and phosp hate,
give bone its compressiona l strength. The p rincipal inorganic salts found in bone are
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FIGURE 19-1 Diagram of bone show ing the
principal tissues.
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FIGURE 19-2 Bone composition.

Osteocytes function as osteoblasts or osteo­
clasts. Osteoclasts are instrumental in bone
resorp tion. Osteoblasts are bone-forming
cells that lie directly on bone surfaces; they
are respo nsible for synthesizing the organic
ma tr ix, called osteoid, that occupies the
space between osteoblasts and the under­
lying calcified bone. Soon after collagen
fibers are formed by osteoblasts, ACP pre­
cipitates on their surfaces at periodic inter­
vals to form min ute nidi that rapidly mul­
tiply and grow over da ys and weeks to
form HA crys tals. The ACP is not crystal­
line but is a mixture of hydrated calcium
phosphates of varying Ca/P molar ratios
consisting ma inly of calcium monohydrogen phospha te (CaHPO" Ca/ P ~ 1.0), octacal
cium phosphate (Ca,H(PO,)" Ca/P ~ 1.33), and tricalcium phosphate (Ca3(PO,)" Ca/ P ,
1.5).2By a process of substitution and addition of atoms, or resorption (through osteoclas ti.
activity) and reprecipitation, these ACP salts are converted into the well-c rystallized HI
(Ca lll(OH),(PO,),,, Ca/P ~ 1.66).

It is not known precisely what causes calcium sa lts to deposit in osteoid, but at leas
two the ories have been suggested.' Osteob last mitoc hondria can concentrate large quan
tities of calcium an d phosphate into vesicles. The first theory is that the ves icles thei
migrate to the cell wa ll and extrude minu te calcium phosphate crystals onto the osteon
to serve as nucleation centers for HA crystal growth. Another theory is tha t the osteoblast
secrete a subst ance into the
osteoid to neutralize an inhibitor
subs tance (perhaps pyrophos-
pha te) that normally prevents
HA crystallization. Once the
inhibitor is neu tral ized , the
na tura l affinity of co llagen
fibers for calcium salts suppos-
edly causes the precipitation.

HA crystals are a very sta ­
ble end product of bone miner­
alization and do not redissolve
read ily. Additionally, the crys ­
tals formed are microcrystalline
in nature; under physiologic
cond itions HA almost ne ve r
forms crystals that are larger
than a few hundred angstroms

Bone Formation

amorphous calcium phosphate (ACP) and
HA. ACP is believed to be the precursor to
HA, the predominant crys tall ine form
found in mature bone. Bone composition is
summari zed in Figure 19-2.
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in length, breadth, or thickness. Consequently, the HA system has a large surface area
(200 m' J gram) that p rovides an enormous opportunity for adsorption and surface
exchange of a variety of ions. Prominent examples include 5r2+, Pb2..., Ra2+, and Mg2+, which
exchange with Ca-": F-, w hich exchanges with OH-; and CO,'-, citrate, phosphate es ters,
diphosphonates, and pyrophosphate, w hich exchange with phospha te. It is precisely for
this reason that radi onuclide species of these sub stances have been used successfully to
study and image the skeleton in humans and animals.

DEVELOPMENT OF BONE IMAGING AGENTS

The use of self- luminous radium paint on watch dials began in 1908, after an earlier
discovery that alp ha particles striking a zinc sulfide surface produced luminescence.
Radium paint was made by mixing rad ium chloride and zinc sulfide w ith a binder. The
first hint that radioact ive material localized in bone came in 1924, w hen a radium dial
painter developed severe os teonecrosis of the man dible an d ma xilla. Seve ral other reports
followed this initial d iscovery of the so-ca lled "r adi um jaw," and the cause was traced to
isotope localization in bone after chronic inhalation of radon gas, which is the radioactive
daughter of rad ium decay, and inges tion of rad ium pa int by licking the tip of the paint
brush.

Many rad ionuclides have been used to study bone, but few of the earlier ones ha d
desirable physical properties for bone imaging. The earliest use of bone-seeking radionu­
elides was for the treatment of bone disease and metastatic lesions. These radionuclides
ind uded 32p, ''Ca, "Ca, '''Sr, and "Ga. In 1949, "Ga was one of the first radionuc lides used
to detect bone metastases, but it was unacceptable becau se of its high 2.5 MeV gamma
energy' Investigations we re switched to ''''Ga and then to "Ga in the early 1950s, but the
serendipitous find ing by Edwa rds an d Hayes' in 1969 tha t carrier-free gallium localized
in soft-tissue tumors all but terminated gallium's potential for becoming a bon e-imaging
agent.Add itionally, bone localization of radiotracer galli um required the coadm inistration
of stable carrier ga llium, which was though t to be potentially tox ic.

Around 1961, clinical bone scanning had its tru e beginning when Charkes and Sklaroff"
at the Eins tein Medical Center in Philadelphia began to use ''Sr bone scans to locate
metastases for the rational app lication of radiotherapy. Strontium was se lected because
its metabolism simulated tha t of calcium and the ga mma emission of ' 'S r could be mea­
sured by external detection. Ad ditiona lly, bone me tastasis could be detected with ''Sr
before it was ev ident on x-ray exam.Acco rding to one report in 1961, radiographic changes
were demonstrated in onl y 56 lXl of breast cancer patients wh o had shown abnormal
vertebral uptake w ith " Sr.' Tha t report noted a French study performed in 1948 who se
investigators reported that a bone lesion must be 30% to 50% decalcified to be visible on
x-ray.

~'Sr was available as the nitrate or chloride sa lt and was administered intravenously.
Its long biologic and physical half-lives lim ited the adult dose to 100 JlCi (3.7 MBq), which
resulted in prolonged sca nn ing times and poor counting statistics. Although the rate of
bone uptake was rap id (90% of maximum in 1 hour), its slo w excretion required at least
a 2 day dela y befo re sca nning to improve the bone-to-ba ckground ratio. In 1964,
Meckelnburg' in troduced ""'Sr-stron tium citra te for bone imaging. The shor t 2.8 hour half­
life and decay by isomeric transition lowered the rad iati on dose signif ican tly below tha t
of &'iSr; this favored the use of ii7mS r in children. However, its short hal f-life required bone
scans to be performed before adequate excretion occurred, w hich increased the po ten tia l
for false-positive and false-negati ve in terpretation.

In 1962, Blau et al .? int roduced "F as sodium fluoride for bone scanning. Its principal
advantage was high bone-to-background ratios because of its rapid blood clearance after
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intraveno us injection . However, a significant logistic problem was created ; its 1.8 hour
ha lf-life required tha t the user be located close to the 18F production site. In the late 1960s
and early 1970s transportation problems improved, but the isotope cos t was high. I8F
gradually gained clinical acceptance, but then the introduction of 9'!mTc-Iabeled phosphate
compoun ds for bone imaging brought !'F use to a virtual halt.

On the basis of the pri or finding that " P-Iabeled polyphosphate localiz ed in the min eral
ph ase of bone.!" Subramanian and Mc/vfce!' successfully prepared a stannous chlo­
ride-reduced 99mTc-tr ipolyphosphate (9'!mTc-STpp) complex that localized in bone. This
was a key contribution to the field of nuclear medicine, beca use it meant tha t the desirable
properties of 99mTc could be used for studying bone. The report indicated that 99mTc-STpp
achieved a skeletal uptake 65% that of ' 'S r only 3 hours after injection. A few months later
Subramanian and colleagues!' repor ted on an improved agent using synthetic long-ehain
polyphos phate (46 phospha te units). Other investigators also worked with polyphos­
phates, and a Ha rvard gro up13 confirmed the findi ng by Subramanian's group that the
ave rage chain length of 40 phosph ate units prod uced the highest bone uptake. The Har­
vard group, however, ach ieved a bone uptake of only 25% of the injected dose (10),
compared with Subramania n' s reported 50% uptake. This discrepancy led to fur ther
investigation. About the same time, two studies comparing bone uptake as a function of
phospha te chain length ind icated that bone uptake was inversely related to chain length.
This was in direct contradiction to previous reports. Several other reports were published
on the use of 99mTc complexed to pyrophosphate (PPi), a tw o-unit phosphate cha in with
high bone uptake. The Harvard group reanalyzed its polyphosphate preparation as well
as that of Subramanian, to find a changed composition. They found appreciable amounts
of orthoph osphate and py rop hospha te present. Further ana lyses led to the conclusion that
the desirable bone-localizing property of the or iginal long-chain polyphospha tes was du e
to the presence of Pf'i, either as an impur ity or as a degradation product. The formal
introduction of 9'!mTc-pyrophosphate (99mTc-PPi) came in 1972 by Perez and co-workers!'
in Par is, France. 9'!mTc-ppi had high chemical purity, labeling yields with 9'!mTc-sodium
pertechnetate were high (>90%), and its blood clearance was more rapid than tha t of
po lyphosphate.

Also in 1972, a different class of 9'!mTc-labeled phosphorus compounds was introdu ced
for bone imaging. These were the diphosphonates, which are orga nophospho rus com­
pounds characterized by a phosphorus-to-earbon (Pe-C-1') bond, in contrast to the phos­
phorus-to-oxygen (1'-0-1') bond characteristic of polyphosphates and py rophosphates.
The diphosphonates had previously been found to inhibit di ssolution of bon e and crystal
growth of HA in certain bone d iseases. Other studies ind icated that the phosphoru s-to­
carb on bond was more stable in vivo, because it was not broken down by phosphatases
as were the phosphates. .

Three groups reported almos t simultaneously on 99mTc-labeled etha ne-l -hydroxy-l­
diphosphonate (99mTc-etidronate, or 99mTc-EHOp) for bone imaging l5-!7 The ad vantages
claimed for 9'!mTc-EHOp compared with 9'!mTc-Ppi were a slightly greater bone concentra­
tion (50% to 55% of 10 for 9'!mTc-EHO p versus 015% to 50% of 10 for 9'!mTc-pPi), improved
in vivo stability (although this was implied), and faster blood clearance, which was its
primary advantage . The blood clearance, however, was still not as rapid as that of 18F.

In 1975 Subramanian et al." introduced """'Tc-labeled methy lene disp hosphonate
(99nlTc-medronate, or 9'J I11Tc_MDP) for bone imaging and compared it w ith (IYmTc-EHDP,
99"'Tc-pl' i, and "')mTc-Iabeled polyp hosphate. Their findings in humans indicated that
diphosphona tes are cleared more rapid ly from the blood than pyrophos phates or poly­
phosphates. 9'!mTc-labeled polyphospha tes were found to be slowest; 99mTc-MOP was found
to be fastest and equivalent to !8F-fluoride clearance. The slower clearance of po lyphos ­
phates and pyrophosphates was attributed in part to their higher plasma protein bind ing
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FIGURE 19-3 Chemical structures of ligands
used in preparing 9'lmTc bone agents.
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and diffusion into red blood cells (RBCs).
Thefraction associated with RBCs 24 hours
after injection was 22% for 99mTc-labeled
polyphosphate, 60% for WmTc_ppi, and neg­
ligible amounts for 'J'imTc-EHOP and 99mTc_
MDp. Each agent produced excellent bone
images, but high-quality images could, as
a rule, be obtained 2 hours after injection
with 99mTc-MOP, whereas 3 to 4 hours was
often required for 99mTc-EHOP and 4 hours
for pyrophosphates and polyphosphates.

In addition to achieving higher blood
clearance for bone agents, higher bo ne
affinity can also increase the bone-to-soft­
tissue ratio. When one of the methylene
hydrogen atoms in MOP is replac ed by a
hyd roxy l group, h ydroxymethylene
diphosphonate (HMOI') is forme d . The
technetium complex is known as 9'JmTc_
oxidronate (99mTc-HOP). The presence of
the hydroxyl group on the carbon atom appears to increase the bone uptake of diphos­
phonates because it provides the opportunity for tridentate binding to calcium on the
growing surface of HA crystals." Expe rimental work in animals de mons trated that 99mTc_
HDPhas a higher binding affin ity for apatite crystals tha n do 99mTc-EHOp and 99mTc-MOp.20

Also in 1975, a 99mTc-trimetaphosphate complex was introduced for bone imaging."
This cyclic phosphate was repor ted to have bone uptake equivalent to that for 99mTc-EHOp
and tripo lyphosp hate. Optimum bon e uptake, wi th minimal liver uptake , was observed
when 25 to 50 mg trimetaphosphate per milligram of stannous chloride was used.

The structures of the various phosphate and diph osphonate ligands for preparing 99mTc
bone agen ts are shown in Figure 19-3. Of these complexes, the onl y ones currently on the
market for bone imaging are 99mTc-MOp and 'J9mTc-HOp. Two pyrophosphate (Pf' i) kits,
one containing trimetaphosphate, are also approved for bone imaging, but they are used
mostly for in vivo labeling of RBCs and for myocardial infarc t-avid imaging.

PHYSICAL PROPERTIES OF 99MTC BONE AGENTS

The 99mTcbone complexes are prepared by simply ad ding the required amount of pertech­
netate to a sterile lyophilized kit containing a mixture of stannous ion and the appropriate
ligand. The composition of various comme rcial kits is shown in Table 9-11 (Chap ter 9).
Radiochemical purity is checked by instan t thin -layer chromatography for the presence
of free pertechnetate and hydrolyzed -reduced technetium colloid. Formation of the col­
loidal impur ity is favored if the ratio of phosphate to tin is too low and the pH of the
reaction mixtu re is too high. 2l Liver uptake on clinical images has been observed when
the colloid impurity is significant (Figure 19-4). Excess pertechnetate impurity is evident
on the bone scan as uptake in the thyroid gland and stom ach (Figure 19-5).

Technet ium bone complexes can degrade over time, producing free pertechnetate ."
While this can be counteracted by add ing excess stann ous ion to the kits, large amounts
of Sn(lI) in bone kits have been shown to interfere with the activity distribution in pertech­
netate brain scans for up to 2 weeks after the administration of bone agents containing high
levels of Sn(II).23 Some bone kits were developed with [ow amounts of tin, but this created
a stability problem because free pertechnetate was generated over time in reconstituted kits .



676 Radiopharmaceuticals in Nucl ear Pharmacy and Nuclear M edicine

Liver
Uptake---..

FIGURE 19-4 "v'Tc-pyropbosp bate (''''mTc-Pl'i)
bone scan demonstrating liver uptake due to
hydrolyzed-reduced technetium impurity in the
administered dose.

The oxidative degradation is promoted by
atmospheric and d issolved oxygen and
radiolytically genera ted free rad icals.
Nitrogen purging of 99mTc-sod ium pe rtech­
netate solutions and kits helps rid them of
gaseous and dissolved oxygen, but it does
not provide satisfactory protection aga inst
oxidation by free radicals. The problems
associated with low-tin kits was signifi ­
cantly reduced by the ad dition of ascorbic
acid or gentisic acid as antioxid ants to
diphosphonate bone kits (Figure 19-6)." .25
On ly gentisic acid can be used in pyrophos­
phate kits, because the presence of ascorbic
acid causes the formation of a Y9mTc-ascor­
bate complex that results in renal images."

The antioxida nts in kits are free rad ical
scavengers that stabil ize by retarding free
radical reactions wit h the 99mTc bone com-
plex. Rad iolytically produced alkoxy (RO·) and peroxy (RO;) rad icals can be stabilized by
ascorbate or gentisate through the transfer of an H atom from the antioxida nt molecul e
to the free radica l, yielding a resonance-stabilized and nonreactive molecule, (RO,H) . This
react ion is shown in Figure 9-32 (Chapter 9). Eliminati on of the intermediate rad ical by
ascorbate (or gentisate) is believed to provid e in vitro stability by inh ibition of the slow
oxida tion of Tea, to TeO, ." The mechanism of bone complex de grada tion to yield pertech­
netate has been suggested to occur by initial dissociation of Tc(IV) from the stable chelate
and hyd rolysis into TeO, with subsequent oxida tion to Tea" rather than by a di rect
interaction of the chelate with oxyge n.'?

Other kit formulation factors important to the clinical performance of technetium bone
complexes include proper ligand- to-tin ratio and the amount of bone agent injected . Tofe
and Francis" found that the op timum EHDP-to-stannolls chloride weight ra tio was
between 5:1 and 50:1 based on binding affinity to HA in vitro. Ratios of 12:1 and 50:1 gave
the same biodistribution in animals. Subramanian et al." obtained op tim al skeleta l local­
ization with MDP-to-tin ratios of 10:1 at doses between 0.01 and 0.5 mg MDP per kilogram
of body weight, with no significant difference in d istribution . Bevan et al.'" found that
liver up take of 99mTc activity occurred when the Na,HM DP load wa s above 0.1 mg per
kilogram of body weight in rats, guinea pigs, and dogs. These findi ngs were taken into
consideration when HMDP kits were formu lated for human use . Ponto?' has compiled an

AT

ANT

FIGURE 19-5 Bone scan demonstrating thyroid and stom ach activity resulting from excess pertech­
netate impurity in the bone agent injected.
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FIGURE 19-6 (A) In vitro stability of ""mTc-HEDP ("""'Tc-EHDP) without stabilizer, in vials under
oxygen (air) and nitrogen atmosphere (top two curves); and with stabilizer (0.1 mg and 0.6 mg
sodiumascorbate) under either oxygen (air) or nitrogen atmosphere (bottom two curves) . (Reprinted
with permission of the Society of Nuclear Medicine from reference 24.) (8) In vitro stability of 'NmTc_
HEDPand ""mTc-HMDP under (a) oxygen (no stabilizer) or (b) nitrogen or oxygen (with stabilizer).
Stabilizer was 0.56 mg of either ascorbic acid or gen tisic acid. (Reprinted with permiss ion of the
Society of Nuclear Medicine from reference 25.)

FIGURE 19-7 Perspective view of a portion of
the [Tc(OH)(MDP)-loinfinitepolymer (MDPrep­
resents methyl ene dfphosphonatc in an
unknow n protonation state). Hydrogen atoms
bonded to oxygen, lithium counter-ions, and
wa ters of hydration are omitted for clarity.
(Reprinted with permission of the Society of
Nuclear Med icine from reference 31.)

excellent rev iew of how formulation factors of -'Tc bone agents and other techne tium
compou nds affect their biodistr ibution.

Analysis of techne tium bone complexes indicates that they are not a single we ll-defined
chemical species but are probably mixtures of short- an d long-chain polymers." The
polymeric st ruc ture of [Tc(OH)MOP-Jo is charac terized by technetium atoms br idged by
MOP and OH ligands, and the MOP ligands are in turn bridged by technetium atoms, as
shown in Figure 19-7. High -performance liquid chroma tog raphic (HPLC) analys is of prep­
arations with va rying concentra tions of techn etium has shown that polymer ic com plexes,
evidenced by multiple HPLC peaks, are formed when millimolar concentrations of tech­
netium are presen t, whereas preparations made w ith no-carrier-added technetium pro­
duce only one peak." It has been sugges ted tha t multip le comple x formation may affect
the biodistribution and elimination of 99mTc-d iphosphonate complexes.
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BIOLOGIC PRO PERTIES OF 99MTC BONE AGENTS

FIGU RE 19-8 Blood clearance of 'NmTc_MDP
in humans com pared with three other 9'1mTc
complexes and "F-scdium fluoride (corrected
for physical decay). (Reprinte d with permis­
sion of the Society of Nuclear Medicine from
reference 18.)
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The biodistribution of 99mTc bone agents in
humans and animals has been compared."
After intravenous administration these
agents are rapidly dis tribu .ed in the body,
and by 3 hours most of the activity is located
in the skelet on, uri ne, and blood. The whole­
blood activity as a fraction of the 10 at this
time is 8%) for SlYmTc-PPi, Sf};) for 99mTc-EH DP,
and 3% for 99mTc-MOP. For Tc-PPi the blood
activity is primarily foun d in plasma protein
(43%) and RBCs (30%). The blood activity of
the diphosphonates is primarily associated
w ith protein, with no signi ficant binding to
RBCs. Consequently, the blood clearance
rates for 99mTc-EHDP and 99rnTc_MDP are sig-
nifican tly faster than those of 99mTc_PPi, with
99mTc-MOP being the most rapid (Figure 19-8).
The blood clearance rate of 99mTc_HDP is sim­
ilar to that of 99mTc_MOp29 The 3 ho ur urine
accumulation in humans is 43% for PPi, 56%
for 9YmTc-EHDP, and 59%) for 99mTc_MDP. The
absolute average bone concentration of the
diphosphonates in rabbits has been shown to
be 1.6 times higher tha n that of 99mTc-PPi. No
statistically significant difference has been
found be tween the bone concentration of
<NmTc-EHOP and 99mTc_MOpls In hu mans, ap proximately 45% to 55% of the injected act ivity
of 99mTc-EHOP and 99mTc-MOP localizes in bone within 3 ho urs."

In a comparison between diphosphonates, the blood clearance of 99mTc-HOP was
sim ilar to <NmTc-MOP up to 3 hours but faster thereafter." In vitro and in vivo bone uptake
experiment s have demonstrated tha t 99mTc-HOP has significantly higher bone affinity than
9lhnTc_EHDP and 99mTc_MDP:13 Indirect whole-body retention measurements in hu mans
have demonstrated that 99mTc-HOP has a 20% higher skeletal uptake tha n 99mTc_MOP."
Despite these differences, clinical comparisons of 99mTc-HOP, 99mTc-EHOP, and 99mTc-MOP
have shown no significant d ifference in lesion detection.tv'" Earlier comparisons between
99mTc-MOP and 99mTc-PPi showed higher-quality bone scans with 99mTc-MOP but no obvi­
ous difference in diagnostic sensitivity."

In summary, several 99mTc bone agents have been developed since 1971. The first w as
99mTc-STPP, then 99mTc-polyphosphate, followed by 99mTc-PPi, 99mTc-etidronate (99mTc_
EHOP), 99mTc-medronate (99mTc-MOP), and finally 99mTc-oxidronate (99mTc-HOP). In general,
each successive agent yielded improved scan quality because of higher bone-to-soft-tissue
ratio. Although there appears to be no significant difference in lesion detection with the
last four agents, 99mTc-MOP and 99mTc-HOP are preferred because of their higher-quality,
cleaner-looking bone images. 99mTc-EHOP is no longer marketed.

localization Mechanisms

Bone localization of the 99mTc complexes requires adequate blood flow to bone and the
absence of any diffusi onal barrier during transit from blood to the bone surface." The
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FIGURE 19-9 Adsorption of I'e -Iabeled MDP,
HEDP, and HMDP (HD P) on crys tall ine
hyd roxyapa tite. (Rep rinted with pe rmissio n of the
Society of Nuclea r Med icine from reference 20.)
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chemical composition of the bone sur­
face and the structural proper ties of the
bone agent itself are important factors in
the binding of 9YrnTc complexes to bone.

The fluorid e anion (P-) react; with
bone by isomorphous exchange of fluo­
ride with hydroxyl (OH-) in HA. An
additional factor that made " P-fluoride
ausefulbone imaging agent was its h igh
bone-to-background ratio because of its
low protein binding (aroun d 5%) and
lackof RBC binding at physiologic pH·'

The anionic 9YrnTc-labeled phosphate
and phosphon ate complexes a r e
believed to inte ract with bone by binding
toCa2• ions in bone crystals. The process
is referred to as chemisorption. Localiza­
tion occurs primarily in the mine ral
phase of bone, with ins ignificant bin ding to the organ ic ma trix." In vitro an d in vivo
experiments have shown that 9YrnTc-diphosphonates bind to ACP to a higher degree than
to crystalline HA.'",33 The hypothesis for this is that ACP contains newly form ed apatite
crystallites that have a crystal-growing face with a chemical configuration of calcium ions
best suited for binding to oxygen atoms in the diphosphonate ligand .'" As bone matures,
thisconfiguration is altered so that less uptake of bone agent occurs in mature bone. The
difference in binding between ACP and HA is the basis for detecting bone lesions, becau se
areas of increased osteogenic activity contain higher concentrations of ACP relative to HA.
lt is important to note tha t the bone scan does not identify a specific pathologic process
(e.g., trauma, infection, or cancer) but rather shows the effect of a pathologic process on
normal bon e. However, characteristic patterns of activity d istribution do occur in certain
conditions such as Paget's disease.

The mechanism of localization of 9YrnTc-diphosphonate complexes in bone is not entire ly
known but appears to depend on the chemical structure of the ligand in the complex. The
ligands EHDP, MDp, and HDP are geminal diphosphonates, which means that both phos­
phonate moieties are attached to the same carbon atom. This places the oxygen atoms on the
phosphonate groups at a distance and position condu cive to bind ing with calcium in bone.'?
The type of substitution at the two remaining sites on the central carbon atom can also
influence the agent's binding to bone . Binding to calcium in bone is highest when one of
these substituents is hydroxyl and the other is hydrogen, as in H DP.20 This is illustrated in
Figures19-9 and 19-10. It is proposed that the triangula r face of the HOP ligand allows op timal
tridentate binding to calcium through both geminal diphosphonate oxygen atoms and the
hydroxyl group . Binding of EHOP to calcium, which also has three oxygen-binding groups,
is less likely because of steric hindrance by the methyl group. MOP has lower binding affinity
because it can undergo only bidentate binding. An ad ditional factor that may contribute to
binding affinity is the relative solubilities of the complex's calcium salts formed when they
reactat the bone surface. In this regard the decreasing ord er of solubili ty has been determined
to be MDP > EHDP > HMDP ;e, PPi.'"

Dosing and Biodistribution

The typ ical adult dose of 9YrnTc-HDP or 9YrnTc-MDP for bone imaging is 20 mCi (740 MBq)
given intravenously. Imaging is generally perform ed 2 to 3 ho urs af ter injection to allow
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FIGURE 19-10 Comparison of HMDP
(H DP) and MDP structu res, ind icating the
potentia l of tr identate binding in hyd rox­
y la te d m ol ecul es such as H MDP.
(Rep rinted with permission of the Society
of Nuclear Med icine from reference 29.)

plasma and tissue background activity to be excreted . Approximately 40% to 50% of the
injected activity localizes in bone, with the rem ainder excreted in the urine.

On the bone image the normal skeleton demonstrates uptake of radioactivity, and there
ma y be some evidence of activity in the kidneys and urinary bladder. Bone lesions gen­
era lly appear as focal areas of increased acti vity. Diffusely increased concentra tion in the
entire skeleton may be seen in patients wi th hyperparathyroidism, which causes a gener­
alized increase in osseous remodeling ."

In contrast to these patterns are the cold lesions seen with vasa-occlus ive di sease, metal
prostheses, and the occasiona l site where tumor has replaced most of the bone. Often,
cool areas or areas of mildly d iminished activity conc entration dem arcate a site of externa l
radi a tion therapy where radiation-ind uced vascular changes have occur red and osteocytes
have been destroyed.

The pattern of tracer d istribution after injection often provides d iagnostic informat ion
in certain typ es of disease, such as infection, where local blood flow patterns and bone
uptake (or lack thereof) provide the information necessary to distinguish soft-tissue infec­
tion from bone infection. For example, early in the course of osteomyelitis standard
radiographs are usually normal, but the sens itivity of bone scanning is frequently he lpful.
A three-phase bone scan is typically done in this situation . The three-phase study includes
a perfusion phase, an equilibrium or "blood pool" ima ge, and a delayed 2 hour image
show ing bone metabolic act ivity. A typi cal perfusion study involves 5 second images for
90 seconds to observe blood flow to the affected area. This is followed by a blood pool
image at 3 minutes to demonstrate extrace llular accumulation of tracer. The delayed image
dem onstrates if the re is any bone involv em en t (osseous rem od eling). The interpretation
of the three-phase bone scan is shown in Table 19-1.

TABLE 19-1 Activity Distribution in a Three-Phase Bone Scan

Activity Accumula tion

Disease

Ce llu litis
Osteo myelitis
Nonln flemmatory-

Phase 1: Blood Flow Image Phase 2: Blood Pool Image

i i
i i

Normal Nor mal

Phase 3: Delayed Image

Normal
r
r

.1 For exa mp le, degene rative join t d isease, chro nic inactive osteomyelit is.
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TABLE 19-2 Radiation Do se Estimates for 99myC Bone Compl exes
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TIssue

Adu lt Radiation Absorbed Do se (radlcGyl per 20 me i)

~mTc·HDP ~mTc-MDP -Tc-PPi

Bone surfaces
Urinary bladder wall
Red marrow
Kidneys
Ovaries
Testes
Effective dose equivalent (rem)

3.80

1.60

0.56

0.44

0.26

0.17

0.46

2.60

2.40
0.40
0.64

0.24

0.17

0.44

2.80

1.80

0.46

0.48

0.28

0.20

0.44

Source: Reference 42 (dos imetry tables) .

Dosimetry

Estimates of radiation dose to selected organs from """Tc bone agents are listed in Table
19-2.42 The dose to the skeleton is an average ad ult dose that assumes uniform skeletal
distribution; however, bone distribution often is not uniform, with higher concentrations
in the vertebrae and ribs than in long bones." Additionally, bone activity has been shown
to be two to three times higher in the epip hyseal regio n than in the diaphysis of growing
long bones. This distribution is ev iden t particularly in pediatric patients; the gro wth plate
has a much higher concentration than in adults. The rad iation dose to the pediatric growth
plate has been estima ted to be as much as 6 to 8 times higher than the do se to the adult
skeleton" The critical organ is bone, and the next highest dose is to the urinary bladder,
reflecting the high urinary excretion of the injected dose. The bladder dose is typically
based on either a 2.4 ho ur or 4.8 hour void ing interval. The dose can be reduced if the
patient voids more frequently; frequent voiding should be recommende d to the patient
at the time of dos e ad ministration. Dosimetry estimates reported in the literature and
product package inserts differ somewha t becau se of variations in the biokinetic models
used for calculating absorbed dose. :

Adverse Effects

No significant toxic effects have been reported for 9'imTc bone agents at the dose normally
administered . The usual dose ran ge for 9'imTc-PPi is 0.02 to 0.2 mg PPi per kilogram of
body weight; for '>9mTc-diphosphonate it is one-fifth to one-half that amo un t. A first level
of potential toxic effect is related to the complexing of bone agents with serum calcium.
With PPi, tetany in rat s is produced by 22 mg /kg and electrocardiographic changes
indicative of hypocalcem ia are seen at 12 mg /kg intravenous doses:" If these doses are
extrapo lated to hum ans, the safety factor between a d iagnostic dose and the lowest dose
for minim ally detectabl e hyp ocalcemia as noted by electrocardiogram is 551 '

Few adverse reactions to the administration of 99mTc bone complexes have been noted.
The frequency of reactions to 9'imTc-MDP rep orted in 1984 was 0.5 per 100,000.45 Reported
adverse effects of '!'>mTc-MDP include skin rash and transient symp toms of headache,
dizziness, nausea, myalgia, and fever..J6

Altered Biodistribution of Bone-Imaging Agents

Altered biodis tribut ion of bone-imaging agents labeled with """Tc ha s been associated
with drugs and treatment regimens.P-" Intense renal parenchymal uptake of bone agent has
been reported in children treated with vincristine, doxorubicin, and cyclophosphamide . The
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mechanism of renal uptake is unknown. Long-term steroid therapy induces bone mineral
depletion and ha s been shown to cause a generalized decrease in skeletal uptake of bone­
imaging agents. Bilateral breast up take of <NmTc-PPi has been reported in a man treated
with diethylstilbestrol for prostate cancer. Several rep orts have demons trated abnormal
distribution and localization of ""mTc bone agents becau se of iron. Localized activity has
occurred at sites wh ere intramuscular iron- dextran has been injected; this may be due to
localized hyperemia or complexation of the bone agent wi th iron . Plasma iron overload
has been associated with decreased skeletal uptake of bone agents in several cases . Tech­
netium diphosphonates have shown splenic up take in sickle cell disease, which may be
rela ted to increased iron concentration. Increased liver uptake of 99mTc-diphosphonates
has been shown to occur with increased levels of plasma aluminum; this has also been
documented in controlled animal experiments. A so-called sickle sign, an area of d iffuse
activity around the calvaria, has been observed on bone scans in 56(Yo of breast cancer
patients receiving intensive cytotoxic therap y.

Other maldistributions have been described and more detail provided by Hladik et
al.47 and Lentle et al." Although it is difficult to determine the exact causes of these
ma ldistributions, it is important to know that they can occur for many reaso ns that may
not be associated with the particular disease being evaluated by the bone scan.

NUClEAR MEDICINE PROCEDURES

Rationale

Bone scanning continues to be a mainstay of general nuclear medicine imaging. The most
com mon indication for a whole-body bone scan is in the work-up of metastatic diseas e.
However, there are many other indications for bone imaging, including the evaluation of
trauma or occult fractures, osteomyelitis, bon e pa in, bone tumors, bone infarcts, avascular
necrosis, ar thritic disease, reflex sympathe tic dystrophy, certain metabolic disorders, via­
bility of bone grafts, suspe cted loosening or infection of an orthopedic p rosthesis, and
heterotopic bone formation.

Bone scans have a very high sensitivity for detecting me tastasis to bone. Bone lesions
can usually be detected mu ch earlier than with plain film x-rays, because bone scans
demonstrate focal areas of increased osseous remodeling that often precede the structural
changes seen on plai n films. The degree of radiopharmaceutical up take in bone depends
on several factors. The mos t important are thought to be blood flow and extrac tion
efficiency" An increase in either blood flow or extraction efficiency leads to increased
radiotracer uptake in bone. There is decreased radiotracer accumulation in areas of
decreased blood flow, such as a bone infarct. Decrea sed focal accumulation of radiotracer
is sometimes seen with metal prostheses and in the occasional site where tumor has
rep laced most of the bone .

Procedure

Before administration of the radiopharmaceutical, it is important to understand the reason
for the exam and to obtain a relevant patient histo ry. If the problem is localized or there
is a question of infection, a three-ph ase bone scan may be useful in evaluating blood flow
and blood pooli ng in the region in addition to standard de layed imaging to detect the
presence of osseous remodeling. This requires that the patient be positioned and imaged
with the gamma camera d uring intravenous administration of the radiopharmaceutical.
Also, the site of radioph armaceutical injection should be away from the site of suspected
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injury or pathology. Often there is par tial extravasation of the rad iotracer in the soft tissue
at the site of administrat ion, which can make this area difficu lt to evaluate.

Although bone scans are very sensitive for osseous remodeling, they are not very
specific. A patient history can help increase the specificity of the exam. The patient should
be asked abo ut any history that m.ght affect the bone scan results. This cou ld include
prior fractures, surgeries that have involved bone, recent trauma, cancer history, known
bony lesions or metastatic disease to bone, prosthetic implants, radiation therapy, and
osteomyelitis. If there is question of a fracture in a younger person, localized spot imaging
of the suspected area is usually performed. Whole-body bone scans are performed if there
isa suspic ion or history of cancer. Single-photon emission computed tomography (SPECT)
canbe used to improve detection or rule ou t bony lesions in patients with localized pa in,
such as in the lower back.

Once the h istory is obtained, the reason for the exam is understood, and the appropriate
imaging procedure has been selected, the adult patient is usually injected with 20 to 30
me i (740 to 1110 MBq) of a '!9mTc-dip hosphonate compound intravenously. If blood flow
imaging is to be performed, the region of interest is posi tioned on the gamma camera
prior to injection . One- to two-second-pe r-frame images of the region are obta ined for 30
to 60 seconds during administration of the radiotracer. After this, blood-pool images of
the region are obtained within 10 minutes after administration of the radiotracer. Standa rd
imaging is usually done 2 to 4 hours after injection. Oiphosphonates are rapidly cleared
from the blood and accumulate in the skeleton and in the urine. Two to four hours after
administration, approximately 50% of the diphosphonate radiotracer should be adsorbed
onto the mineral phase of bone; most of the rest is cleared by the kidneys. After admin­
istration of the radiopharmaceutical and before imaging, the patient is encouraged to drink
fluids. Unbound diphosphonates are rap idly cleared by the kidneys. Having the patient
drink fluids and void just prior to imaging helps reduce soft-tissue retention and minimize
radiation dose to the bladder.

Radiopharmaceuticals

The most commonly used radioph armaceu ticals for bone scanning are the '!9mTc-diphos­
phonates such as '!9mTc-MOP and "'mTc-HOP. In adults, the administered dose is usually
between 20 and 30 mCi (740 to 111 0 MBq) given int ravenously. In children, the dose is
determined by weight, usually 250 to 300 !lCi/kg (9.25 to 11.1 MBq/kg) with a minimum
of 1 to 2.5 mCi (37 to 92.5 MBq)." Unless there are con tra indications, patients should be
well hydra ted after injection.

Interpretation

The normal whole-body bone scan varies with the age of the patient. In the child, there
is normally intense, symmetric radi ot racer uptake in the growth plate regions of the long
bones (Figure 19-11). These become less intense in the older child and teenager (Figu re
19-12). Once growth plate fus ion is complete in the ad ult, the symmetric increased epi­
physeal uptake is no longer present (Figure 19-13).

In the ad ult, focal areas of increased uptake in the cervical spine that have a latera l
and pos terior location typically represent degenerative change. Areas of mo re prominent
skeletal upta ke are norma lly seen in the acromioclavicular joints, stern oclavicu lar joints,
sternum, and iliac crests. There is increased activity in the nasopharyngeal region in the
skull. In general, the distribution of the rad iop harmaceutical should be sym metric from
side to side in the skeleton. Focal areas of increased activity represent areas of increased
osseous remodel ing or repair. Asymmetric focal areas of either increased or decreased
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FIGU RE 19 -11 Normal bone scan in
a 2 year old girl. Note the symmetric,
increased uptake in the epiphyseal
a n d m etaphyseal g row th pla te
regions, which is normal in th is age
group.

,

• . ,

FIGURE 19-12 Normalbonescan in a 13 yearold
boy. There continues to be increased physiologic
uptake in the growth plates, wh ich is normal.

' f • I'

FIGURE 19-13 Normal bone scan in an adult.
The epiphyseal gro wth centers have fused and
no longer dem onstrate increased uptake. The
activi ty in the fused growth centers is now sim­
ilar to that in the adjacent bon e.

radiotracer uptake are abnormal and should be analyzed in the context of the patient's
history.

Most fractures can be detected as focal areas of increased radiotracer up take within
24 hours after inju ry.50 Early on, the increased radiotracer uptake in bone is secon dary to
hyperemia. In the first few weeks after injury, there is generalized increased activ ity in
the region of the fracture . The fracture becomes more prominent and focal over the next
2 to 3 months. After this, diphosphonate uptake at the fracture site gradually decreases
to the sam e intensity as in the normal surround ing bone. Most fractures retu rn to normal
on the bone scan within 3 years.
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(B) Blood pool

(C) Delayed - left lateral(A) Blood flow

FIGURE19-14 Stress fracture in a patient with pain
inthe left foot after trauma. Three-phase bone scan of
the feet demonstrates increased blood flow (A) and
increased blood pool (8) in the posterior left foot.
Delayed images (C) obtained 3 hours after adminis­
tration of 'l9mTc-HDP demonstrate increased osseous
remodeling in this patient w ith a calcaneal fracture.
An x-ray obtained earlier was read as negative.

FIGURE 19-15 Anterior image of the tibias
in a jogger with bilateral tibial pain. The
mild, patchy increased cortical uptake seen
along the left tibia represents shin splints .
The more focal area of increased osseous
remodeling in the right tibia represents a
stress fracture.

Many traumatic fractures, such as disp laced fractures, are eas ily seen on plain x-rays.
However, some fractures can be subtle or show no abnorma lity on p lain film x-ray. Stress
fractures or fatig ue fractures are the resu lt of repeated trauma and are common in athletes.
These fractures begin as microfractures that are painful but show no abnormality on plain
film. It usu ally takes a week to 14 days to demonstra te an anatomic abn ormality on x­
rays after a stress fracture. If there is continued trauma, the stress fracture can progress
to a complete fracture. In a bone scan, a stress fracture is typ ically seen as a focal area of
increased osseous remodeling at the fract ure site. On a three-phase bone scan there is also
increased blood flow an d blood pooling to the area (Figure 19-14).

Shin splints, a painful periosteal reaction to stress along muscle insertions, are common
in runners . Unlike stress fractu res, shin splints do no t progress to fracture. Shin sp lin ts
are usua lly seen as increased radio tracer up take along the cor lical sha ft of the tibia. They
frequen tly involve more than one-third of the length of the tibial shaft. On a three-phase
bone scan, they do not demonstrate increased blood flow and blood pooling of rad iotracer.
Shin splints and tibia l stress fractures commonly coexis t in the same patient, and it is
importan t to d ifferentiate between them to de termine the proper therapy (Figure 19-15).
If a delay in diagnosis is accep tab le, plain film imaging after 10 to 14 days can be do ne.
However, if a delay in diagnos is is not acceptable, such as in a marathon runner in training,
three-phase bone scanning is a sensitive means of eva luating for stress frac ture."

Osteomyelitis, infection of the bone, can be related to a penetrating injury such as a
puncture wou nd or to spread of infection from the adjacent soft tissues or via the blood .
Early diagnosis is important for successful treat ment. Os teomyelitis is more di fficult to
treat than soft-tissue infection (cellulitis). Usually, cellulitis responds to short-term treat­
ment with an tibiotics, whereas osteomyeliti s requires long-term an tibiotic therapy and
possibly surgery. Thus, disting uishing between the two is important. Bone scanning will
demonstrate increased osseous remodeling secondary to acute osteomyelitis before there
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FIGURE 19-16 A patient with an ulcer on the right heel. Anterior (A) and posterior (B) blood flow
images demonstrate increased blood flow to the right heel. There is also increased blood flow to
the left great toe . Increased blood pool ing (e) is also seen in these regions. On the delayed images
(D) of the feet, there is increased osseous remodeling in these areas as well. Increased blood flow,
blood pool, and osseous remodeling in the calcaneus was consistent with osteomyelitis. There was
no associated ulceration on the left great toe . The similar pattern in the toe wa s likely du e to trauma.

are anatomic chan ges that can be seen on plain film x-rays . Improvements in bon e scanning
along with antibiotics and surgical techniques have helped reduce the morbidi ty associ­
ated with osteomyelitis.S In general, osteomyelitis will demonstrate increased blood flow,
increased blood pool, and prominent delayed uptake in the bone within 48 to 72 hours
of the onse t of infection in a three-phase bone scan (Figure 19-16).53 Evidence of bone
destruction on x-rays is not appreciated for 10 to 14 days." Cellulitis will demonstrate
increased blood flow and blood pool bu t will not demonstrate p rominent uptake in the
bone on the de layed imaging .

One of the most common indications for a whole-body bone scan is evalu ation of
metastatic involvement in bone for cancer staging . Also, serial bone scintig raphy in
patients with known metastatis to bone can be helpfu l in plan ning radi ation treatment
and monitoring response. Bone scintigraphy has a high sensitivity for detecting metastatic
disease to bone and eva luating the exte nt of involvement. Bone scanning is particularly
useful in pa tients with nonosseous cancers that ha ve a high ten dency to metastasize to
bone, such as malignancies of the prosta te, breast, lung, kidney, and thyroid gland (Figure
19-17). Bone metastases most frequently involve the axia l skeleton (skull, sp ine, and
tho racic gird le). When there is extensive involvement of the skeleton, metastases to the
appendicular skeleton, the pelvis, and upper an d lower extrem ities may also be seen.
When there is diffuse involvement of the skeleton in widespread metastatic disease, the
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FIGURE 19-17 Anterior and posterior w hole­
body images demo nstrating mult iple abnormal
focal areas of osseous remodeling in a patient
with prostate cance r and metastatic disease to
bone.

FIGURE 19-18 "Superscan" in a patient with
prostate carcinoma and widespread metastatic
disease to bon e. The skeleton is diffu sely
invol ved w ith metastatic disease. There is a high
bone-to-soft tissue background ratio and the kid­
neys arc barely visualized.

lesions can become confluent, resulting in a decep tively normal-appearing bon e scan
called a "superscan." In such a scan there is little to no renal uptake, a high bone-to­
background soft tissu e ratio, and greater uptake in the axial skeleton than in the appen­
dicular skeleto n (Figure 19-18). Superscans can also be seen with metab olic condi tions
such as hyperparat hyroidism.

Hypertrophic pulmonary osteoarthropathy is a nonneoplastic process often seen with
lung cancer. Intense, often patchy, pericortical uptake is seen in the long bones; this is
some times refer red to as the "trarntrack sign" (Figure 19-19). These skeletal manifestations
often regress after excision of the pulm onary lesion ."

Primary bone tumors can often display prominent radio trace r uptake on bone scans
(Figure 19-20). Comp u ted tomograp hy and magnetic resona nce imaging are most useful
for evaluating the extent of the tum or margin in bone and extension into the soft tissues.
However, bone scintigraphy can be useful in determinin g whether there are distant
metastases (Figure 19-21).

Bone scanning can also be useful in evaluating metabolic bone disease." A bone scan
can determine the extent of the disease and help evaluate response to therapy. Sometimes
the bone scan can even be diagnost ic. Pager s disease (oste itis de formans) is a d isease of
unknown etiology that begins with active resorption of bone. This is follow ed by a mixed
ph ase of both reso rp tion and bone forma tion and then a sclerotic phase of bone formation.
It is relatively common in temperate climates, with a prevalence of 3% to 4% in peo ple
over 55 years of age .57 The disease has a classic appearance on a bone scan. There is often
very prominent up take of the radiotracer in bone, involving the pelvis, segments of long
bones, and the skull (Figure 19-22).
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FIGURE 19-19 Hypertrophic pulmonary osteoarthropathy in a patient with lung cancer. (A) There
isdiffusely increased osseou s remod eling along the cortical shafts of the femurs, w hich is secondary
to lung cancer in this case. Note the focal area of increased soft tissu e uptake in the left chest on
theposterior whole-body image between the fifth and sixth ribs, representing uptake in the patient's
lung mass. (8) CT image demonstrating left api cal lung mass.
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Gouty arthritis is a recurrent arthritis of the peripheral joints that occurs as a result of
monosodium urate crystal deposition in joints and tendons. Hyperuricemia is most com­
monly associated with decreased renal clearance of urate. The initial symptom is acute
monoarticular or polyarticular pain that is often nocturnal. Over time, insoluble crystals
precipitate into joints, which can evolve to permanent joint deformities (Figure 19-23).

Avascular necrosis of bone is an uncommon condition character ized by occlusion of
the nutrient artery to bone. The most common sites include the femoral head, distal
femoral condy les, and humeral head, wh ich are vulnerable because of poor collateral
blood supply. In the early stages of avascular necrosis, decreased blood activ ity an d
osseous uptake at the site ap pear as a cold spot on the bone scan (Figure 19-24). In later
stages of the disease, collateral circulation causes increased blood activity wi th osseous
remodeling and evidence of increased uptake at the site.

As seen in the preced ing examples, an area of increased osseous remodeling or a focal
hot spot on a bone scan typically catches a clinician's attention . Bone scintigraphy offers
information not only about increased osseous remodeling but about normal, decreased,
or absent osseous remodeling. Area s of decreased osseous remodeling can be seen in
regions where a patient received prior radiation therapy. Areas of absent uptake in bone
can be associated with bone infarctions, avascular necrosis, or metal prostheses, or may
occur where tu mor has replaced the bone. Diffusely increa sed soft tissue uptake in the
body can be seen with poor renal function. More localized soft tissue uptake can be seen
in certain tumo rs or in areas with poor venous return, such as areas of edema in an
extremity. Metabolic information about osseous remodeling obtained through bone scan ­
ning continues to have an imp ortant place in clinical decision making.
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FIGURE 19-20 Ad ult mal e with kn ee
pain. There is prominent, ab norma l,
increased osseous remodeling in the
p roximal one-third of the right tibia
in this patient with chondrosarcoma.

,

FIGURE 19-21 There is a la rge, cxpanstle-appear ing focal
area of increased osseo us remod eling involving the mid to
d ista l left femu r in thi s 14 year old patient with osteosar­
coma. There is a lso me tastatic involvement of the right ace­
tabulum extend ing into the isch ium. Note the physiologic
increa sed up take in the growth p lates.

•
R

FIGURE 19-22 Anterior and posterior whole­
body bone scan demonstrating prominent
up take in the skull, pelvis, and left ul na in a
patient with Paget's d isease.

FIGURE 19-23 Bone scan of the hands demon­
strating multip le ab normal focal a reas of osseous
remo de ling in a pa tient with go ut.



Bone

A
, c

691

FIG URE 19 -24 Avascula r n ec ro si s . Anterior bo n e scan on a young child illust ra ting the pelvis and
thighs(A), right hip (B), and left hip (C). Note the abs ence of tracer in the left femo ral hea d because
ofarterial occlusion to bone. A lso e vi d e nt is th e increased concentration of activ ity no rmally se en
inthe epiphyseal growth plates of a chi ld . . "
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20 Total-Body and Miscellaneou s
Procedures

The previous cha pters have focused on rad iopha rmaceuticals for evaluation of the major
organsystems in the body. This chapter discusses radiopharmaceuticals in total-body soft­
tissue imaging, with particular focus on radiopharmaceutica ls for infection and tumor
imaging. Miscellaneous nuclear med icine procedures are also addressed .

INFECTION IMAGING AGENTS

The Inflammatory Process

Infection stimulates an acute inflammatory process in the body, an d agents having an
affinity for inflamed tissue have been very useful in localizing active sites of infection.
The inflammatory process is cha racterized by an accu mulation of leukocytes, or white
blood cells (WBCs), at the site of infection. The most useful agents for infection imaging
include ·' Ga-gallium citrate and III ln- and 9'>mTc-Iabeled WBCs. 9'>mTc-labeled antibodies
have also been investigated for infection imaging.

The adult huma n has app roxima tely 7000 WBCs per cubic millimeter (micoliter) of
blood. WBCs comprise polymorphonuclear neutrophils (62%), eosinophils (2.3%), and
basophils (0.4%), collect ively called "polys" or granulocytes because of their granular
appearance; monocytes (5.3%); and lym phocytes (30%).

Once released from the bone marrow, gra nulocytes have a norma l life span of 6 to 8
hours in circulation and 2 to 3 da ys in tissues . Circulation time is shor tened during serious
infection. Monocytes have a short life sp an in blood but may exist in tissue s as macro­
phages for months . Lymphocytes have a prolonged life span of several months.

Neutrophils and monocytes are the main types of WBCs involved in an inflammatory
response to invading microorganisms. An inflammatory response may be caused by a
noxious stimulus, such as infection, heat, chemical insult, or trauma. It may also be caused
by a disease process, such as rheu matic or allergic conditions. The inflamma tory reaction
is characteri zed by a vascular response and occurs in two phases: a flu id phase and a
cellular phase. '

After the ini tial injury, histamine, bradykinin, and serotonin are liberated by the dam­
aged tissue. These substances cause localized hyperemia an d increased capillary pe rme­
ability, which allows proteins and fluids to leak into the affected tissu e, causing ed ema.
This const itutes the fluid phase. The presence of fibrinogen in the fluid leads to the
formation of clots that wall off the injured area, delaying the spread of bacte ria and toxic
products.

The cellu lar phase of the inflammatory reaction has three stages. The first involves
phagocytic activity of local macrophages. The second is characterized by neutrophilia,
with a large increase in circu lating neutroph ils in response to chemica l mediators released
in the inflamed tissues. The number of neu trophils can increase from 15,000 to 25,000 per
microliter within a few hours. Neutrop hils migrate to the inflamed area and localize by
diapedesis throu gh the porous cap illary wa lls. They are at tra cted by bacterial toxins and
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cellular products (chemotaxis), whereupon they become attached and exert their phago­
cytic function. The third stage of the cellular response is slower but longer. It involves
migration of lysosome-rich monocytes to the injured area over a period of 8 to 12 hours.
Monocytes also exert a phagocytic function. WBCs eventually die and collect in the area
to form an abscess, w hich can be localized by radiopharmaceuticals.

Gallium Citrate Ga 67 Injection

Gallium citrate Ga 67 injection (O?Ga-gallium citrate) was originally investigated as a bone
imaging agent; however, early studies demonstrated, serendipitously, that carrier-free
" Ga-gallium citrate preferen tially loca lized in soft-tissue lesions.' The first pa tient studied
with " Ga-gallium cit rate had Hodgkin 's disease, and OlGa locali zed in the affected lymph
nodes. Soon thereafter, it was d iscovered that OlGa also locali zed in inflammatory pro­
cesses.v' Even though it lacks specificity for tumor imaging, OlGa-gallium citrate has been
used for over 30 yea rs to image certain tumors and inflammatory processes."

After intravenous injection of OlGa-gallium citrate, the complex dissociates in blood,
w ith OlGa becoming bound to p lasma transferrin .' About 80% of the injected OlGa ac tivity
is p rotein bound? The plasma clea rance of OlGa activity is biphasic, wi th half-lives of 30
hours an d 25 days for 17% and 85% of the injected activity, respectively;" Its excretion
from the bo dy is slow, w ith 15% to 25% appearing in the urine w ithin 24 hours. By 7 days,
35% has been excreted in urine and feces combined, and 65% remains in the body? At 24,
48, and 72 hours after injection, about 20%, 10%, an d 5%, respectively, still remains in the
blood.'?

The principal organs that localize ga llium are the liver, spleen, gastrointestinal (Gl)
tract, kidney, skeleton, and bone marrow (Figure 20_1)8,11 Gallium's nonspecific uptake in
the Gl tract is the major disadvantage of this radiop harmaceutical for imag ing infection
in the abdominal reg ion. The difficu lties with p lanar imaging in d istinguishing bowel
content of "Ga from abnormal foci in the abdomen or pelvis can be greatly allevia ted by
single-photon emission compu ted tomography (SPECT) imaging of this area 48 hours
after injection. SPECT images, under these circumstances, can precisely define the locations
of " Ga concentrat ion in bowel lumen or nonlumen (e.g., pancreas, kidney, and perito­
neum) (Figure 20-2).

Signifi cant kidney activity beyond 24 hours should be investiga ted to rul e out causes
other than normal clearance. Occasiona l uptake of activity occurs in the lacrimal and
saliva ry glands and in the breasts during menarche, pregnancy, and lactation .Pt'! The high
concen tration of lactoferrin in ma ny normal tissues is believed to be responsible for the
localization of gallium in these tissu es. Transferri n and lactoferrin are metabolized in the
live r and could accou nt for the uptake of gallium in normal liver.

Whole-body x-irradiation can alter the normal d istribution of carrier-free " Ga-gallium
citrate, producing increased excretion and bone deposition together with decreased soft­
tissu e uptake."; This pattern is similar to the effect produced by iron saturation of trans­
ferrin." The finding of elevated serum iron levels after irradiation of animals strongly
suggests this mechani sm.I?

Althou gh " Ga-gallium citrate was used extensively in the past for infect ion ima ging,
lllln- or 'l'lmTc-labeled WBCs are now the primary choi ces for localizing acute in fection.l' '!"
111In-WBCs or 67Ga-gallium citrate can be used for imaging chronic infection; however,
OlGa-ga llium citrate has been shown to have less specificity for this condition. lv-? A prin­
cipal application of "Ga-gallium cit ra te is in patients w ith fever of unknown origin, a
condition cha racterized by fever (38.3°C) of greater than 3 weeks' duration with no cause
identified during 1 week of hospitalization.P! " Ga-gallium citra te is the agent of choice in
nonbacterial infections, opportunistic respiratory infections, and lymph node abnormalities
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FIGURE20-1 Normal total body " Ca scan.
Anterior and posterior w hole-body images were
obtained 48 hours after intravenous administra­
tion of 8 mCI (296 MBq) of "'Ga-gallium citrate.
In the head, normal radio tracer accumulation is
seen in the lacrimal glands and nasoph arynx.
Physiologic uptake is seen in the skeleton. In the
abdomen, the most prominent uptake is seen in
the liver, with a lesser amo unt in the spleen.
Activity is often present in the colon.

. "

FIGURE 20-2 "Ga infection scan.Gallium SPECT
tra nsaxial (T), coronal (C), and sag ittal (5) images
demonstrating an abscess in thehead of the pan­
creas. SPECT3-D definit ion allowed differentia­
tion of the pancreatic focus from bowel activity.

in immunocompromised patients such as those with acquired immunodeficiency syn­
drome (AIDS)."

Although its uptake in infectious processes has been investigated extensively, the exact
mechanism of ·'Ga localization is not clear. ·'Ga may bind to WBCs tha t su bsequently
migrate to the inflammatory lesion, or it may bind to WBCs that have already localized
in the lesion. The theory is tha t · ' Ga bound to transferr in passes into the leu kocyte, where
it is bound to intracellular lactoferrin, which has a higher bind ing affinity for gallium."
Localization in infections may also be d ue to tran slocation of ·'Ga from transferrin to
bacterial siderophores, macrophage ferritin, and polymorphonu clear lactoferrin, all of
which bind gallium more firmly than transferrin.P

The standard adult dosage is 3 mCi (111 MBq) for infection localization, with imaging
at 4 hours and 24 hours if promp t information is required . Delaying imaging for 48 to 72
hours provides better qua lity images because of less backgrou nd activity.The critical organ
is the lower large intestine, with a radiation absorbed dose of 0.9 rad / mG .

Radiolabeled W BCs

The nonsp ecific localization of ·'Ga-gallium citrate when used for infection imaging st im­
ulated an investigat ion into methods for labe ling WBCs. McAfee and Thakur-t-" examined
the use of both soluble and particulate age nts to determine which methods offered the
greatest promise for rou tine preparation. Par ticula te agents were found to be ineffec tive
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''' In-Tropolone

FIGURE 20-3 Chemical structures of IlIIn­
indium oxine and II I In-indium tropolone.

because of the inab ili ty to completely
remove loosely attached radioactive parti­
cles from leukocyte surfaces after radiola­
be ling. Metho ds that used soluble agents
demonstrated that only nonpolar, lipid-sol­
uble chelates labeled cells effectively. The
most effective agents were 111In chela tes of
ox ine, tropolone, and acety lacetone.v-"
These ligands form neu tral, lipid soluble 3:1
chelates with indium. McAfee and Thakur>'
chose to use ox ine over acety lacetone
because the latter complex with indium tended to elute from WBCs and had a higher
degree of ery throcyte (red blood cell, or RBC) labeling . Both III ln -indium oxine and IIIln­
indium tropolone have been shown to be effective labeling agents for WBCs and platelets;
ho wever, the onl y complex av ailab le commercially for routine use is III ln-indium oxine.
The chemical structures of these two complexes are shown in Figure 20-3.

WBe Labeling Methods

The routine methods for labeling WBCs with IIIln and - Tc have been reported.2l'-33 A
general stepwise procedure is given in Chapter 9. Because all blood cellular elements are
labeled indiscriminately w ith lipophilic indium or technetium complexes, it is necessary
to separate WBCs from whole blood before labeling. This is accomp lished by gravity
settling of antic oag ulated whole blood (43 m L whole blood + 7 m L acid citrate dextrose
[ACD] anticoagulant solu tion) to which 10 mL of 6% hetastarch has been added. The
hetastarch promotes aggregation of RBCs, facilitating their rate of settling. This agent may
be omitted in patien ts with leukocytosis who inherently have a high RBC sed imentation
rate. RBCs do not separate well in patients with sickle cell anemia. If leukocyte labeling
is attempted in sickle cell patients, the blood should be separated into two tubes and up
to 50% he tastarch added to settle RBCs.

Normally, cell separation takes 45 to 60 minutes.The RBCs form a bottom layer, and
the top layer (buffy coat) of leukocyte-rich plasma (LRP) contains most of the platele ts
and about 70% of the WBCs.'" A sma ll portion of the RBCs (2% to 4%) remain in the buffy
coa t, giving it a slightly pink appearance. This low concentration of RBCs does not interfere
with infection imaging.30 IIIln-indium oxine does not bind to RBCs as it docs to WBCs,
which have a protein that binds indium. Gentle centrifugation of the LRP (450g for 5
minutes) concen trates the WBCs in to a button. The leukocyte-poor plasma (LPP) is with­
drawn and the WBC button resuspended in a small amount of sa line to which the III ln­
indium oxine or -Tc-exametazime (-Tc-HMPAO) is added . This is followed by a 15 to
20 minute incubation to effect cell labeling.

In general, WBCs ma intain their viability best in the presence of p lasma. However,
the relatively weak 1IIIn-indium oxine complex (stability constant approximately 1010) is
prone to release the indium to tra nsferrin (stabi lity cons tant approximately 10-30) present
in plasma." This wi ll red uce cell labeling yields. The WBCs can be washed once with
saline to remove the p lasma transferrin p rior to lab eling. Th is results in higher labeling
yield s, but leukocyte viability may su ffer. Another approach is to con cen trate a large
number of WBCs in a small amount of plasma . This technique enables a large number of
cells to compete effectively with plasma transferr in during labeling and at the same time
sustains leukocyte viability," One advantage of using III ln -tropolone for labeling WBCs
is its ability to label in the presence of plasma.'" -Tc-HMPAO is also not affected by
transferrin; WBCs can be labeled efficiently in up to 20% plasma.v As a general ru le,
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FIGU RE 20-4 Proposed mechanism for labeling of leu­
kocytes (WBCs) with ' vl n-tndium oxine and "v'Tc­
HMPAO.

--c-I-- Oxlne

_ In-Bound

Leukocyte

_+__ 99mTc-HMPAO
(Hydrophilic Form)

"t tln-Oxtne

99mTc­
HMPAO

(Lipophilic Form)

radiolabeled WBCs shou ld be rein­
jected back into the patient within 3
hours of removal to ens ure sa tisfac­
tory viability.

During the incubation period, th e
neutral, lipophilic 111ln-oxine complex
penetrates the leukocyte cell mem­
brane and dissocia tes intracellula rly,
with subsequent binding of ind ium to
cytoplasmic proteins (Figure 20-4).'"
During - Tc-HMPAO labeling, the
lipophilic complex diffuses into the
leukocyte and is conver ted into a non­
diffusible hydrophilic complex that
becomes trapped wi thin the cell. "
Subcellular b in d ing s tu d ies ha ve
shown that - Tc-HMPAO preferen­
tially labels eosinophils and is pre­
dominantly stored in the secretory
granules."

McAfee and Thakur>' demonstrated that labeling yields of WBCs increased linearly
from approximately 35% to 75% as the number of cells increased from 3.6 x 10' to 1.3 x
10"." Using an average of 10" cells, Goodwin et al." ach ieved a labe ling efficiency of 84%
±9%, and in patients with WBC counts above 15,000 pe r microliter in peripheral blood
yields were usu ally 90% or more." Coleman et al.'" reported a 34% labeling efficiency in
dilute plasma compared with 87% in saline . The mean number of WBCs in normal adult
whole blood is 7000/!1L or 7 x 1000/mL. On the basis of this value, the number of WBCs
in 43 mL of normal whole blood is about 3 x 10". The minimum number of WBCs requ ired
for efficient labeling is 10' cells, as noted above.

Indium In 111 W hite Blood Cells

The maximum ad ult administered activity of 111 In-WBCs is 0.5 mCi (18.5 MBq), with a
useful range of 0.2 to 0.5 mCi (7.4 to 18.5 MBq). The plasma half-life is about 7 hours."
Imaging usually is performed 18 to 24 hours after injection but may be done at 1 to 4
hours if urgent information is needed. Imaging at 1 to 4 hou rs, however, is associated
with lower sens itivity for abscess detection (33%) than 24 hour images (95%)." Beyond
24hours , radioactivity is normally present in the liver, spleen, and bone marrow, but body
background is generally low (Figure 20-5). Ear ly images after injection show transient
lung activ ity, which is mostly cleared by 4 hours. The intense spleen activity is due to
labeled platelets and WBCs damaged during preparation. This di stribution is the reverse
of r.7Ga-gallium citrate scans, in which liver activity is more intense than spleen activity.
Areas of infection ap pear as focal regions of increased uptake of activity similar to that
seen wi th · 'Ga-gallium citrate (Figure 20-6). Because of the ap pearance of ea rly lung
activity with lllIn-WBCs, some physicians prefer ·'Ga-gallium citra te when imaging chest
inflammatory conditions such as sarcoidosis, diffuse pneumonia, and interstitial inflam­
matory reactions.!" Suspected infections in the abdomen and pelvis, however, are best
imaged with 111 In-WBCs because of the lack of activ ity in the bowel. In the bo nes and
joints, the re is little accumulation of 111In-WBCs in noninflammatory regions of increased
bone turnover, such as those caused by osteoarthr itis. This is an advantage over ·'Ga-gallium
citrate in patients with complicated orthoped ic problems. In suspected osteomyelitis, 111 In- or
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FIG URE 20-5 Normal 1J1In-WBC scan. An terior
and posterior whole-body images were obtained
24 hours after in traven ou s administration of 500
u.Ci (185 MBq) of u'In-Indium exine-labeled
WBCs . Radiotrace r accumulation is seen in the
liver, sp leen, and bone ma rrow.

Anterior Poster ior

FIGURE 20-6 lU In -W BC sca n demon st rating
infection . Anterior and posterior spot images of
the chest. rabdomen, and pelvis were obtained
24 hours after intraven ous administ rat ion of500
IlCi (185 MB) of 'u ln-oxine-labeled WBCs,
There arc several ab normal focal areas of
radiotracer accumulation; the most prominent
arc in th e right pelvis and in the so ft tissues
latera l to bo th hips (arrows) . There is also abnor­
mal diffuse uptake in the lungs.

"'mTc-WBCs have been used to con firm or exclude the d iagnosis, in conjunction with a
three-phase bone scan,

The critical organ with IIlIn-WBCs is the spleen, with a radiation absorbed dose of 20
rad(cCy)/05 mCi, This includes the dose due to mIn (99,75%) and 114mIn / ' 14In (025%
impurities) at the time of expiration of the l 11l n-indium oxine.

Technetium Tc 99m White Blood Cells

The usual adult adminis tered activity of99mTc-WBCs is 10 mG (370 MBq), with a suggested
range of 7 to 25 mG (259 to 925 MBq), The p lasma ha lf-life is approximately 4 hours ."
The biologic distribution of Y9mTc-WBCs differs slightly from that of mIn-WBCs, demon­
strating some biliary excretio n with bowel activity and activity in the renal collecting
system and bladder 18 These accumulations are attributed to release of secondary hydro­
philic complexes of Y9mTc-HMPAO," Occasionally, gallbladder act ivity is seen. The non­
specific bowel activity does not appear until at least 2 ho urs after injection and increases
beyond 4 hours afte r injection, It presents a problem in imaging inflammatory bowel
disease (IBO) an d abdominal infection, Typically, in imaging soft-tissue sepsis, sequential
imaging at 1 to 4 hours is necessary to delineate abscess from nonspecific bowel activity.
Infections localized away from the abdomen are more easily identified (Figure 20-n
Imaging can be done up to 24 hours after dosing, but significant bowel activity may
in terfere at this time and resu lt in false-positive diagnosis, As w ith lllIn-WBCs, the re is
significant liver and spleen activity with "'mTc-WBCs, Y9mTc-WBCs are the agent of choice
for lBD and acute sepsis, in which an early diagnosis is mandatory." Diagnostic accuracy
in these conditions is considered equivalent to that of IIl In-WBCS " 8 Most forms of chronic
sepsis are imaged better with I11 In-WBCs. 67Ca -gallium citrate is the agent of choice for
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FIGURE 20-7 Femoral graft infection. An terior and
posterior whole-body images were obtained approxi­
ma tely 4 hours after intravenous administration of 10
mCi (370 MBg) OYmTc-HMPAO-Iabeled autologous
WBCs. On the anterior image there is an abnormal foca l
accumulation of ra diotracer in the left gro in region that
extends from the surface of the skin to the patient's
femor al graft, consistent with infection at th e graft
insertion site (arrow).

TABLE 20-1 Comparison of " Ga-Gallium Citrate and "t-Tc- and u' In-Labeled Leu kocytes (WECs)
for Infection Imaging

Property 99"'Tc-WBCs 111In -WBCs " Ca-Gallium Ci trate

Availability Same day as request Ne xt da y after request Same day as request

Administered act ivity 10 mCi O.s mCi 3mCi

Target-to-background ratio Fair Good Poor

Collimation LEAP"/high- resol ution Med ium energy Med ium energy

labeling In 520'% plas ma Remove plasma None

EDP 0.74 rem/10 mCi 1.2 rem / Uf mCi 1.23 rem/3 mG

Plasma T \,> - 4 h r (99mTc label elu tes) - 7 hr 30 hr (17%)
25 d ay s (83%,)

Imaging time Lto a h r 18 to 24 hr 24 to 72 hr

Normal activ ity Live r, spleen, bone Liver, sp leen, bone,ma rrmv Liver, spleen, bo ne

distribution marrow, bowel, kid ney, marrow, bowel,

gallbladder kidney, skeleton

General applica tion s Acute in fect ion, Acute and chronic infection, Fever of unknown

inflammatory bowel inflammatory bow el origin, nonbacterial

d isease, osteomyeliti s disease, osteomyelitis infe ctions

" Low-energy all-purpose.
D Effective dose equivalent da ta from Rad iation Internal Dose Information Center, Oak Ridge Institute for Science

and Ed uca tion, Oak Ridge, TN 37831-0117.

diagnosis of fev er of unknown origin, since it detects many types of inflam mator y
processes.

The crit ical organ with 99rnTc-WBCs is the spleen, wi th a radiation absorbed dose of
13.9 rad (cGy)/ 25 mCi (925 MBq) maximum administered activity. Table 20-1 compares
the properties of 67Ga-gallium citrate, 99rnTc-WBCs, and 111In-WBCs for infection imaging.
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Antibodies for Infection Imaging

Two technetium-labeled antibodies have been investigated for localizing infection: 99mTc_
sulesomab (99mTc-LeukoScan, Immunomedics) an d 99mTc-labeled an ti-CD15 immunoglob­
ulin M monoclonal antibody (Y9mTc-LeuTech, Palatin Technologies). 99mTc-sulesom ab is
indicated for the diagnostic localization of infection and inflammation in bone in patients
with suspected osteomyelitis. 99mTc-LeuTech has been eva luated in humans for the detec­
tion of appendicitis. These investigational agents are discussed in Chapter 21. Compared
with radiolabeled WBCs, th ey are simpJer to use and safer because they are injected
di rect ly into the patient without the need for Jeu kocyte separation an d labeling.

Clinical Considerations in Infection Imaging

It can be difficult to diagnose and localize a site of occult infection, particuJarly in patients
who cannot cooperate or have no localizing signs. If detected early, most infecti ons can
be cured with proper treatment; delayed diagnosis is associated with higher mo rtali ty. If
localizing signs are presen t, anatom ic imaging with ultrasonog raphy or compu ted tomog­
raphy (CT) is often used first. However, these modalities cannot usually differentiate
between infection, such as an abscess, and a noninfectious process, such as a sterile fluid
collection or inflammation . Indications for nuclear medicine imaging in infection include
fever of unknown origin, suspected occult abscess, postoperative infe ction, su spect ed
infection of a vascular graft, osteomyelitis, disk space infection, and suspected infections
in immunocomp rom ised pa tients. One advantage of a nuclear medicine study is that the
whoJe body can be imaged. This is particuJarly important when there are no Jocalizing
signs.

Currently, the three most common agents used to localize foci of infection are "Ga­
gallium citrate, " Tn-oxme labeJed autologous WBCs, and 99mTc-HMPAO labeJed aut olo­
gous WBCs. Positron emission tomography (PET) has sho wn promise for evaluation of
infection and inflammation . The appropriate choice of radiopharmaceutical for ima ging
infection depends on the clinical setting. SeveraJ factors shouJd be considered in deciding
which radiopharmaceutical to use, including whether the infection is acu te or chronic, the
suspected anatomic location, history of recent surgery, chemotherapy, bJood transfusions,
severe leukopenia, and existing malignancy.

Although "Ga-gallium citrate is sensitive for de tecting foci of infection, it is less specific
than labeJed WBCs because it is also taken up in several tumors such as lymphoma and
Jung cancer an d by sterile inflammation such as in a healing wound. Whole-body im aging
is usually done 24 to 48 hours after administration. Accumulation in the colon can be
significant, which may interfere with evaluation of the abdomen. Thus, laxatives are
usually administered the day before imaging to reduce act ivity in the bowel. If the patient
is receiving chemotherapy, blood transfusions, or iron therapy, "Ga-gallium citrate can
sometimes demonstrate an altered biodistribution that resembles a bone scan (Figure 20-8).
This can also be seen if the pa tien t has received gadolinium for a magnetic resonance
imaging (MRI) stu dy just before " Ga-gallium citrate administration . A study comparing
imaging with 6'Ga-gallium citrate and with lllIn-WBCs in the same patients for diagnosis
of occult sepsis showed tha t false-negatives with " Ga tended to occur in patients with
infections of Jess than 1 week's duration, whereas false-negatives with lllIn-WBCs we re
more likely to occur in infections more tha n 2 weeks oJd.37 Thus, 6'Ga-gallium citra te may
be a better choice for chronic infections . "Ga-gallium citrate is preferred over labe led
autologous WBCs for disk space infection and imagi ng of the spine." " Ga-gallium citrate
is aJso more useful for evaluation of puJmonary disorders, such as evaluating response to
therapy in AIDS patients with Pneumocustis carinii pneumonia," drug-induced puJmonary
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FIGURE20-8 Lymphoma.(Left) Initial anterior spot images of the chest and abdomen wereobtained
48 hours after intravenous administration of 10 mei (370 MBq) of f>7Ga-gallium citrate to a patien t
with lymphoma.The images demonstrate prominent ab normal focal accumulation of the rad iotracer
in the ches t in the patient's tumo r. (Cente r) A follow-up 67Ga-gallium citrate scan after treatment,
demonstrating altered biod istribution resembling a diphosphonate bone scan. The patient had
received chemothe rapy and blood transfusions before the follow-up scan. With this altered distri­
bution, neoplastic lesions can be missed. (Right) Another follow-up stud y in this patient at a later
date demonstrated residual tumor in the ches t.

loxicity in pat ients receiving arniodarone," and granuloma tous inflammatory processes
such as sarcoidosis" · 'Ga-gall ium citra te may also be appropriate in eva luating fever of
unknown or igin in patients with suspected tu mor or autoimmune disease.

Radiolabeling WBCs is a somewha t tedious proced ure compared with a ·'Ga-gallium
citrate injection . However, labeled WBCs are more specific for infection than ·'Ga-gallium
citrate. With 1I1 In-WBCs, physiologic uptake is seen in the liver, spl een, and bone marrow.
There is normally no uptake in the ur inary tract or the bowel. This can be useful for
evaluati ng IBD or suspected urinary tract infection. Early imaging can be obtained 4 hours
after administration . However, delayed imaging at 24 hours should be obtained if the
early images are negative. Also 1I1 ln-WBCs have a highe r ta rget-ta-background ratio than
" Ga-gallium citrate in acute pyogenic infections."

Imaging with 99mTc-HMPAO labeled WBCs can be performed 2 to 4 hours after admin­
istration, offering an earlier diagnosis than with ·'Ga-gallium citrate or 1I1In-W BCs. This
is the agent of choice if an early diagnosis is urgently nee ded . Becau se of the higher pho ton
flux of the 99mTc dose, better anatomic localization is sometimes possible. In contras t to
lIl In-WBCs, there is physiologic bowel activity and urinary trac t activity that can compli­
cate imaging of the abdomen.

Compa ring 1I1 In-WBCs and 99mTc-HMPAO labe led WBCs, Peters" preferred 99mTc­
labeled WBCs when an early diagnosis is essential. However, in more chronic p rocesses
such as fever of unknown origin or an infected hip prosthesis, where the tu rnover of
granulocytes is slower, 111In 24-hour imaging is preferred.

PET imaging with I8F-FDG has proven to be clinically useful in the diagnosis and
management of several malignancies. IRF-FDG has also been shown to accumulate in a
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variety of infectious and inflammatory processes." As PET imaging becomes more widely
used in clinical medicine, it will undoubtedly prove to be a valuable tool in the diagnosis
of infection and response to therapy"

rUMOR IMAGI NG AGENTS

Traditiona lly, anatomic imaging modalities such as CT, MRI, and ultrasonography have
been the primary methods used in tumor detection . One limitation of the se modalities is
that they cannot distinguish be tween benigu and malignant tumors or between prether­
apeutic and posttherapeutic anatomic alterations such as scarring, inflammation, or necro­
sis and neoplastic processes." Functional information is needed in tumor diagnosis, and
radiopharmaceuticals can meet this need beca use certain radiotracers have an avid ity for
viable tumor tissue. The principal agent in this regard is lsF-fludeoxyglucose eSF-FOG).
The proven diagnostic effectiveness of fusing high spatial-resolution CT images with
functional information provided by 18F-FOG PET led to the development of a hybrid
sing le-unit CT fPET camera. Fusion imaging has superior diagnostic power because it
permits the acquisition and coregistration of an atomic and functional images during a
single pa tient visit.

Tumor imaging outside specific organs began in the i 960s with the discovery of " Ga
uptake in lymphomas. 6'Ga-gallium citrate, originally approved for lymphoma imaging,
still ma intains its place as a valuable tumor imaging agent. The growth of tumor imaging
ha s increased substantially in recent years. This is attributed, in part, to the development
of new radiopharmaceutical agents, such as meta-iodobenzylguanidine (MIBG) and radio­
labeled antibodies and peptides designed to target spec ific receptors on tumor cells .

Another significant advance in tumor detection has been the emergence of lRF-FOG
PET imaging. This followed the validation of 18F-FOG uptake in many types of tu mors,
increased availability of 18F-FOG through regional nuclear pharmacies, increased acquisi­
tion of PET cameras for clinical studies at imaging centers, and approval for Medicare
reimb ur sement for the diagnosis and staging of a number of tumor types.

Another application in tumor diagnosis came with the dis covery that certain tumors
have an av idity for radiopharmaceuticals originally approved for other uses. Two exam­
ples are 99mTc-sestamibi and 20lTI-thallous chloride, which have been use ful for localizing
parathyroid adenomas and other types of tumors.

Radiopharmaceuticals have been fou nd useful for tumor imaging in three areas: stag­
ing tumors to assess the extent of involvement, assessing response to tumor treatment,
and evaluating tumor recurrence.

Gallium Citrate Ga 67 Injection

Gallium citrate Ga 67 injection ("Ga-gallium citrate) was approved originally for the
detection and staging of Hodgkin's and non-Hodgkin's lymphoma, and it st ill has value
for these applications. It is particularly useful for identifying suspected recurrence of
lymphoma and monitoring the effects of therapeutic reg imens.

The normal biodistribution of "Ga-gallium citrate after intravenous injection is dis­
cussed above under infection imaging. For tumor imaging, the standard dosage is 8 to 10
mCi (296 to 370 MBq), an amount necessary for good sensitivity with SPECT imaging.
The three principal photopeaks, 93 keY (38%), 185 keY (24%), and 300 keY (16%), should
be used for imaging to improve counting statistics. Because of gallium's slow excretion,
imaging is typically done 48 to 72 hours or more after injection to improve the tumor-to­
background ratio. Image interpretation is more difficult in regions of normal gallium
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Anterior Posterior Anterior Posterior

67Ga before Chemotherapy 67Ga after Chemotherapy

FIGURE 20 -9 Hodgkin's lymphoma. (Left) Anterior and posterior whole-body images of a 14 year
old boy wi th Hodgkin's lymphoma of the neck, obtained 48 hours after administration of 8 mCi
(296 MBq) of <Co-ga lliu m citrate. There is a prominent area of abnormal tracer uptake in the left
neck that extends into the superior mediastinum. (Right) A follow -up " Ca-galuum citrate whole­
body scan obtained 2 months later demonstrates interval resolution of Hodgkin's lymphoma after
chemotherapy.

uptake (liver, spleen, bone, bone marrow, and bowel). Delayed imaging of the abdomen
is often necessary to distinguish tumor (fixed activity) from normal bowel accumulation
that will clear over time . Laxatives can be used to facilitate bowel elimination.

" Ga-gallium citrate has been useful in eva luating the effectiveness of tumor therapi es
because its uptake is a measure of tumor viability. If tumor treatment with chemotherapy
or radiation therapy is followed by "Ga-gallium citra te imaging, gallium should be admin­
istered as late as possible (pre ferably 3 weeks) after the last treatment and 48 ho urs before
the next treatment, because these treatments are known to alter gallium's biod istr ibution.
It is important to es tablish the tumor's av id ity for gallium before chemotherapy or other
treatment. Once this is done, the response to therapy can be followed because gallium
uptake diminishes or disappears after successfu l trea tment (Figure 20-9). Similarly, the
appearance of new foci of gallium uptake is a sensi tive predictor of disease recurrence. A
residual soft-tissue mass may be evident on CT in some pa tients after chemotherapy or
radia tion therapy- CT is not able to distinguish the func tional status of a mass, for example,
whether it is residual tumor or fibrosis. However, if the tumor has been previously
established as being gallium av id, "Ga-gallium citrate imaging can be used to make the
distincti on, since it is taken up in tumor bu t no t in fibrotic scar. Thu s, the functional data
from " Ga-gallium citrate images add clinical relevance to CT or MRI find ings.

The exact mechanism of gallium's localization in tu mors remains un clear. Gallium is
taken up in viable tumor cells and not in necrotic or scarred regions of tumor. One theory
is that Ga-transfe rr in in blood is taken up by tumor cell receptors and intracellular ga llium
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dissociates and binds to lactoferrin or to a specific tumo r protein or is localized in tumor
cell organelles."'-'"

The sensitivity of SPECT imaging using " Ga-galliu m citrate for tumor detection is
high in Hodgkin's d isease (>90%), non-Hodgkin's lymphoma (85%), hepatocellular car­
cinoma (90%), and soft -tissue sarcomas (93%). Other tumors that ha ve shown gallium
av idity, but with lower sensi tivities for detection, include maligna nt melanomas (82%),
lung tumors (85%), head and neck tu mors (75%), and abdominal and pelvic tumors
(55%)."

PEPTIDE RECEPTOR IMAGING AGENTS

The develop ment of peptide receptor imaging agents is still in its infancy; this area sho uld
see tremend ous growth in the fu ture. Some of the first age nts in this category are soma­
tostatin recep tor imaging agents. The widesp read presence of soma tostatin receptors in
the bod y has led 10 the imaging of many types of tumors that possess these recep tors.
Because the tissues con taining somatostatin receptors are part of the neuroendocrine
system, this system is revie wed briefly.

Neuroendocrine System

The neuroendoc rine sys tem includes a diverse group of tissues whose cells have common
features in their cytoche mistry and ultras tructure.:"Endocrine system cells have the ability
to take up am ine precursor subs tances such as dihydroxyphenylalanine (L-DOPA) and 5­
hyd roxytryptoph an (5-HTP) and decarboxylate them, producing the corresponding bio­
gen ic amines dopamin e and 5-hydroxytryptamine. This gave endocrine system cells their
early designation as amine precursor up take and decarboxylation (APUD) cells. APUD
cells also have high levels of particular enzy mes and the capacity to produce pept ide
hormones. They display prominent rough endop lasmic reticulu m and Golgi complex and
are rich in free riboso mes, but their most characteristic feature is the presence of round
secretory granu les that store amine subs tances.'? The "classic" APUD sys tem included all
peptide-p rodu cing cells of the stomach, d uodenum, intestine, pa ncreatic islets, adrenal
medulla, extra-adrena l pa raganglia, anterior pituitary, pa rafollicular thyroid cells, and
melanoblasts." Observations over the years have changed and expanded the APUD cell
conce pt. First, the same amines and peptides found in classic APUD cells are also present
in the centra l nervous sys tem, in periphera l nerves, and in more widely di spersed endo­
crine cells in organs of the GI and respi ratory tracts. Studies have shown tha t some of
these cells are derived during embryogenes is from the neural crest and some from the
endoderm. The term neuroend ocrine, therefore, has slowly replaced APUD, to reflect the
close assoc iation between the neural and end ocrine systems.

Somatostatin Receptors

Somatostatin, a I-l-am ino-acid pept ide, is found principall y in the hypothalamu s, but it
also occurs in the GI system, other parts of the brain, the sp ina l cord, per ipheral nerves,
placenta, retina, thymus, and adrenal medulla? Physiologically, somatostatin plays a key
role in the modulation of neuroendocrine cells. In the pitu itary gland it acts as a neuro­
hormone, inh ibiting the release of growth hormone, adrenocorticotropic hormone (ACTH),
an d thyroid-stimulating hormone (TSH). In the nervous system it is a neurot ransmitter
or neuromodulator, Outside the bra in it can act directly on cells (paracrine funct ion) or
as a true hormone. For example, circulating in the blood, it can act on the pa ncreas or GI
tract to inhibit the release of intestinal peptides such as insu lin, gastr in, and glucagon.
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FIGURE 20-10 Chemical structures of
somatostatin, octreotide, and 'uln-pe nte ­
treotide.

Somatostatin receptors have also been demonstrated on a variety of human tumo rs of
neuroendocrine tissue, such as pituitary tumors, endocrine pancreatic tumors, carcinoids ,
paraganglio mas, sma ll cell lung cancers, med ullary thyroid carcino mas, and ph eoch ro­
mocytomas, as well as meningiomas, astrocytomas, neuroblastomas, and some breast
cancers.53S4 Mechanistically, somatostatin is known to inhibit secretion of hormones and
growth factors that regulate tumor growth, inhibit angiogenesis, mod ulate imm unologic
activity, and exhibit direct antimitotic effects via soma tostatin receptors on tumor cells.
Because of these actions, somatostatin should be a useful agent in the treatment of neu­
roendocrine tumors . From a practical point of view, however, the shor t plasma half-life
(about 2 minutes) of somatosta tin necessitated the developmen t of a longer-acting deriv­
ative that cou ld be used as a thera peu tic agent. 52,,, This was eventually accomplished by
chemical modification of the molecule, eliminating the amino acids responsible for soma­
tostatin's rapid metabolism and retaining the cyclic ami no acid configu ration required for
receptor binding (Figure 20-10).The result was a synthetic 8-amino-acid seque nced peptide
known as octreotide, whi ch is currently marketed as Sandostatin (Novartis).

Indium In 111 Pentetreotide Injection

The high density of somatostatin recep tors on primary and metastatic tumor cells permits
their detect ion with radio nuclide markers of octreotide ana logues. One such agent is
indium In 111 pentetreotide injection ("1In-pentetreo tide, or OctreoScan [MallinckrodtJ),
which has specific affinity for somatostatin receptors on tumors. Positive scans of such
tumors are usefu l in op timizing decisions about primary treatment and have been shown
to predict good response to long-term therapy with somatosia tin analogues (octreotide)
for symptoms related to hormonal hyperse cretion.

111ln-pentetreotide is prepared from a kit that contains a lyophilized mixture of pen­
tetreotide and appropriate adjuvants for labe ling . The kit also conta ins a sep arate vial of
1l1In-indium chloride injection, wh ich is added to the lyophilized pen tetreotide at the time
of use. The preparation and chemical properties of 1I1In-pen tetreotide are discussed in
Chapter 9. The labeled product should be used within 6 hours of pre pa ration . If necessary,
the labeled product may be diluted to a maximum volume of 3 mL with normal saline
immed iately before use. Dilution should not be done before the labeling reaction.

111ln-pentetreotide is indicated for dia gnost ic localization of primary and metasta tic
neuroendocrine tumo rs bearing somatostatin recep tors." After intravenous injection, l111n­
pentetreotide distributes rapidly into the tissues, with only abo ut one-third of the injected
dose remaining in the blood pool 10 minutes after injection. It is excreted primarily by
the kidney. About 50% is eliminated in the urine by 6 hours and 90°;;, by 48 hours. Minor
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FIGU RE 20~11 Normal U'In-pentetreotide scan. Anterior and posterior spot images of the body were
obtained 24 hours after intravenous adm inistration of 5 mCi (185 MBq) of "tln-pentetreot ide. Phys­
iologic radiotracer accumulation is seen in the liver, sp leen, and kidneys. Note the curv ilinear uptake
in the kidneys in the poste rior image of the pel vis in this patient with a horseshoe kidney (arrows ).

amo unts «2%) undergo hepatobiliary excretion. The usual adult dosage for SPECT imag­
ing is 6 mCi (222 MBq). Organs receiving the highest radiation absorbed dose are the
sple en (14.8 rad), kidneys (10.8 rad) , and urinary bladder (6 rad) per 6 mCi (222 MBq) dose.

The following precautions should be noted ." 1111n-pentetreotide should not be injected
into intravenous lines used for parenteral nutrition because the sugars presen t may cause
a glycosyl- tt' In-pentetreotide conjugate to form . Patients receiving octreotide ther apy
should sus pend this medication for 72 hours before ad ministration of 111In-pentetreotide.
The patient should maintain good hydration (two 8 oz glasses of water prior to injection)
to increase renal elimination and thus reduce background activity. Bowel cleansing is
recommended before imaging to promote elimination of normal bowel accumulation of
activ ity. Suggested bowel preparation agents are Dulcolax, magnesium citra te, and Meta­
mucil.r"Standard octreotide therapy may cause hypoglycem ia in patients with insulinoma;
therefore, as a precaution, an intravenous infusion of glucose should be given just before
and during ad ministration of 111In-pen tetreotide in patients with insulinoma.

Imaging is pe rformed in 24 hours and may be repeated at 48 hour s if needed to rule
out suspected bowel accumulation of activity localize d in the abdominal region . Uptake
of 111In-pentetreo tide will be evident in tu mors rich with somatostat in receptors. Uptake
is also expected to occur in the normal pituitary gland, thyroid gland , liver, spleen, kid neys,
and urinary bladder (Figure 20-11)." Many tumors have a high number of somatostatin
receptors and will bind ll1In-pentetreotide (Figures 20-12 and 20-13). Krenning and
colleaguesv-" have comprehensively discussed lllIn-pentetreolide scintigraphy. Table 20-2
gives a par tial list of tumors with their somatostatin receptor density, the detec tion rate
of these tumors by lllIn-pentetreotide scintigraphy, and the cor relation of llIIn-pente­
treotide scintigraphy wi th other diagnostic methods. Fairly good agreement exists between
the density of receptors present in tumors measured by positive lllIn-pentetreotide uptake
and their detection by CT, MRl, ultrasonography, angiography, surgery, or biopsy. ll1In­
pe ntetreot ide may detect small tumors and metastatic lesions not found by CT, MRI, or
ultrasonography. In a multicenter trial, 28% of tumors detected by 1l1ln-pentetreolide were
missed by other methods."
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FIGURE 20-12 Abnormal "t ln-pen tetreotid e
scan demonstrating a somatostatin receptor-pos­
itive tumor in the head. Anterior and posterior
spot images of the head obtained at 4 and 24
hours after intravenous ad ministration of 5 mCi
(185 MBq) of "t ln-pentetreotide demonstra te an
abnormal focal accumu lation in the region of the
right ear that corresponded to a righ t postau ric­
ular mass seen on a CT study.

FIGURE 20-13 Abnormal " iln-pen tet reo tld c
scan with m ultiple areas of increased up take in
a patient with metastatic carci noid tumor. Ante­
rior and posterior spot images of the head, chest,
abdomen, and pelvis were obtaine d at 4 hours
(top) and 24 hours (bo ttom) after intravenous
administration of 5 mCi (185 MBq) of u' In-pcn­
tetreotide. The images demonstrate mu ltipl e
foca l areas of abnormal accu mu lation in the
chest, abd omen, and pelvis consiste nt with met­
astatic carc inoid.

"Tn-pen tet reotidc is helpful in selecting a patient's treatment. For example, su rgica l
treatment is more favorable w hen there is a solitary localized tumor. Widespread meta­
static lesions are better treated with drugs. Posttreatment scans with "' In-pentetreotide
can also be used to monitor the effect iveness of treatment of receptor-positive tu mors.
Clinicians can better predic t the response to octreotide therapy if tumors are receptor­
positive as shown by positive 111 ln-pentetreotide uptake. Therapy and expense can be
spared in pa tients w ho have negative sca ns, indicative of receptor-negative tu mors.

Technetium Tc 99m Depreotide Injection

Technetium Tc99m depreotide injection ('''mTc-depreotide, or NeoTect [Diatide]) is a radio­
labeled peptide that binds to soma tostatin receptors in normal and ma lignant tissue. Its
preparation and chem ical properties are described in Chapter 9. 'J<!"'Tc-depreotide is indi­
cated for the localizat ion of receptor-beari ng pulmon ary masses in pa tients with CT­
identified lesions who have known or highly suspected malignancy. The us ua l adult
adminis tered activ ity of 99mTc-d epreotide is 15 to 20 mCi (555 to 740 MBq) by in traveno us
injection. Imaging is performed between 2 and 4 hours after injection . Approximately 12%
of the injected activity is excreted in the urine by 4 hours.

Clinica l stud ies comparing the value of 'N"'Tc-d ep reotide w ith histologic examination
in de tecting malign an t so litary pulmonary nodules showed a sensitivity of around 70%
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TABLE 20-2 "t' In-Pentetreotide (OctreoScan) Correlation in Tumor Detection

Tumor Type

Carcinoid

Gastrinoma

Insulinoma

Med ullary thyroi d carcinoma

Para gangl ioma
Pituitar y adeno ma

Sma ll ce ll lun g carci noma

Pheochromocytoma

" Data from reference 45.
h Data from reference 46.

In Vitro
Receptor Preval en ce (% )"

55/ 62 (88)

6/6 (100)
18/ 27 (67)

10/26 (38)
11/ 12 (92)

45/ 46 (98)
4/7 (57)

38/52 (73)

Scin tig raphy
De tection Rate (%)a

74/78 (95)

13/14 (93)

13/28 (46)

24/ 35 (69)
42/42 (100)

21/28 (75)

38/38 (100)

13/15 (87)

Correla tio n with
Ot her M ethods (%)b

190/ 237 (80)

40/ 42 (95)

4/13 (31)
12/22 (54)

6/7 (86)

24/30 (80)

2/2 (100)

9/9 (100)

and a specificity of 791Xl to 86%.57-59 The false-negative rate (negative images in posi tive
biopsies) wa s 29% and the false-positive rate (positive images in patients w ith confirmed
acute and chronic in flam m atory processes or infections) w as 17(Yo. O ther studies have
shown 99mTc-depreotide to be comparable to JSF-FOG PET in sensitivity and accuracy for
eva luation of malignant solitary pulmonary no dules.50•SJThus, SPECT imaging with 99mTc_
depreotide appears to offer a convenient imaging modality at facilities where 18F-FDG
PET is not availab le.

FOG-PET TUMO R IMAGING

Fludeoxyglucose F 18 Injection

Fludeoxyglu cose F 18 injection (18F-FOG) is a glucose analogue with a fluorine atom
replacing the hydroxyl group in the C-2 position of o-glucose. Its method of production
is discussed in Cha pter 10. lts biologic properties and mechanism of tissue uptake are
described in detail in Chapters 10 and 13. Briefly, FOG uptake into tissues is similar to
that of glucose, except that FOG is trapped as FOG-6-phosphate because it cannot be
metabolized further. The trapped activity permits imaging of any tissue that metabolizes
glucose. Because tumors have metabolic rates greater than those in normal tissues, they
can be localized by their higher accumulation of FOG activity compared w ith normal
tissue.

After intravenous injection of wF-FOG in a normal fasting patient, the brain cortex
demonstrates high uptake of FOG because glucose is the prima ry energy substrate in
brain. Therefore, total-body images demonstrate prominent activity in the brain. Up take
of FOG by the myocardium depends primarily on the glucose load in the blood. In the
fasting state, the heart uses prima rily fatty acids as its energy source, but in the postpran­
dial state or after administration of a glucose load, heart uptake of FOG is increased.

For tumor imaging, the patient must fast for at least 4 hours to lower blood glucose
concentration and maximize uptake in tumor tissue. The patient should limit physical
activity for 45 to 60 minutes after dosing to minimize FOG uptake in skeletal muscle while
the dose is localizing in tumor. The patient should also void just prior to imaging to
eliminate urinary accumulation of FOG. The administered activity ranges from 5 to 20
mG (185 to 740 MBq) and depends partly on the type of scanner. Typical bismuth ger­
manate PET scanners in the two-dime nsional mode require doses of 10 to 15 mCi (370 to
555 MBq)"' The injection technique is critical because dose extravasation will cause avid
uptake of FOG in the lymph nodes draining the area. Thus, imaging of the right axillary
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FIGURE 20-14 ISF-FDG PET. Hodg kin's lym­
phoma before and after che mothe rapy. (A)
Patient wi th large right axillary mass diagnosed
as Hodgkin's lym phoma. Anterior PET image
shows a prominen t abnormal focal area of hyper­
metabolism in the righ t axilla. (B)Follow-up PET
scandemonstrates interval resoluti on of the focal
area of hypermetabolism in the right axilla after
completion of chemotherapy. There is no evi­
dence of active lymphoma on the follow-up scan.

FIGURE 20-15 I' F-FDG PET. Hodgkin's lym­
phoma. Anterior PET image obtained 1 hour
after intravenous administration of 12 mCi (444
MBq) of loF-FOC. There are multiple abnormal
focal areas of hyp erme tabolism in the chest. An
abnormal focal area of hypermetabolism is also
seen in the abdomen med ial to the right kidney
(arrow).
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FIGURE 20-16 18F-FOC PET. Metastatic renal cell carcinoma. (A) Coronal PET image of the chest
and abdomen demonstrating two abnormal focal areas of hypermetabolism. One is in the right hilnr
region. The other is in the right neck (arrow ). There is no radiot racer uptake in the right kidney.
The patient has had a prior right nephrectomy for renal cell carcinoma. (B) An axial image through
the neck shows this focus to be in the right posterior paramidlin e region [arrow). (C) A sagittal
image through the neck lesion helps con firm that this is in a ve rtebral body (arrow).

region, for example, requires intravenous injection into the left arm or a foot vein to
minimize potential interference.:"

18F-FDG h as broad app lication in cancer di agnosis. The Food and Drug Ad m inistra tion
(FDA) has approved FOG PET for all ca ncers, and Medicare reimbursement for use in the
diagnosis a nd staging of a number of tumors has been ap proved" (See Chapte r 10, Tab les
10-6,10-7, and 10-8, fo r approved PET procedures.) Figures 20-14 through 20-19 demon­
strate the value of FOG PET imaging in a variety of tumor types.
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FIGURE 20-17 '"F-FDG PET. Melanoma. Ante­
rior PET image demonstra ting m ultiple abnor­
mal focal a reas of hyperm etabolism in thi s
pati en t with wi despread metasta tic d isease from
melanoma.
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FIGURE 20-18 " F-FDG PET. Single p ulmonary
nodule . Anterior and lateral images demonstra t­
ing a focal area of hypermetabolism in the left
lun g in this patient w ith non-smal l-cell lung car­
cinoma (arrow ). On this stu dy, prominent uptake
in the left ventricle of the hea rt is likely due to
insufficient fasting before the exam .

FIGURE 20-19 lIiF-FDG PET. PET/C'T fusion study Sagittal ima ges of the neck of a pa tien t with
recurren t sq uamous cell carcinoma. (A) Sagittal noncontrast CT image of the neck. The pa tient has
a tracheostomy tube in p lace (arro w) . (B) Sag ittal PET im age through the same plane demonstrates
an abnor ma l focal area of hy perm etabolism consistent w ith recurrent tumor (arrow). (C) PET l eT
fusion image demons tra ting the locat ion of the recurren t tu mor above the endotracheal tube.
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FIGURE20 -20 Chemical structures of cholesterol, NP-S9, norepinephrine, and 131I-meta-iodoben­
zylguanidine ("'l-MIBG).

ADRENAL GLAND IMAGING AGENTS

The body has two adrenal glands, each weighing about 5 gra ms, no rmally situ ated on the
upper pole of each kidney. Each adrenal gland has two zones . The ad rena l cortex (outer
zone) is responsible for producing mineralocorticoids, the primary one being aldosterone,
and glucocorticoids, pr imarily cortisol. The cortex also produces androgenic hormones.
The adrenal medulla (inner zone) p roduces ep inephrine and norep inephr ine, the pressor
amines assoc iated with stimulation of the sympathetic nervous system.

Radiopharmaceutical agents have been developed to image the adrenal cortex and
medulla on the basis of normal biochemical processes that occur in these tissues.

Cortical Imaging Agents

Because cholesterol is the main precursor substance in the production of adrenocortical
steroids, rad iolabeled cholestero l analogues we re developed to study the adrenal gland .
The principal agent to achieve success for imaging the adrenal cortex is 131 1-6-~-iodo­

methyl-19-norcholesterol (NP-59) (Figure 20-20)61 It has been used to evaluate severa l
conditions that affect the ad renal glands, such as Cushing's syndrome, primary aldoster­
onism, hyperandrogenism, and adrenal masses; its use has been reviewed by Thrall et aL6Z

Medullary Imaging Agents

The role of the ad rena l medulla in the synthesis and storage of catecholamines was key
to the development of adnenal medullary imaging agents. Dopamine is the immedi ate
precursor to norepineph rine, which is synthesized in the chromaffin cells of the adrena l
medulla (Figure 20-21). One approach to developing an adrenal imaging agent was to
radiolabel dopamine and its ana logues. Although uptake of "c-labeled dopamine and
"S-labeled dopamine ana logues into the adrenals was demonstrated, no satisfac tory
gamma-emitting dopamine analogue could be prepared.v

A successful approach was eventually found when radioiod inated benzylguanidines
were investigated becau se of their poten t an tiadrenergic activity/" The ability to halogenate
the aromatic ring in benzylguanidine led Wieland et aL65 to investigate the ortho-, meia-,
and para-iodina ted derivatives. Fur ther studies demonstrated that the meta-iodinated isomer
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FIGURE 20~2 1 Mechani sm of localizat ion of m-iodobenzylguanidine (1 231- or 131J-MlBG) in adrener­
gic neurons and adrenomedullary cells.

(Figure 20-20) was superior for imaging by virtue of its resistance to in vivo deiodination
an d its lower concentra tion in liver compared with the other isomers.""

lobenguane I 123 or I 131 Injection

Rad ioiodinated meta-iodo-benzylgu anidine (iobenguane sulfate, or MIBG) is labeled by
the solid-phase isotope exchange method described in Chapter 9. 1311-MIBG is available
commercially as a frozen product while 123I-MIBG is prep ared extemporaneously, 1311_
MIBG has been shown to be effective in localizing ne uroendocrine tumors derived from
the APUD system. It has approved indications for scintigraphic localization of pheochro­
mocytomas and neuroblastomas.v>" 13J1-MIBG has also been shown to be useful in carci­
noid tu mors and medullary carcinoma of the thyroid," ',7\)

Uptake Mechanism, Inhibition, and Biologic Properties

Tumors tha t take up 131I_MIBG are believed to do so by a specific uptake mechanism, with
storage in intracellular granules (Figure 20-21). Experimental evidence indicates that 131j_

MIBG is taken up into sympathetic neu roeffector cells similar to norepin ephrine by a
specific catecholamine type I active uptake mechanism an d stored in ad renergic storage
vesicles." Reserp ine, a drug known to inhibit the uptake of norepinephrine by chromaffin
gran ules and to dep lete sto res of catechola mines in the adrenal medulla, has been shown
to deplete 90% of MIBG stores in the adrenal medulla in dogs previously administered
l3lI-MIBG-"" 131I-MIBG's up take mechan ism is similar to that of norepin ephrine, but unlike
norepinephrine it does not interact with postsynaptic 0:- and j)-adrenergic recep tors.

A number of d rugs tha t parti cipate in the same mechanisms of uptake or depletion of
ep inephrine as 131I-MIBG have been shown to red uce the uptake of 131 I-MIBG in neuroen­
docrine tumors. Drugs that are known to interfere with 131I-MIBG scintigraphy or are
expec ted to reduce 131I-MIBG uptake because of their known ph armacologic actions are
listed in Table 20-3-" The length of time a patient should refrain from us ing the drug
before 131 I-MIBG ad ministration is also given.

After intravenous injection, l3lI-MIBG is found to localize norma lly in tissues with exten­
sive sympathetic innervation (salivary glands, nasopharynx, and heart) and tissues involved
in metabolism and excretion (liver, sp leen, and urinary bladder) (Figure 20-22).71,73 Normal
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TABLE20-3 Drugs Known or Expected to Reduce MIBG Uptake in Sympathetic Neuroeffector Cells

Group 1 (shou ld not be taken for 6 weeks prior to
MIBG administration)

Tricyclic Aniidepreseante
Amitriptyline, amo xap ine, de sipram ine, doxepin.
imipramine, meprotiline, no rtrip tylin e, p rotr ip tyline,
trazcdone, trim ip rarnine

Source: Reference 72.

Group 2 (sho uld not be taken for 2 weeks prior to
MIBG ad ministration)

Trannuitizere
Acetophena zine, chlor proma zine, chlorprothixcne,
droperidol, flup henazine, ha loperidol, mesoridazine,
perphenazine, pimozide, prochlorperaz ine ,
promazine, thioridazine, th iothixene, trifluoperazine,
tr iflupromazine

SYl1l lltlthomimetics
Albute rol, amphetamine, ben zphetamine, cocaine,
dextroamphetamine, diethylpropion, dobutam ine,
do pa mine , fenfluramine, isoe tha rine, isoproterenol,
maz indol, metaproterenol, meta ra minol.
methamphetamine, methylph enidate,
phcnd imc traz ine, ph enmetrazine, phentermine ,
ph enyleph rine , phen ylpropanolamine,
pseudoephedrine, terbutaline

Alltillypertcl/si1,1CjCardiolfllsclIlllr Drugs
Bretylium, diltiazem, guanethidine, labetalol,
nifedipinc, reser p ine , verapamil

a chest

p chest

a pe l v i. s

p pel vi s

-

a l egs

p tegs

FIGURE 20-22 Normal MIBG scan. Anter ior and posterior spot images of the chest, abdomen, and
pelvis were obta ined 24 hou rs after intravenous ad min istration of 2.5 mCi (92.5 MBg) of 12.1I-MIBG.
Normal uptake is seen in the liver, bladder, and gro wth plates.

adrenal medulla is seen only occasionally, because of its small size and depth in the body.
Most of the 13II-MIBG is excreted unchanged in the urine: 55% in 24 hours and 90% in 4
days." The stability of 13II_MIBG in vivo is attributed to the gu anidine sid e chain . A small
amount of in vivo metabolism does occur, however, with release of 2% to 6% free iod ide.
This requires ad ministra tion of potassium iodide to p rotect the thyro id gland.
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ANT ABO

FIGURE 20-23 M IBG scan. Pheochromocytoma. Ante rior and posterior
images of the abdomen taken 24 hours after intravenous administration
of 10me i (370 MBq) of I23I-MIBG in this patient with history of pheochro­
mocytoma. There is an abnormal focal area of accumulation in the region
of the right adrenal gland (arrow) consistent with the patient's history of
pheochromocytoma.

POST ABO

/

The usual intravenous adult administered activity of 1311-MIBG is 0.5 mG (18.5 MBq).
In patien ts over 65 kg the dose is 0.3 mG/m2 (11 .1 MBq/m') up to a maximum of 1 mCi
(37 MBq). Children's doses of 1311-MIBG are based on 0.3 mCi /m2 (11.1 MBq/ m') to a
maximum dosage of 0.5 mG. Dosing of 1 ~'I-MIBG is based on 0.14 mG/kg (5.18 MBq/kg),
with a sugges ted maximum dose of 10 mG (370 MBq) in adu lts."·'· A thyroid-blocking
dose of potassium iodide should be administered 1 da y before dosing an d 7 da ys after
dosing with 1311-MIBG.77 The FDA-recommende d thyroi d-protective doses of potassium
iodide dail y are as follows: infants less than 1 month old, 16 mg; children 1 month to 3
years, 32 mg ; children 3 years to 18 yea rs, 65 mg; and adults, 130 mg .

The critical organs for l3l1-MIBG in the adult are the uri nary bladder wall and the liver,
each with a radiation absorbed dose of 3 rad(cGy)/mCi.77

Figures 20-23 through 20-26 illustrate the value of MIBG in the diagnosis of pheochro­
mocytoma, neuroblastoma, and paraganglioma.

PARATHYROID GLAND IMAGIN G AGENTS

Normally there are four parathyroid glands in the human body, one located behind each
upper and lower pole of the thyroid . Ectopic locations of parathyroid glands can occur,
particularly in the region of the thymus gland and medias tinum.

The parathyroid glands secrete parathormone (PTH), which regulates calcium and
phosphorus metabolism in the body. PTH promotes calcium and phosphate resorption
from bone, increased renal tubular reabsorption of calcium, and a d iminished rate of
phosphate reabsorption. Hypersecretion of PTH may be caused by a parathyroid ade noma
(primary hyperpa rathyroidism) or through an indirect feedback mechanism initi ated by
hypocalcemia due to renal failure. The lat ter process results in pa ra thyroid hyperplasia
(secondary hyperparathyroidism) that can progress, lead ing to autonomous activity of
one or more of the parath yroid glands (tertiary hyperparathyroidism). Serum calcium
levels routinely monitored in blood screens are an important diagno stic parameter in
identifying parathyroid d isease.

There is no clear way to d ifferen tiate a hyperplastic gland from an adenoma. In general,
an enlarged gland is classified as an adenoma if the remai ning three glands are found to
be normal. If all four parathyroids are enlarged, a diagnosis of hyperplasia is made."
About 85% of cases of hyperparathyroidism are caused by a solitary parathyroid adenoma
that can be effectively cured by surgery. The success rate for resection of parathyroid
adenomas is 95%, which would ap pear to obviate the need for a presurgical scan of the
pa rathyroids. However, scin tigraphy is helpfu l in di recting surgical exploration to the site
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f iGURE 20-24 123I-MIBG SPECT. Pheochromocytom a. Coronal SPECT images through the abd omen
of the patient in Figure 20-23 dem onstrate a prominent abnormal focus in the region of the right
adrenal gland.

Anterior Head and Chest Anterior Chest and Abdomen

A B

FIGURE 20-25 MIBG scan. Neuroblastoma . Anterior spot images of the head, chest, and abd om en
taken48 ho urs afte r intraven ous administration of 2.2 mCi (81.4 MBq) of I21I-MTBG. (A) Small focal
area of abnorma l radiotraccr accu mulation is seen near the manubrium (arrow). (B) There is a large
focal area of abnormal accumulation in the abd omen and pe lv is (arrows) representing uptake in
neuroblastoma.

of the adenoma, particularly if it is ectopic, and scanning is also useful in localizing
suspected residual adenoma after a previous parathyroidectomy.

No radiopharmaceutical spec ifically targe ts the parathyroid glands, and so special
imaging technique s have been devised to localize parathyroid adenomas. After an initial
report that 2l11Tl-thallous chlor ide was taken up in parathyroid glands,'" purported ly because
of the increased cellula r density and vascularity of parathyroid adenomas, a dual-isotope
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FIGURE 20-26 MIBG scan. Paraganglioma. An te­
rior and po sterior sp ot images of the chest,
abdomen, and pelvis taken 24 hou rs after intra­
venous administration of 475 ~Ci (17.58 MBq)
of 13tI-MIBG in a patient who was treated for
paraganglioma wi th metastases to liver and
bone. The re are abnormal foca l are as of
radiotracer uptake in the liver and left upper
quadrant. Multiple smaller focal areas o f abnor­
mal up take arc identified in the abdomen. There
is also a focus of radiotracer uptake in the mid­
line lower abd omen that is more anteriorly
located. Thes e are all consis tent wi th metastatic
involvement. Radlotracer uptake was also noted
in the right fem ur and left humerus (images not
shown).

method was described to localize adenomas."" This technique used two agents, 201 T]_
tha llous chloride and 9'lmTc-sodium pertechnetate. The original method involved admin­
istration of pertechnetate first, followed by thallium. Others have reversed this order,
acquiring the lower-energy tha llium scan first to facilitate separation of the two photon
energies by gamma spectrometry. Because thallium localizes in both parathyroid and
thyroid tissue but pertechnetate localizes only in thyroid tissue, subtraction of the thyroid
image isolates the parathyroid adenoma. If 9'lmTc-sodium pertechnetate is administered
first, the 140 keY pe rtechnetate thyroid image is stored as a ma trix in the computer. A
downscatter image from 'l'ImTc is also stored in the 75 keY 20JTl window. The 'l'ImTc 140 keY
thyroid and 75 keY downscatter images are typically of 5 minutes' duration each. "IT]_
tha llous chloride is injected, and the thyroid / parathyroid images are obtained in the 7S
keY window. These images are acquired as an accumulation of 1 minute images for 2S
minutes so that part of them can be discarded if patient motion occurs. During processing,
the technetium downscatter image matrix is first subtracted from the thallium cumulative
image. The 'l'ImTc 140 keY thyroid image is then subtracted serially from the thyroid / para­
thyroid image until the enlarged or hyperplastic parathyroid tissue beco mes ap parent in
the image (Figure 20-27). Usually 2 mCi (74 MBq) of each tracer is used for th is p rocedure.

In 1989, Coakley et al.BI introduced the use of'l'lmTc-sestamibi for imaging parathyroid
adenoma. Subsequently, a report on preoperative localization of adenoma with this agent
demonstrated its equivalency to 201 Tl-thallous chloride." The method involved acqu isition
of 12'1 thyroid images, which were then subt racted from 20ITI-thallous chloride or 9'lmTc_
sestamibi thyroid /parathyroid images to isolate the parathyroid adenoma. Sestamibi was
found to wash out of pa rathyroid tissue more slowly than tha llium. The slower washout
of sestamibi was attributed to its avidity for the increased number of mitochondria in
parathyroid adenomas.

To simplify the me thod of parathyroid adenoma scintigraphy, Taillefer et al.83 desc ribed
a double-phase d ifferential washout technique. The method is based on the tim e-depen­
dent variation in washout rates of 9'lmTc-sestamibi from the thyroid glan d and parathyro id
adenomas. The imaging technique cons ists of administra tion of 20 to 25 mCi (740 to 92S
MBq) of 9'lmTc-sestamibi with images made at 15 minutes (early phase) and 2 hours (late
phase). With this method 90% (19 of 21) of parathyroid adenomas are localized on the
basis of more rapid washout of sestamibi from thyroid tissue compared wi th slower
washout from parathyroid adenoma. The parathyroid adenoma-to-thyroid activi ty ratio
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FIGURE 20-27 201Tl/99mTc-pertechnetate pa ra ­
thyroid imaging using a subtraction technique.
The technetium thyroi d imag e was subtracted
from the thallium thyroid / parathyroid image
to demonstrate the location of the parathyro id
adenoma.

.•~
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B

Anterior Neck - 15 min
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FIGU RE 20 -28 " v'Tc-sestamib i para­
thyroid scan demonstrating a parathy-
roid adenoma. Anterior spot images of
the neck were obtained 15 minutes and
2 hours after intrave nous adm inistra­
tion of 20 mei (740 MBq) of wmTc-ses­
tamibi to this patient with hyper­
parathyroidism. (A) On the 15 minute
image radiotracer accumulat ion is seen
in both lobes of the thyroid gland. (B)
On the 2 hour image there has been clearance of radiotracer from the thyroid gland. However, an
abnormal focal area of residual radiotracer accum ulation is seen in the region of the lower pole of
the right lobe of the thyroid gland consistent w ith a right inferior parathyroid adenoma.

was reported to be 1.24 in early-phase imaging, increasing to 1.46 in late-phase imaging,
where the adenoma was clearly seen (Figure 20-28).

MISCELLANEOUS IMAGING PROCEDURES

lymphoscintigraphy

The typical interstitial locat ion of solid tumors p red isposes thei r spread systemically via
the lymphatic system. This concept was introduced in the 18th century by Le Dran, who
described the progression of breast cancer to regional lymph nodes via the Iymphatlcs.v-"
Le Dran postulated that cancer metastasized systemically by this mechanism, and his
work provided an early foundation from which the sen tinel node concept has developed
over the past 20 years.

The Sentinel Node Concept

The sentinel node concept postulates that the first lymph node, or sentinel node (SN), that
receives lymph drainage from a tumor bed will contain cancer cells if the primary tumor
has spread via the lymphatics. If this is true, then finding a sentinel node that is cancer
free is strong evidence that the tumor has not spread. The SN concept presupposes an
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orderly sp read of cancer within the lymphatic chain beg inning with the sentinel lymph
node. The possibility exists that more than one lymph node bed ma y drain a tumor site,
and thu s more than one sentinel node may be identified. Therefore, the mapping tech­
niques that are used mu st be able to identify all lymph node basins draining a tu mor site.

Morton and Cha n'" have described the application of the SN concep t to malignant
melanoma, tracing the concept from its early beginnings to the current methods of SN
ide ntification : lymphoscintigraphy, vital blue dye, and gamma probe coun ting during
surgery. The rationale for the current diagnostic approach is that, of those patients with
intermediate-thickness primary me lanoma who undergo lymph node d issection, only
about 20% are expected to have metastasis in regiona l lymph nodes. Thus abo ut 80% of
patients will undergo an unnecessary procedure tha t is costly and fraught with morb idity,
includ ing risk of acute wound problems, chronic lymphedema, and nerve injury. The
finding of cancer-free SNs can spare many patients the expense and problems associated
with lymph node d issectio n.

The SN concept was brought to the forefront of cancer management around the same
time by Cabanas" and Ho lmes et al. ll7 Cabanas, in the management of patients with penile
cancer, introduced the term sentinel node and applied the SN concept to 43 penile carci­
noma pa tients, finding that 31 pa tients with SNs negative for tumor had a 5 yea r survival
rate of 90%.'" SN identification was accomplished by a ma nual surgical techn ique. Holmes
et al.ll7 used lymphoscintigraphy in applying the SN concept to map lymph node basins
and int rod uced the concept of selective lymphadenectomy in primary cutaneous melano­
mas. On the basis of thei r experience with radiopharmaceutical mapping, vital blue dye
as a visual marker was in troduced to facilita te localization of the lymphatic basin during
surgery." With the dye technique, they were able to identify SNs in 194 (82%) of 237
lymphatic basins . Of those nodes that were positive for tu mor, only two SNs were nega tive
when a nonsen tinel node in the sam e basin was found to be pos itive «1 (Yo false-negative
rate), de monstrating the high accuracy rate of this proce dure.

In 1993, Alex et al.?" introduced the use of ""mTc-sulfur colloid (99mTc-SC) for melanoma
lymphoscinti graphy.They init ially compared lymphoscintigraphy and the use of a gamma
scintillation probe with vita l blue dye to identify sen tinel lymph nodes in cats, demon­
stra ting equal sensitivities of the two techniques. These find ings were subsequently cor­
roborated in pati ents with malignan t melanoma."

Melanoma Lymphoscintigraphy

Lymphosci ntigraphy has been shown to improve the accuracy of stag ing patien ts with
ma lignant melanoma.?":.... The generally accepted staging for ma lignant me lanoma is sum­
ma rized in Table 20-4. Approximately 85% of patients with malignant melanoma present
with stage I or II disease." Identification of nodal involvement in these pa tients is key to
staging and treatment because positive nodal involvement accurately pred icts spread of
d isease via the lymphatics. Conversely, negative SN involvement removes the necessity

TABLE 20-4 Staging Criteria for Malignant Melanoma

Melano ma Stage

Stage I
Stage II
Stage III

Stage IV

Staging Criteria

Thin «1.5 mm) pr imary tumor
Thicker (>1.5 mm) primary tumor
Regional spread of disease to skin more than 5 cm

from pri mary tu mo r or to reg iona l lymph nodes
Evidence of distan t metastases

Source: Reference 84.
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for extensive noda l d issection and the associated mo rbid ity. The value of vital blue dye
combined with Iymphoscintigraph y is that it allows accurate identificat ion of not only the
SNs but also the true nodal bas ins tha t drain from the me lanoma lesions. This improves
the localization of positive nodes in beds that would no t have been predicted to receive
lymphatic drain age from the primary melanoma on the basis of conventional estimates
by surgeons." The sign ificant advantage from a pathology standpoint is that there is a
higher probability of discovering cancer cells in a few thoroughly examined high-risk SNs
than in less thorough exam ination of several nodes from an entire nodal basin .85,92

Variations in me tho ds are reported in the literature, but a current recommended
technique for localizing SNs in melanoma involves preoperative lymphoscintigraphy 1 to
4hours before surgery with filtered 'NmTc-SC injected intradermally at a dosage of 0.5 to
0.8 mCi (18.5 to 29.6 MBq) arou nd the melanoma site." Gamma-camera ima ging is pe r­
formed to doc ument the drain age pattern from the primary tumor area through the derm al
lymphatics to the regional lym ph nodes. The skin overly ing the SN is then marked. The
SN is usually identified with in 30 minutes after injection. At the tim e of surgery, 1 to 2
mL of vital blue dye (patent blue or isosulfan blue) is injected around the primary tumor.
Asurgical incision wi th skin flaps is made in the lymph node basin to allow visual
identification of the blue-stained lymphatic channel from the edge of the wo und to the
SN. Blue dye SN identification is corroborated by intraoperative gamma-probe counting .
Anode-to-background ratio of 2 or greater is used for positive identification . Blue-stained
SNs are excised for histochemical assessment of metastasis. The rate of SN identification
was found to be 99.1% when isosulfan blue dye was combined with rad iocolloid lym­
phoscinligraph y, compared with 95.2% when isosulfan blue dye alone was used."

The SN concept has been valida ted for melanoma, and it is in the process of being
validated in breast and penile cancer, cancer of the vulva, and head and neck cancer."

Breast Lymphoscintigraphy

[he success that has been achieved in identifying SNs wi th melanoma has generated great
interest in applying this concept to the staging of breast cancer. Alazraki et al.96 summa­
rized the findings of several studies using Iymph oscin tigraphy and other techniques.
While no standard proced ure or preferred method for breast lymphoscintigraphy has been
defined, the general techniques used have been described.

Both unfiltered an d filtered '!'ImTc-SC have been used with su ccess; however, unfiltered
colloid requ ires larger adminis tered activities (1 mCi [37 MBq]) to ach ieve adequate pen­
etration within the lymphatics. This is attributed to the poor migra tion of larger particles
inthe unfiltered preparation. Filtered '!'ImTc-SC can be given in smaller amounts of 0.4 to
0.6 mCi (14.8 to 22.2 MBq) becau se a greater fraction of the particles injected are able to
migrate throu gh the lymphatic channels. The radiocolloid is typically injected either intra­
oermally or interstitially around the tumor site (peritumoral injection) ." One technique
involves the injection of 450 /-lCi (16.65 MBq) in 6 mL, divided into six 1 mL aliquots
jnjected in separate sites aro un d the tumor. Another technique involves administering a
total of 600 /-lCi (22.2 MBq): four 100 /-lCi (3.7 MBq) peritumoral injections and one 200
~Ci (7.4 MBq) intradermal injection.

Imaging the area surrounding the injection site has been shown to be effective in
locating SNs, providing a visua l guide for the surgeon. Early sequential imaging reveals
the pattern of radiocolloid progress in the lymphatic channels and helps to distinguish
the first nodes to receive radioactivity, the SNs, from secondary nodes in the lymphatic
:hain that appear at later imaging times. The sensitivity of various techni qu es for finding
3Ns in breast cancer (blue dye alone; intraoperative probe alone; blue dye plus probe;
imaging plus probe; and blue dye, imaging, an d p robe combined) have demonstrated that
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Iymphosc intigraphic imaging combined with blue dye and the int raoperative probe is the
most success ful.v

Radiopharmaceutica/s for Lymphoscintigraphy

Early diagnostic attempts to evaluate the lympha tic system we re made by contrast lym­
phography after injection of radiographic contras t ma terial (ethiodized oil) into cannulated
lymphatic vessels. Later attemp ts, us ing '''Au-colloidal gold by inters titia l injection,"
demonst rat ed the simplicity of radionuclide Iymphoscintigraph y, with minimal compli­
cations an d excellent correlation with contrast lymphography'<v' Because the radi ocolloid
did not require lymphatic vessel cannulation, the technique provided a means of evalu­
ating lymphatic d rainage in previously inaccessible areas.

Much of the early information on the ideal prop erties of radiocolloids for lympho­
scintigrap hy was gained from studies of internal mammary lymphoscint igraphy by Ege
et al.' oo These investigations demonstra ted that a uniform dispersion of sm all particles
(<100 nm) was necessary for colloid to translocate from the interstitial injection site to the
lymphatic channels and node s. Large particles (500 to 2000 nm) remained trapped at the
injection site. Although larger particles migrate through the lymphatics after intralym­
pha tic injection, this p recludes the advantage of interstitial ad ministration.

A number of radiocolloid preparations have been investigated for use in Iymphoscin­
tigraphy. Early investigations de monstrated that '''Au-(olloidal gold had ideal part icle
size (5 to 50 nm ), but its high radiation dose was unsatisfactory for routine d iagnostic use.
Importan t 'l9mTc agents tha t were evalua ted included sulfur colloid, stannous phytate, and
antimony sulfide. 'l9mTc-SC produced by the thiosulfate kit method was found to be
unsatisfactory because of inadequate migration from the injection site as a result of the
relatively large pa rticle size range (100 to 1000 nm).101 ' 'JmTc-SC produced by the hydrogen
sulfide method has sma ller particles (<100 nm) with satisfactory lymph node scans , but
the method of preparation is cumbersome.l'P A kit for the preparat ion of 'l9mTc-an timony
sulfide produces particles in an ideal size range (3 to 30 nrn), and this agent was shown
to be satisfactory for mammary lymphoscintigraphy.wv'?' 'l9mTc-stannous phytate forms an
in vivo colloid about the same size as 'l9mTc-antimony sulfide but was found to be inferior
to it in clinical studies.'?' However, the 'l9mTc-antimony su lfide kit never achieved approval
for routine use in the United States and is no longer available .

The resurgence in Iymphoscin tigraphy and the SN concept focused attention again on
the pre paration of satisfactory 99mTc-Iabeled agen ts for this app lication. The only agents
available in the United States with possible ap plication to Iymph oscintigraphy are 'J'ImTc_
albumin (99mTc-HSA) and YOmTc-SC. Bergqvist et al.H" revisited the particle size require­
ments for interstitia l lymphoscintigraphic agen ts, reconfirming that a particle size less
than 100 nm is necessary for adequate migration and uptake into lymph nodes after
interstitial injection. They further noted tha t 'l9mTc-HSA, which is not a particulate agent,
shows less retention within lym ph nodes and that its rapid transit in the lymphatic
chann els may lead to missed detection of SNs. A 'l9mTc-HSA nanocolloid kit is available
in Europe and ha s been found to provide good resu lts in identi fying SNs . Approximately
95% of the colloidal albumin particles in this kit are less than 80 nm in size.lll6,107

The relatively high propor tion of large particles in trad itionally prepared 'l9mTc-SC led
to the use of filtration techniques to remove larger particlesw ';"l1O Dragotakes et aJ.1oo
demonstrated , by laser light scattering analysis, tha t filtra tion of a stand ard pre paration
of 99mTc-SC through a 0.1 urn membran e filter yielded particles with a bimoda l size
distribu tion; the particles predominantly were 10 ± 2 nm in size , but a small po rtion
«0.1%) we re in the 89 to 173 nm size range. Hung et alU l9 found that 'l9mTc-SC filtered
through a 0.1 urn membrane filter produced about 90% of particles between 15 and 50 om
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TABLE 20-5 Particle Size Distribution of "mTc-Sulfur Colloid
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'I'lmTc-Sulfu r Conoid Preparation Method

Standard me thod (5 m inu te heating)

Modified method (3 minute heating)

Particle Size (nm)

<100

100 to 600

700 to 5,000

>5,000

<30

.10 to 50
50 to 80

80 to 200

200 to 400

400 to 800

800 to 2,000

2,000 to 5,000

5,000 to 10,000

>10,000

% of Total

15 to 20
70 to 80

2 to 4

0.5 to 1.5
47

o
1
5

21

16

5
1
o
5

as determined by Nuclepore (Whatman) polycarbonate filter analysis, w ith a mean size
of38±3.3 nm by electron microscopy. Laser light-scatter analysis showed the particles to
bebimodal with mean particle sizes of 7.5 nm (minor peak) and 53.9 nm (ma jor peak).
The differences in particle size distributi on reported for 0.1 urn membrane filtered SC by
these investigators ma y be due to differences in kit composition during the initial prepa­
ration of 99mTc-SC.

Eshima et al.'" have sho wn that smaller colloidal particl es are generated when 99mTc_
SC is prepared using increased amounts of carrier 99Tc from long ingrowth generator
eluates and a heating time tha t is shortened from 10 minutes to 3 minutes. The optimal
preparation condi tions were reported to be addition of 150 mCi (5550 MBq) of 99mTc_
sodium pertechnetate from a 72 hour ingrow th generator in 3 mL to a lyophili zed sulfur
colloid kit (CIS-US). After addition of 1.5 mL 0.148 M hyd rochlor ic acid , the vial is placed
immediately into a boiling water bath for 1.5 minutes, removed and agitated, reheated
foran additional 1.5 minutes, removed, and then cooled for 2 minutes at room temperature
before addition of 1.5 mL of buffer. Nuclepore polycarbonate filter analysis demonstrated
ashift to smaller pa rt icle sizes by this method of preparation. Table 20-5 shows the particle
sizedistribution of sulfur colloid prepared by the standard method and by the modified
heating method described by Eshima et a1. 111 SC prepared by this mod ified heat ing method
followed by filtra tion through a 0.22 urn membrane filte r was shown to be more effective
in visua lizing lymphatic channe ls and identifying sentinel lymph nodes than SC filtered
through a 5.0 urn membrane filte r.'!" It is worth noting th at 0.22 urn membrane filtration
aftera standard heating method (5 minut e boil) in the preparation of 99mTc_SC also results
in satisfactory lymphoscintigraphy. The key point for success in lymphoscintigraphy is
removal of larger particles that have a slowe d migra tion rate from the interstitia l space
to the lymphatic channels. Figures 20-29 and 20-30 are lymphoscintigrams identifying
sentinel lymph nodes after 99mTc-SC administration and imaging with a gamma camera.

Dacryoscintigraphy

Dacryoscintigraphy is a useful method for assessi ng nasolacrimal drainage of tears.lI2•m

Under no rmal conditions, the lacrimal glands release tear flu id to maintain a thin protec­
tive film over the cornea through the blinking reflex (Figure 20-31). Excess tear fluid collects
in the conjunctival sac and is cleared through the lacrimal puncta, loca ted one each in the
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FIGURE 20-29 Lymphoscint igrap hy for localiz ation of the sentinel lymph node . (a) Posterior trans­
mission image taken shortly after fou r intradermal injections of 250 ~Ci (9.25 MBg) of '19mTc-sulfur
colloid were made aro un d a melan oma lesion on the pat ient' s lower left back. There is already
rad iotracer uptake in a d raini ng lym ph channel (arrows). (b) An anterior image of the pelvis shows
the lymph channel lead ing to a focal accumulation in the left gro in consistent wi th accumu lation
in the sentinel lymph nod e. (c) Shortly after th is, tw o other smaller foci are seen in the left groin.
(d ) A 'l'lmTc point source was used to locate the position on the patient's sk in overlying the sentinel
node, and a felt marker pen wa s used to mark the loca tion on the patien t' s skin . (e) A transmission
scan of the chest demonstrates no migration to the axillary regions.
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FIGURE 20-30 Lymphoscintigraphy in another patient with a melanoma lesion on the right mid
back. Poste rior tra nsm ission images taken immedi ately and 5 minutes after fou r int radermal injec­
tions of 250 Ilei (9.25 MBg) of 99mTc-SC were made aro und the melan oma lesion. In th is patient, the
dra ining lymph channe l courses toward the right axilla (arrows). Anterior, right an terior oblique
(RAG), and right lateral (RT LAn images clearly show the lymph channel and a focal accumulation
in the righ t axilla consis tent with accumulation of radiotracer in the sentinel nod e. A 99mTc point
sou rce was used to locate the position on the patient's skin ove rlying the nod e, and a felt marker
pen was used to mark the patient's skin prior to surgery. An anterior transmission image of the
pelvis showed no migration of the radiotracer to either gro in region.

upper an d lower eyelid in the reg ion of the medial canthus. Tear fluid enter ing the puncta
drains th rough the upper and low er canalicu li into the nasolacrimal sac and down the
nasolacrimal d uct thro ugh the valve of Hasner, emptying in to the nasal cavity.
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FIGURE 20 -31 Principal structures in the nasolacrimal system.
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Epiphora is a d isorde r of tear d rainage throug h the nasolacrim al sys tem. Obstruction
of tear drainage can have many causes, such as trauma, inflammation, degenerative
changes, and diseases of the na sal sinus. The technique of dacryoscint igraphy involves
application of 100 IlCi (3.7 MBq) of "mTc-sodium pertechnetate solution in a volume of 10
to 30 ul, to the eye in the region of the nasal canthus.t-' Normal human lacrimal fluid
volume is around 7 ilL, but up to 30 ul, can be added without overflow p rovided the
subject does not blink ."! Blinking facilitates movement of tear fluid through the na solac­
rimal system, and a smaller drop size would preclude overflow of activity from the
conjunct ival sac during blinking.!"

The asymptomatic eye is examined first to familiar ize the patient with the procedure
and to provide a normal con trol for compa rison. A sp ecially cons truc ted pinhole collimator
with a 1 mm aperture is used, which gives the best balance between resolution and
sensitivity. After placement of a drop of 99mTc-sodium pertechnetate in the eye, serial
scintigra ms are obtained every 30 seconds for 5 minutes. Normal transit time from the
conjunctiva to the nasolacr imal sac is less than 1.5 minutes.l '? Longer times indicate delay
and provide a sensitive means for de tecting obstruction to d rainage. Partial obstruction
can be demonstra ted with a negative Valsalv a's maneuve r (pinching the nostrils while
attempting to draw in air). Dacryosc intigrams demonstrating normal and abnorma l drain­
age patterns are shown in Figure 20-32.

The radiation dos e to the lens of a normally draining eye is estimated to be 0.014 to
0.021 rad (cCy ) per 100 to 150 IlCi (3.7 to 5.55 MBq), whereas in total obstruction the worst
case would be 0.4 to 0.6 rad (cGy)1I6The radi ation absorbed dose from this proced ure is
quite safe, since the thresh old dose for initiating cataract formation in the eye is 200 rad
(2 Cy)l17 Applicat ion of normal saline after a study facilita tes clearance of radioactivity
from the nasolacrimal system and lowers the radiation dose.

BONE MARROW IMAGING

In adults, act ive bone marrow normally resides in the axial skeleton, primarily in the
vertebral bodies, pelvis , sternum, ribs, and scapulae, and to a variable extent in the skull .!"
Its distribu tion in the appendicular skele ton is limited to the proximal one-third of the
femurs and humeri.
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FIGURE 20 -32 Dacryoscintigrams obtained with a pinhol e collimator and scintillation camera after
instillation of 100!lei (3.7 MBq) of """Tc-sodium pertechnetate into the lateral canthus of each eye.
Upper panel: Normal dacryoscin tigram demonstrating normal tear drainage from the right and left
eyes. Lower panel: (A) The right eye exhibits normal drainage into the lacrimal duct (arrow); (B)
the left eye demonstrates a lack of drainage under norma l cond itions, but drainage into the lacrimal
duct is induced (C) after a negative Valsalva maneuver, which indicate s a stenotic condition rather
than complete obstruc tion.

Blood is supplied to the bone marrow through nutrient arteries that run longitudinally
in the central portion of the marrow cav ity and send ou t lateral branches that terminate
in capillary beds within bone or at the periphery of th e marrow space.!'" The arteriolar
capillary blood is d rained by postcapillary venules tha t reenter the marrow cav ity and
coalesce to form large venous sinuses in which the blood flow is back toward the center
of the cavity to the centra l vein.'!" The erythropoietic ma rrow is in the form of cords that
lie between the venous sinuses. The wa ll of the venous sinus is primarily composed of a
unicellular layer, but in its fullest development it is trilaminar, consisting of a lining cell,
basement membrane, and adventitial cells."? The wall is fenestrated, requiring blood cells
leav ing the erythropoietic tissue to squeeze through pores to enter the venous circulation.
The adventitial cells, being phagocytic, remove foreign particles from the blood as it passes
into the sinuses. They are responsible for trapping radiocolloids in the bone marrow.

Radiopharmaceuticals for imaging studies target cells in the erythropoietic, reticuloen­
dothelial, or granulopoietic marrow.,,",121.122 The ideal radiotracer for the erythropoietic
marrow is one that participates in RBC production. From a physiologic perspective,
radionuclides of iron are ideal because erythropoiesis is responsible for 80% to 90% of
plasma iron turnover in the body.!" However, radionuclides of iron have potential imaging
limi tat ions. 52Fe is a positron emitter with an 8.2 hour half- life and has been use d for
quantitative assessment of erythropoiesis in bone marrow expa nsion, but it requires a PET
camera.F' Additiona lly, 52Fe has the practical limitations of expense and availability
because it is produced in a cyclotron. 59Fe, with a half-life of 45 days, produces high-energy
gamma rays of 1.1 MeV and 1.3 MeV tha t are unsatisfactory for imaging. Its use has been
limited to ferrokinetic studies of erythrop oietic bone marrow activity. Indium has chemical
properties similar to iron and, afte r intravenous injection, llIIn-indium chloride labels
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plasma transferrin similarly to iron. However, indi um's bio logic properties are significantly
different from those of iron. Studies in humans have demonstrated that the p lasma clear­
ance half-life of III In-labeled transferrin (6.1 hours) is much slower than the plasma half­
life of " Fe-labeled transferrin (1 to 2 hours), and liver uptake of I11 In-labeled transferr in
is greater.l 24 An imal studies demonstrate much less uptake of ind iu m into erythrocytes
compared with iron.'>' Other studies have shown that the d istr ibution of ind ium is more
likethat of rad ioco lloids than that of iron. '!" Thus, although I11 In-indium chloride has been
used for bone marrow imaging studies, it is not a true tracer of erythrogenesis .

These limi tations of iron and indi um nuclides led to the use of rad iocolloid s for bone
marrow scintigraphy. 99mTc-SC is widely us ed, although in Europe, 99mTc-microaggregated
human serum albumin nanocolloid is frequently us ed for bone marrow scintigraphy. A
typical intravenous dose of 99mTc-SC for bone marrow imaging is 10 to 12 mCi, with
imaging commencing in 20 to 30 minutes. This dose is larger than the typical liver-scanning
dose but is necessary to prov ide an excess of particles and activ ity to visualize the m arrow.
The particle size range of standard 99mTc-SC prep arations is 0.1 to 1.0 urn, H ow ever, Atkins
etall L, demonstra ted that greater localiza tion of 99mTc-SC in bone marrow occurs if smaller
particles (around 0.1 urn) are used and if la rge doses are administered . Apparently, smaller
particles are less like ly to be trapped in the liver than larger ,particles, and larger doses
decrease the efficiency of the liver and spleen in remo ving particles, so that extra particles
localize in the ma rrow.

Radiocollo ids are a p ractica l choice for studyi ng the bone marrow because in normal
individuals the ery thropoietic marrow and the reticuloendothelial marrow d istribu tions
are simila r. An exception to this coincident marrow distribution pattern has been shown
to occur mainly in d iseases that cause ineffective erythropoiesis, in which the reticu loen­
dothelial marrow expands but the erythropoietic marrow d oes no t. This d isparity has
been demo nstra ted by comparing the activity d istribution pattern be tween "Fe in ery th­
ropoietic marrow and radiocolloids in the reticu loendothelial marrow.' ''' A similar di spar­
ity has been shown to occur after chemothe rapy or irradiation of bone marrow; erythro­
poietic cells are depleted with litt le effect on reticu loendothelial cells l V •HS A practical
limitation of radiocolloids is that they are not u seful for the ev aluation of bone mar row
in the lower thoracic an d upper lumbar sp ine because of interfering radiocoll oid accu mu­
lation in the liver and spleen . This type of interfe rence does not occur w ith the use of iron
radionu clides, which have insignificant activity uptake in liver and spleen. Despite these
caveats, 99mTc-SC is convenien t and quite useful for bone ma rrow imaging in ma ny clinical
situations. An exam ple is myelofibrosis , in which axial marrow is replaced by fibro us
tissue, causing compensatory hyperplasia of ma rrow w ith peripheral expansion .!" Addi­
tionally, the spleen is en larged, compensating for the loss of normal erythropoietic tiss ue
(Figure 20-33).

Imaging the granulopoietic marrow became possible with the in troduction of an anti­
granulocyte antibody labe led with 99mTc. The murine monoclonal an tibody is an IgG,
isotype anti-carcinoemb ry onic antigen th at cross-reacts wi th NCA-95 (a no nspecific cros s­
reacting antigen) that is presen t on the cellular membrane of human granulocytes. This
antibody is designated in the literature as NCAA or BW 250/ 183121,129 The rad iolabeled
antibody is prepared from a kit by premi xing 99mTc-sodium pertechneta te w ith a transfer
ligand and stannous chloride and tra nsferring this mixture to the lyophilized antibody. A
gentl e mixing process is required to lim it the amount of liver uptake of the lab eled
antibody.rso For clinical use in bone marrow imaging, 8 mCi (300 MBq) of the technetium­
labeled an tibody is ad ministered in travenously and total body images are obtained in 3
to 4 hours. The use of this an tibody for bone marrow imaging in sev eral path ologic
conditions has been described.I21,I22
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FIGURE 20 -33 Bone marrow scan in a 55 year old man w ith pancytopenia and splenomegaly being
evaluated for myelofibrosis. Anter ior and posterior total body images (left panels) obtained 30
minutes after intravenous injection of 10 mCi (370MBq) of 'lYmTc-SC, showing absence of nor mal red
marrow activity within the axial and proxima l ap pendicular skeleton. Instead, there is abnormally
increased rad io traccr uptake within the d ista l femor a and proximal tib ias, reflecting red marrow
expansion. Anterior and posterior liver-spleen scans (right panels) de mo ns trate splenomegaly with
increased radiocolloid uptake, likely reflecting extra medullary hematopoiesis. (Photo courtesy of
Dr. Amy Maszkiewicz, University of North Carolina Hosptte ls.)
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The development of clinically useful radiolabeled antibodies has been a long and arduous
process. The specificity of an antibody for an antigen was initially regarded by drug­
targeting scientists as another "magic bullet" in the diagnosis and treatment of disease.
However, early studies in humans demonstrated that while radiolabeled antibodies target
tumor cells we ll in vitro, targeting of tu mor cells in vivo is tumor associated rather than
tumor specific . The nonspecific in vivo uptake of antibodies in normal tissue made the m
less than ideal for clinical use. Although success w ith radiolabeled antibodies was limited
initially, persisten t efforts by scien tists and clinicians led to techniques for improving
uptake in target tissue, diminishing nonspecific uptake, and reducing adverse immune
reactions.

Site-specific localization of monoclonal antibodies became more attainable with the
identification of a deletion-mutant form of epidermal growth factor receptor that exists
in several tumor cell populations but not in normal tissues. I Monoclonal antibodies
specific for this receptor have been developed, and this may lead to improved targeting
in tumor tissue. Additionally, research has shown radiolabeled antibodies to be useful
adjuncts to conventional therapy, especially in diseases that have become refracto ry to
chemotherapy. Th is applica tion has been particularly beneficial in the trea tme nt of non­
Hodgkin's lymphoma and likely will be extended to other conditions.

In conventional medical practice, the successful d iagnosis of cervical cancer throu gh
periodic cytomorphologic evaluation has shown tha t early identificat ion and treatment of
cancer can marked ly reduce morbidity and mortality. Early identification an d treatmen t
can prevent metastasis and its often d ismal prognosis. One major problem, however, has
been the availability of specific, sensitive methods for de tecting cancerous tissue at an
early stage. The potential for sensitive radioactive methods of de tectio n, coupled with the
immunologic specificity of antibodies in vivo, has d riven the development of radiolabeled
antibodies for id en tifying the presence of tumors (radioimmunodiagnosis, or RID) and
delivering lethal doses of ion izing radiation to tumors while sparing normal tissue (radio ­
immunotherap y, or RIT).

Before d iscuss ing specific radiolabeled antibodies used in nuclear medicine, this chap­
ter briefly reviews the immune system, an tibody structure and properties, and methods
used to produce and radiolabel antibodies.

THE IMMUNE SYSTEM

The hum an immu ne system or iginates from lymphocytic stem cells present in the bone
marrow at birth . These stem cells give rise to precursor cells that ultimately develop into
mature T-Iymphocytes and B-Iymphocytes. Precursor "T" cells, or pre-T cells, undergo
differentiation in the thymus gland, where they acquire the characteristics of T-Iympho­
cytes. Precursor "B" cells are d ifferentiated in the bone mar row, where they acquire the
mature characteristics of B-Iymphocytes. In birds, where this process was first studied,
lymphocyte differentiation occurs in the bursa of Fabrici us, wh ich is the reason for the
designation "B" cell. T-Iymphocy tes confer cellular immunity, whereas B-Iymphocytes
confer humoral imm unity (Figure 21-1). The mature cells leave the primary lymphoid
tissue of the thy mus gland and bone marrow to take up residence in the secon dary
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Antibody Structure

Enzyme diges tion studies of the gamma
glob ulin fraction of seru m he lped to
determine the basic structu re of the anti­
body, shown in Figure 21-2.'.3 The anti­
body has a Y-sha ped configuration con­
sisting of two heavy-ehain polypeptides
(450 amino acid residues per chain) and
two light-chain polypep tides (220 amino
acid residues per chain) linked together FIG URE 21-1 Schematicof immune system devel­
by disulfide bonds and no ncova lent opment.
forces (H-bonding, van der Waals, ionic,
and hydrophobic interactions). Thus, a whole antibody consists of approxima tely 1340
amino acids. The disulfide bonds between the heavy chains occur in an area called the
hinge region.

The antibody has two main fun ctional regions . The fragment an tigen-binding region
(Fab) contains the antigen recognition site (pa ratope), which is responsible for bind ing of
the antibody with a specific antigenic de terminant (epitope) on the antigen (e.g., tumor
cell). Epitopes occur on the surface of the cell membrane of an invader cell. This region
of the antibody is sometimes referred to as the amino term inus. The other main functio nal
region of the antib od y is the fragment crystallizable (Fc) region, which is sometimes
referred to as the carboxyl terminus. The Fc region is responsible for linking the antibody
to other molecules involved in the immunologic response. For example, when an antibody
binds with an an tigen on an invading cell, certain effector functions are brought into play
to elimina te the invader. This involves binding sites in the Fe region of the antibody, which
initiate effects su ch as complement-depende nt cytotoxicity (CDC), binding to mononuclear
cells with phagocytosis, or binding to Fc receptors on natura l killer (NK) cells to effect
destruction by antibody-dependent cell-mediated cytotoxici ty (ADCC) . The Fc region also
contains oligosaccharides that reside just below the hinge region. Modifications can be
made to carbohydrates located in this region to attach linker grou ps for antibody labeling.

In the original work on determining antibody stru cture, pep sin d igestion of whole
an tibody cleaved it below the hinge region , producing one bivalent F(ab'), fragment and
two Fc fragments. When papain d igest ion was used, two monovalent Fab fragments were
produced, each carry ing a paratope at the end farthest from the cleavage site, demonstrat­
ing that there were two paratopes for each an tibody molecule. A single Fc fragment,
connected by disulfide bonds, was also produced in papain digestion because the cleavage
occurred above the hinge region. This process is su mmarized in Figure 21-3.

lymphoid tissues of the body, composed
ma inly of the spleen, lymph nodes, and
mucous-associated lym ph oid tissues. In
these places they wait, like arme d war­
riors, to be activated by specific an tigen
invaders. Once activated, a sensitized T­
lymphocyte can recognize and dest roy
specific antigens or cells directly, whereas
activated B-Iymphocytes are sensitized to
become plasma cells that produce an ti­
bodies against specific antigens.
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fiGURE 21 -2 IgG antibody structure and key
components. (Fab) antigen-binding region; (Fe)
fragment crystallizable; (YL) variable light
chain; (YH) variable heavy chain; (Cl.) constant
light chain; (CH) constant heavy chain. See text
for description of enzyme effects and Fc region
functionalities,

FIGURE 21-3 IgG molecul es consist of two
heavy and two light protein chains held together
by disulfide bonds, Two variable regions can
bind to specific antigenic; sites, and the constant
region interacts with the host immune system.
Enzymatic digestion with pepsin removes part
of the constant region to produce an F(ab'}z frag­
ment, whereas papain splits the molecule into
an Pc fragment and two Fab fragments .
(Reprinted wi th permission of the Society of
Nuclear Medicine from reference 8.)

TABLE 21-1 Antibody Classification

Class Serum Cone Mol ecular Weight Chains

(Isotype) (mg/l00 mLl (x 1000) Light Heavy

IgG 800-t600 15ll-180 2 J.. or K 2 y
IgA 150-400 160 2 'A.or K 20.
IgM 5ll-200 900 lO Am K 10 ~

[gO 0.3-40 180 2AorK 20
IgE 0.03 200 2 Aor K 2£

Antibody Classification

There are five major immunog lobulin (lg) classes in the blood: IgG, IgA, IgD, IgE, and
IgM. The proper ties of these classes are summarized in Table 21-1. IgG is the most abun­
dant class, having the highest serum concentration. It has been shown that the four-chain
antibody structure described above is basic for all immunoglobulin classes and that while
the light chains are similar between classes, composed of either kappa (K) or lambda (A)
chains, the heavy chains are specific for each class . The far right column of the table
indicates that the 19G class contains two gamma (y) heavy chains, the IgA class two alpha
(a) heavy chains, and so forth. IgM is a composite of five basic antibody units, and has
five times the number of heavy and light chains of othe r antibody classes.

Studies involving enzyma tic treatment of immunoglobulins revealed that some of the
fragments contained regions along the polypeptide chains where amino acid sequences
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Antibody Development

Antibodies against human tumor cell lines can eas ily be produced in the sp leens of animals
injected with tumor cells. Tumor cells as antigens, however, con tain several different
determinants or epitopes on their cell membranes. Upon antigenic challenge, splenic B­
lymphocytes develop antibod ies against each of the different ep itopes on the tumor cells.
The result is diverse antibodies (polyclonal an tibodies) all specific to the same antigen but
with varying degrees of avidity. A key po int in the development of antibodies for diagnosis
andtherapy is ide ntification and isolation of the B-lymphocyte that produces the particular
antibody (monoclonal antibody) that has the highes t avidity for the tu mor cell. Monoclonal
antibodies are antibodies that pos sess identi cal specificities and recognize the same epitope
on the antigen.' The potential advantage of monoclonal ant ibodies is that they sho uld
react more predictably and exclusively with the tumor antigenic sites and have less
interaction with nonsp ecific sites in the body.

A major problem discovered in early studie s was that an tigenically st imulated lym­
phocytes cou ld not be grown alone in cell culture. The ability to grow these cells was
essential for identifying desirable clones of B-Iymphocytes and producing a specific mono­
clonal ant ibody. In 1975, Kohler and Milstein" made a d iscovery that solved this p roblem.
They developed a method of producing monoclonal antibodies in vitro by fusing splenic
lymphocytes from immuni zed mice with mouse myeloma cells. The result was clones of
hybrid cells called hybridomas. The myeloma cell provided the immortality needed for
the hybrid cell to reprod uce itself, and the lymphocyte enabled the hybrid cell to prod uce
the desired monoclon al antibody.' Hybridomas can be grown in tissue culture, providing
theability to isolate the desired monoclonal an tibodies in buffer. Hybridomas can also be
grown in mouse peritoneum, whereupon an tibod ies are harvested from ascites fluid .
Commercial prod uction of an tibodies is carried out in mice and through the use of
hybridoma technology (Figures 21-4 and 21-5)8

Although all of the antibody a hybridoma clone secretes is genetically derived from a
single cell, it is no t a monoclonal antibody in the immunologic sense because each cell of
the clone has some chromosomes from the myeloma cell parent and some from the spl een
cell parent," As a result, the hybrido ma antibody is frequently a mix of heavy and light
chains of both parent cells. Because the aim is to find a clone with only heavy an d light
chains of the specifically immune spleen cell, h undreds of fusions and reclonings may be
required before a single hybrid that secretes the desired antibody is formed (Figure 21-5).
Once the desired clone is found, it can be frozen for long-term storage. At any time
thereafter a sample of the clone can be injected into animals of the same strain as those that
provided the original cells for fusing.' The injected hybridomas will grow and secrete the
specific monoclonal antibod y in high concent ration in the animal's serum. Alternatively, a
clone can be grown in mass culture in vitro and the antibody harvested from the medium.

Antibody Modification

Antibod ies can be modified to remove undesirable characteristics and to change their
kinetic properties. Hybridomas produce whole an tibodies with the Fab and Fc regions
intact. Antibodies for clin ical use are of the IgG type having a molecular we ight of about
150,000. The F(ab'), fragment has a molecular we igh t of about 100,000 and the Fab fragment
about 50,000. Whole antibodies have properties distinctly different from antibody frag­
ments. Because of their large molecular weigh t, whole an tibodies have slower blood
clearance, have a greater chance of being taken up into tumor, achieve a lower tumor-to­
background ratio, and are more suited for longer-lived radionuclides such as 1311and 11IIn.
Additionally, whole antibod ies have a higher rate of human antimouse an tibody (HAMA)
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TABLE 21- 2 Antibody Subclassification

Subclass

Class Human Mouse

IgG Ig;";l , IgG2, IgG3, IgG4 [gGl , IgG2a, IgG2b, IgG3
IgA IgAI,lgA2 None
IgM None None
IgD None None
IgE IgEI,IgE2 None

either were relatively constant or varied between different antibody molecules. Such
regions are referred to as the constant and variable domains within the an tibody molecule.
IgG has one variable domain and one constant domain on the light and heavy chains in
the Fab fragment and two constan t domains in the Fc fragment of the heavy cha ins (Figure
21-2). The variable do mains on the heavy and light chains extend from the amino terminus
to app roximately residue 120, and the cons tant domains extend from residues 121 to 220
on the ligh t cha in and from 121 to 450 on the heavy chain. By comparison, IgE and IgM
each have one variable and four constant d omains (th ree are in the Fc frag ment).

Each variable do main contain s amino acid posi tions with excep tional degrees of vari­
ability, termed the hyp ervariable regions or complementarity-determina nt reg ions (CDRs)
because these sites complement specific sites on the antigen . Sequence analysis has shown
that CDRs occur along heavy and ligh t chains at abo ut residue 30, between residues 50
and 60, an d between residues 90 and 100, with relatively constant "framework" regions
between them.' The heavy chain has an ad ditional CDR between residues 80 and 90. Each
CDR consists of a peculiar am ino acid sequence that de termines the antibody's uniqueness.
In the tertiary structure of the antibody, the heavy and light cha ins loop together in such
a way that three of these hypervariable regions are exposed at the tip of each Fab fragment,
forming the antigen-binding site (paratope) . The CDR between residues 80 and 90 docs
not seem to participate in paratope formation.

Stru ctural variation, particularly wi thin the heavy chains, determines the immunoglob­
ulin isotype or class (e.g., IgG versus IgA). Within each class are subclasses de termi ned
by specific amino acid sequence differences in the heavy cha ins and particularly by the
number of disulfide bonds present in the hinge reg ion. For example, human IgG contains
four subclasses, IgGl, IgG2, IgG3, and IgG4 (Table 21-2). Subclasses of an immunoglobulin
di ffer in their ab ility to fix complement or react with microbial proteins in the immunologic
process. The subclass of an antibody ava ilable for clinical use is often listed in the product
labeling.

The subclass or isotypic markers are constant within a given species but have distinct
di fferences between species. For example, mouse IgG subclasses are IgGl , IgG2a, 19G2b,
and IgG3. There are also allotypic determinants (genetic markers) that identify immuno­
logic d ifferences between IgG molecules within a given species. For example, blood from
two ind ividuals wi th different allotypic markers may be incompatible. Allotypic determi ­
nants are regions of variation found in the constant heavy domains, CH, and CH,. In
addition, the blood of individuals having identical allo typ ic markers may exhibit incom­
patibility because of differences in idiotypic markers. Idio types are specific markers found
in the va riable regions of the antibod y and are likely to be assoc iated with the hypervari­
able regions'
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FIGURE21·4 Injection of antigen into a mouse or other higher animal elici ts a heterogeneous
antibody response because of the stimulation of seve ral B-Iymphocytes by various determinanls on
the antigen, whic h results in polyc1onal antibodies in the serum (left). If sensitized lymphocytes are
removed from the sp leen of an immunized animal and induced to fuse with myeloma cells, indi­
vidual hybrid cells can be cloned, each producing monoclonal antibod ies to a single antigenic
determinant (righ t). (Reprinted wit h permiss ion of the Society of N uclear Medicine from reference 8.)

response because they retain the Fc portion . The HAMA response is an un desirable
immunologic reaction that results from human antibodie s being produced against the
injected mouse antibody as the foreign antigen. This response is more probable after
multiple exp osures to the antibody.

An tibody fragments are parts of the antibody prod uced by enzymatic cleavage with
peps in or papain. Fragmentation ma kes the antibody's kinetic prope rties different from
those of whole antibodies. Fragments have faster blood clearance because of their smaller
molecular weight. Because of this, a lower percentage of the injected dose is taken up in
tumor, but the tumor-to-background ratio is higher. The faster clearance means a shor ter
time from dose to imaging, so antibody fragments are particularly suited for labeling with
shorter-lived radion uclides such as """'Tc or 12'1. Additionally, beca use the Fc portion of
the antibod y is remove d during enzymatic cleavage, the HAMA response occurs less
freqently with frag ments. Elimination of the Fc portion also reduces binding of the anti­
body to Fe receptors in the liver and upta ke of the metabolized antibod y by macrophages,"

An tibody fragments are produced either by enzyme digestion or through genetic
engineering. Pepsin digestion of whole antibody results in one F(ab'), fragme nt with
bivalent antigen-bind ing capability. Papain d iges tion resu lts in two Fab fragments capable
of monovalent antigen binding. Despite removal of the Fc portion during enzyme d igestion,
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FIGURE 21-5 Fusion of anti­
ge n-s tim u lated spleen cells
with myeloma cells in poly­
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antibody fragments can sti ll elicit a HAM A response becau se they contain amino acid
sequences unique to the mouse. Consequently, genetic engineering techniques have been
developed to reduce the HAMA response." Several types of modificat ions can be made.
Achimeric an tibody contains a mu rine va riable domain and a hum an constan t domain; a
humanized antibody goes one step further and has only a murine CDR, with the remainder
beinghuman . Two other modifications can be ma de to shorten the time between antibody
injection and imaging: single -chain antigen-binding proteins that consist of a variable
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heavy chain and a light chain linked together by a disulfide bond, and mol ecular recog­
nition units that cons ist of the CDR alone . Despite these efforts to "humanize" antibodies,
antimouse antibodies can still be induced because the CDR is of mouse origin . These types
of antibodies are called human antichimeric an tibodies (HACA) or human antihuman
an tibodies (HAHA), de pending on whe ther the modified antibody is chime ric or human­
ized.

In addition to reducing HAMA response, another advanta ge of chimeric and human­
ized antibodies is that they possess a mu ch more potent immun e effector funct ion and
are the refore more capable of inducing CDC and ADCC than are their murine parent
antibodies, making them potentially more effective antitumor agents."

Antibody-Antigen Interaction

A whole antibody has two an tigen-binding sites, making it a bivalent ligand. Each of these
sites can interact with a single epitope on the antigen. The affi lJ ity of an antibody is the
strength of binding between a single ant igen-bind ing site on the antibody and its antigenic
epitope." Antibody affinity is typically determined by equilibriu m dia lysis with known
amounts of antigen and antibody. A sm aller fraction of an tibody associated with an antigen
indicates a low binding affinity. Becau se an antibody is bivalent, it may interact with two
epitopes on the antigen. The probability of this occurring increases if the substrate (e.g.,
tumor cell) antigen density is high.The overall strength of binding of an antibody molecule
to an antigen is called its avidity. Antibody avid ity is greater than affinity because both
binding sites on the antibody must dissociate for it to be released from the antigen.

When an an tibody is radiolabeled, its antigen-bind ing site may be altered, affecting
its ability to react with the antigen. The immunoreactivity of an antibody can be tested
by measuring its ability to react with cells that express the specific antigen ic determinant
on their surface. A typical way to assess a radiolabeled antibody's immunoreactivity is to
incubate it with an excess of antigen (tumor cells) and measure the fraction of labeled
antibody bound to the cells. Raji cells, which bear the antigenic determinan ts for lym­
phoma, have been used to assess the immunoreactivity of labeled antibod ies used to treat
non-Hodgkin's lymphoma.

Antibody Nomenclature

A variety of terms are used to describe antibod ies and their antigenic markers (Table 21-3).
The name of an antibody reveals some of its characteristics. The generic nam e given to
an an tibody (e.g., ibritumomab or ritux imab) is derived as follows.v" The suffix mab is
used for monoclonal antibodies and antibody fragments. Preceding the suffix is one or
more letters identifying the antibody source (e.g., 0 = mouse, II =human, xi =chimeric),
Preceding the antibody source designation is a letter cod e identifying the disease state
subclass (e.g., vir == viral, bac == bacterial, lim ;;:; immunomodulator, cir = cardiovascular) or
area of tumor involvement (e.g., col == colon, mel :::: melanoma, mar = mammary, tum or tll
= miscellaneous tumor). Preceding the d isease code is a unique prefix select ed by the
an tibody manufacturer. If the antibody is radiolabeled, the antibody name is p receded by
the name of the radionuclide, its elemental symbol, and its mass number. For example,
the Zevalin (Biogen ldec) antibody labeled with 90y or 11IIn is written as yttrium Y 90
ibritumomab or indium In 111 ibritumomab, and Bexxar (GlaxoSmithKIine) is written as
iodine I 131 tositumomab.

In addition to the generic name of an unconjugated an tibody is a number / Ietter code
designation for the antibody (e.g., Bl for tositumomab and 2B8 for ibritumomab). If an
antibody is a conjugate, the conjugate nam e follows its generic name. For example, Zevalin
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TABLE 21-3 Antibody Nomenclature

Disease- Trade Name Generic N ame

NHL Ze valin 911Y_ or "t jn-lbritumomab tiuxctan

KHL Bexxar 'v l-tosttumomab

NHL Rituxan Rituximab

CR cancer CEA Scan 'I'lmTc-arcitum omab

CR/OV cancer On coScint CR/OV "t ln-satumomab pendetide

Prostate cancer ProstaScint " tln-capromab pendetidc
NHL l3l I-LYM-l

NHL Lymphocide 'KlY-cp ra tuzumab

lntection LeukoScan YlmTc-suleso mab

lnlcction Leu'Tech 'I'lmTc-LeuTt.'ch

• ~'HL =non-Hodgkin's lymphoma; CR = colorectal: OV =ovarian .

Unconjugated
Monoclonal

Antibody
Des ignation

288
8 1
C2B8

IMMU -4

872.3

7El1-CS.3

LYM-I

hLl2
IMMU-MN3
An ti-SSEA-l

741

Antigenic
Marker

CD2U

C0 20
C0 20
CEA

TAG72

PSA

HLA-DR
CD22

NCA-9()

CD1S

labeled with"'Y or lIIIn is a conjugate of the monoclonal antibodvibritumomab and the
bifunctional chelating agent tiuxetan. The full names, thus, are yttrium Y 90 ibritumomab
tiuxetan and indium In 111 ibritumomab tiuxetan.

Specific surface molecules on the lymphocyte cell membrane that are recognized by
groups of monoclonal antibodies are called clusters of differelltiatioll (CD). The CD desig­
nation is followed by an arbitrarily assigned number. These CD antigens are expressed
on the surface of malignant B-lymphocytes in tumors and normal B-Iymphocytes in the
blood, spleen, lymph nodes, bone marrow, and some of their precursors in the marrow,
depending on the antigen." For example, the CD20 antigen, targeted by unconjugated
rituximab, IllIn- or 9OY-ib ritu rnom ah, and 1311-tositum om ab, is found on all cells, including
pre-B cells of the bone marrow, but not on the stem cells .

ANTIBODY LABEliNG

A variety of radionu clides, mainly radiohalogens and radiometals, are used to label
antibodi es.I-? " At present, the antibodies used in nuclear medicine practice are labe led
with 1311, 99"'Tc, 1I1In, and 'iOY, although other nuclides are be ing studied. A list of radionu­
elides for RID and RIT is given in Table 21-4.

Radionuclide Considerations

Radiolabeled antibodies are used for both diagnos is and therapy. Currently, therapeutic
applications are receiving much attention. Radionuclides for RID must necessarily emit
gamma radiation, while those for RIT em it particulate radiation, typically beta particles.
The development of alpha-particle em itters in RIT is under investigation.

For RIT, the radionuclide properties should be compatible with the size and location
of the tumor. In general, large solid tumors and those that do not in ternalize an tibody
(e.g., CD20 antigens) req uire more energetic, penetrating radiation, while metastatic
lesions, composed of only a few hundred cells, can be treated with short-range radiations.
Tumors that internalize antibodies (e.g., CD22 antigens) can be more effectively killed by
radionucl ides that emit short-range radiation, such as Auger electrons (e.g., !2;I and 77Br)
and alpha particles (e.g., 2I1At and 212Bi). Low-energy Auger electrons have high linear
energy transfer and possess the advantage of depositing their energy close to the cell
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TABLE 2 1-4 Properties of Radio labe ls for Diagnostic and Therapeutic Antibodies

Radiat ion Properties

Particles Photons

Radionudide Half-life Decay Mo de Max keV Mean Range (mm) keY Abundance (%)

l>iC U 61.9 hr ~- 570 0.27 92 11
185 49

" y 64.08 hr ~- 2280 2.76
'I'I"'Tc 6.01 hr IT 140.5 88
12.:\1 13.2 hr EC 159 84
\ 2,;1 59.4 days EC 27 115

35 6.7
])1 1 8.02 days ~- 606 0.4 364 82

637 6.5
lllt>Rc 89.2 hr ~- 1070 0.92 137 9
l!l11Re 17 hr ~- 2120 2.43 155 15
211At 7.2 hr Alpha 5866 0.06 42

7450 0.08 58

nucleus . They also have the potential of sparing normal tissue surrounding the tumor.
Larger tumors and those that bin d antibod ies on surface recep tors are more effectively
trea ted with more energetic beta emitters, such as 9OY , 1311, ''''Re, and 18BRe.

In general, the half-life of a radionu clide should be ma tched wi th the antibody's in
vivo kinetics. Whole or intact antibodies, which have prolonged circulation times, are best
labeled with longer ha lf-lived nuclides, such as 13'1, mIn, and 9OY. Antibody fragments,
which clear more quickly from the bloodstream, are preferably labeled wi th shorter-lived
nucl ides, such as '!'imTcand 1211. Ideally,a therapeutic radionuclide should also emit photons
to permit imaging of antibody distribution in vivo . This greatly facilitates quantitative
dis tribution studies for estimating radiation dosimetry. In some instances (e.g., with ibri­
tumomab), the antibody is labeled with a beta emitter (90Y) for the rapy, but it can alsobe
labeled with a gamma em itte r (mIn) to facilitate dosime try calculations.

Ideally, the radionuclide should not dissociate from the antibody in vivo, because this
would result in an undesirable radiation dose to normal tissu es and a reduced dose to
the tumor. In general, the radioiodines are prone to enzymatic deiodina tion with uptake
in the thyroid gland and stomach, while metallic radionuclides released from antibodies
are taken up into bone. Significant effort has been directed toward the development of
rad iolabeling me thods that mitigate these problems .

Radioiodine Labeling

Ant ibodies and proteins have been labe led wi th a variety of radiohalogens, including 1231,
1251, 1311, 77Br, "F, an d 211At." Most antibody labeling, however, is done with the radioiodines.
Both d irect and indirect meth ods of labeling are used.

With direct iodination (via electrophilic substitu tion), radioiodide (1-) is oxidized to I',
which binds to hydroxylbenzyl mo ieties of tyrosyl residues in the antibody polypeptide
chains, as follows:

H0-o-AntibOdy
N.I'

Oxidant H0-o-AntibodY

I
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FIGURE21-6 Oxidants used in the rad ioiodination of proteins and antibodies .

The direct method has the advan tage of relatively easy iod ine chemistry (see Chapter
9). Common oxidants for iodination are chlo ramine-T and the milder lodo-Gen (Pierce),
which is claimed to be less da maging to the antibody (Figure 21-6).' N-chlorosuccinimide
(NCS) has been used as an oxidant wi th indirect methods of iod ination . lodo-Gen is
preferred for labeling F(ab'), fragments because this method does not use sod ium me ta­
bisulfite, whi ch has the capacity to reduce F(ab'), fragments to Fab.'?

Indirect meth ods of labeling antibodies involve attaching the radiohalogen to an inter­
mediate compound that conjuga tes with the antibody. The principal functional groups on
antibodies involved in conjugation reactions are amines, sul fhyd ryls, an d oxid ized su gars.
However, most conjugations are via acylation reactions between s-amino groups in lysine
and an activated N-hyd roxysuccinimide ester (NHS). The classic agent of this type is the
Bolton-Hunter reagent (N-succinimidyl 3-iodo-4-hydroxypheny lpropionate).

Antibody-NH, + ~ ~0-CH2C-O-N 0

~I
OH

Bolton-Hunter Reagent

- ~
0-CH,-C-NH- Antibody

~I
OH

The principal advantages offered by this agen t are its ability to label proteins that do
not contain tyrosyl residues or are particularly sensitive to the oxidizing and reducing
conditions of direct iod ination. Labeling yields, however, are lower with the Bolton-Hunter
reagent because competing aqueous hydrolysis reactions of the active este r group occur
during the rad iolabeling. A signifi cant problem wi th antibodies labeled directly or wi th
the Bolton-Hunter reagent is that the radioiodine labe l is positioned oriho to the hydroxyl
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FIG URE 21 -7 Synthesis of N­
succinimidyl 3- or 4- IJII-iod o­
benzoate (SIB) from the corre­
sponding N-succinimidyl (tri-n­
butylstanny l)benzoate precursor
via iododestannylation followed
by conjug ation of SIB to lysine E­

amino groups on the antibody.
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group in the aromatic ring. This makes it prone to in vivo deiod ination by deiodinase
enzymes simi lar to the metabolism of thyroid hormone.

Other active ester intermediates for ind irect iod inat ion have been developed. tv " The
prototyp ical method for iod ination of an antibody by these intermediates occurs in two
steps. The initi al step involves syn thesis of N-succinimidy l 3- or 4-I3lj-iodobenzoa te (SIB)
from the corresponding N-succinimidy l (tri-n-butylstannyl)benzoa te precursor via iodo­
destannylation. This is followed by conjuga tion of SIB to lysine e-amino grou ps on the
antibody (Figure 21-7)."" 1' This method results in placemen t of the radioiodi ne atom in
an aro ma tic ring without a hydroxyl gro up. Its position within the ring is meta or para,
depending on the prec ursor used. Although it is more difficult to radiohalogenate non­
ph enolic aryl ring benzoates, they are more stable to dehalogenation in vivo . When
compared with the Bolton-Hunter reagent or d irectly labeled antibody, the N-succinimidyl
3-iodobenzoate ester was shown to produce radiolabe1ed antibody most stable toward
dehalogena tion in vivo. Distribution studies in mice dem onstrated that thyroid upta ke
of activ ity (a monitor of de halogenation) of the iodobenzoyl conjugate was about one­
ha lf tha t of the Bolton-Hunter-labeled an tibody and only 7% that of antibod y iodina ted
d irectly with Iodo-Cen .?" Additional repor ts demonstrated enhanced tumor upta ke,
therapeu tic efficacy, and in vivo stab ility agains t dehalogenation with iodobenzoyl anti­
body conjugates.2I•22

Many other methods can be used to radio label an tibodies, as review ed by Wilbur."

Radiometal labeling

The labeling of antibodies with radi ometals advanced significantly with the development
of bifunctional che lating agents (BFCAs). A number of methods have been used to label
proteins and antibodies with radiometals.P'V For chelation with 1II In and wy parti cularly,
derivatives of ethylenediamine tetraacetie acid (EDTA), d ieth ylenet riamine pentaacetic
acid (DTPA), and 1,4,7,1O-tetra azacyclododecane-1,4,7,1O-tetraaeetic acid (DOTA) have
been explored. Antibodies currentl y approved for routine use in nuclear medicine use
DTPA as the chelating ligand. They are labeled with the postlabeling approach, using kits
tha t contain the antibody-BFCA conjugate.

Two pr incipal approaches have been used to link BFCAs to antibodies. One approach
is to conjugate the BFCA with the e-nmino gro up of lysin e within the an tibody. However,
because lysine is presen t throughout the antibody molecule, site-specific conjuga tion is
no t possible with this approach . Depend ing on the labeling conditions, this approach may
result in reduced antibody sp ecificity if conjuga tion occurs in proximity to the Fab region.

Another approach involves conjugation of the BFCA to oxid ized oligosaccha ride moi­
eties wi thin the antibod y. Virtually all immunoglobulins contain carbohydrates that are
linked to the cons tan t regions of the heavy chains in the Fe region of the an tibody.
Consequently, conjuga tion and labeling of BFCAs in this reg ion should result in less
likelihood of interference with the antigen-binding site.
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FIGURE21 -8 Antibody conjugation methods involving the use of DTPA dianhydride to covalently
attach DTPAto the antibody via lysine acylation (top reaction) and by way of the DTPA derivative,
t-p-isothiocyenatobenzyl-D'Fl'A (bottom reaction), wh ich forms a stable thiourea bond wi th the
antibody. (MoAb is monoclonal antibody.)

Initial antibody conjugation methods used DTPA dianhydride to covalen tly attach
DTPA to the antibody via lysine acy lation (Figure 21-8). The labe ling of an tibodies con­
jugated in this manner w ith "'"Y, for example, de mons trated that yt trium slowly leaches
from the antibody in vivo, wi th radionuclide localiz ation in bone.33.J.1 It was thought that
the loss of one DTPA carboxyl group to acylation rendered it unavailable for che lation
and mad e the radi ometal bon d vulnerable.

Another labeling approach uses DTPA de rivatives. With this technique, a benzyl moi ­
etycontaining an antibody-coupling group is covalen tly bou nd to a methylene carbon in
the DTPA backbone (Figure 21-8)."27,28 A typical example is 1-p-isothiocya na tobenzyl­
DTPA, which forms a stable thiourea bond with the antibody according to the following
reaction, where MoAb is monoclonal an tibody:

DlPA -Benzyl-N=C = S + H
2
N-LYS-MoAb --- ~

DTPA - Benzyl-NH-C-NH-LYS-MoAb

This techni que of conjuga tion frees all five DTPA carboxyl groups for chelat ion wi th the
radiometal, significantly increasing the chelate's thermodynamic stability.Ad ditional func­
tional groups can be attached at other sites on the backbone to sterically hinder the release
of the rad iometal, imp roving stability further. An example is 2-p-isothiocyanatobenzyl-6­
methyl-DTPA (lB4M-DTPA) (Figure 21-8). This BFCA, designated MX-DTPA, is conju­
gated with ibritumomab for labeling with II\In or 9OY, forming a stab le 1:1 octade ntate
chelate with these metals.'"'2'!,35

Another ligand that has been explored to improve chelation stability is DOTA. DOTA
is a macrocyclic che lating agent known to p roduce exceedingly inert chelates with lan­
thanides. This sign ificantly red uces rad iometal dis sociation and localization in bone, A
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major drawback to the clinical p racticality of DOTA, however, is its slow reaction kinetics
during chelation. Th is poses a problem d uring antibody labeling because of the detrimen­
tal rad iolytic effects of hard beta emitters, such as 9OY, on antibody immunoreactivi ty. Thus,
new derivatives of DOTA have been sought to speed up its chela tion kinetics."

Oligosaccharide conjugation technology in antibody labeling involves the oxidation
of sugar moieties in the Fe region to aldehydes, typically w ith sodium periodate (NaIO,).
The aldehyde group can selectively react with compounds containing arn ines, hydrazines,
hydrazides, and semicarbazides.'" Th is permits the selective attachment of BFCAs to the
Fc region of the antibody, where radiolabeling will occur away from the antigen-binding
site. A typical conjugation reaction between an amino derivative of DTPA and antibody
aldehyde groups involves formation of an imine or Schiff base with the antibo d y, which
is then reduced to the stab le secondary am ine as follows:

MoAb-CHO + H
2N

-LYS-DTPA [ MoAb-CH=N-LYS-DTPA ]

~ Reduction

MOAb-CH,-NH-LYS-DTPA

The BFCA u sed in the production of Wln-satumomab pendetide and lllln-cap rom ab pen­
detide (ProstaScint, Cytogen) is glycyl-tyrosyl-(N-E-DTPA)-lysine or GYK-DTPA. It is the
linker molecu le attache d to oxidized sugars in the Fe region that chela tes Win to the
antibody.

Bifunctional chelation technology makes antibody labeling amenable to kit prepara­
tion; on ly the buffered radiometal must be added to the antibody conjugate in the kit. The
labe ling yield in com mercially available p rod ucts is typically greater than 900;;,. Rad iola­
beling via bifunctional che lation is discussed in Chap ter 9.

Several approaches have been used to label antibodies with 99mTc3 1l-32 A d irect method
relies on the reduction of disulfide b ridges within the antibody to generate endogenous
sulfhydryl grou ps. These groups are attachment sites for reduced technetium (see Figure
9-15, Chapter 9). An ind irect method of labeling antibodies involves first conjugation of
DTPA to the antibody and then addition of reduced technetium to the conjugate. This
method is similar to the postlabeling approach described above for 111 In and 90y labeling.
A third approach to labeling antibodies w ith technetium is to employ a prelabeled ligand
(p relabelin g approachj.l? In this method, dithionite-reduced technetium is complexed to
an N2S, ligand functionalized with a carboxylate group. This is then ac tivated with an
ester group through which it is bound efficiently to the antibody via an acy lation reaction
with lysine amine res idues (see Figure 9-16, Chapter 9). This labeling ap proach obviates
nonspecific binding of technetium to the antibody, which has been found to occur with
direct labeling by the postlabeling approach . Although this method produces a stable
antibody labe l w ithout nonspecific binding, it is somewhat cumbersome and less adapt­
ab le to simple kit formulation.

RADIOlABELEO ANTIBODIES

Five ra d iolabeled antibodi es for diagnosis and two antibodies for therapy have received
FDA approval for routine use in nuclear medicine. The 99mTc diagnostic antibodies are
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""Tc-arcitu momab (CEA-Scan, Immun omedics) and '!9mTc-nofetu momab merpentan (Ver­
luma; no longer marketed ). The lII[n diagnostic an tibodies are IIIIn-sa tumomab pendetide
(OncoScint CR/ OV), III ln-imciromab pentetate (Myosci nt) , and lII[n-capromab pendetide
(ProstaScint). OncoScint CR/OV and Myoscint are no longer ma rketed. The the rapeutic
antibodies are 91lY-ibritumomab tiuxetan (Zev alin) and I3J I-tositumomab (Bexxar). Several
other radiolabeled antibodies are in de velopment, including '!9mTc-su[esomab ('!9mTc-Leu­
koScan, Immunorned ics) and 99n'Tc-LeuTech (Palat in) for imaging infection, ""Y-epratu ­
zumab, and 1311_ and 67Cu-LYM-1 for treating non-Hodgkin's lymphoma. The diagnostic
antibodies are discussed in this chapter and the therapeutic antibodies, in Chapter 23.

Diagnostic Antibodies

Technetium Tc 99m Arcitumomab

"'mTc-arcitumomab (CEA-Scan) is a murine Fab fragment of IMMU-4 monoc lona l antibody
of the [gG1 subclass. IMMU-4 specifica lly reacts with carcinoembryonic antigen (CEA), a
200 kDa antigen expressed predominantly on the cell surface of a variety of carcinomas,
particularly of the gastrointestinal (GI) tract, but also found in fetal GI tissues and certain
inflammatory conditions , such as Crohn's disease and inflammatory bowel disease. lt is
prepared from whole antibody, wh ich is isolated from mouse ascitic fluid and subse­
quently digested with pepsin to produce the F(ab'), frag ments, and then further reduced
to produce the Fab fragments.

The kit consists of a single vial of lyophilized antibody with stannous chlor ide and
other adjuvants. It is stored in the refrigerator before use. Labeling is accomplished by
adding 30 mG (1110 MBg) in 1 mL of '!9mTc-sod iu m pertechnetate . After incubat ion for 5
minutes at room temperature, 1 mL of sterile saline is ad ded. Technetium binds to the
reduced sulfhydryl groups present in the Fab fragment.

\\~
~SH,,,
I"-SH

Reduction.. \-\
r~
I ,.f'lTc
1-8

Radi ochemical purity is achieved with instant thin-layer chromatograpy with silica
gel (ITLC-SG) in acetone, with the '!9mTc-Iabeled antibody remaining at the origin an d the
free pertechnetate migrating to the solvent fron t. Radiochemical purity must be 90% or
higher. The labeled product shoul d be stored at room temperature and used within 4
hours after preparation. The labeled antibody does no t require filtration before adminis­
tration to the patient.

'!9mTc-arci tumomab is used to detect recurrent or metastatic colorecta l cancer involving
the liver, abdomen, an d pelvis in patients with confirmed colorectal carcinoma. It is also
used in patients whose CEA levels are rising to de termine if the pa tient ha s dis ease
amenable to surgery. The dosage of '!9mTc-arcitumomab is 20 to 30 mG intravenous ly, with
no restric tions on rate of infu sion. Its HAMA response is reported to be less than 1%.
Planar or SPECT images are do ne at 2 to 5 hours after dosing, with delayed images at 24
hours if needed . The cri tical organ is the kidney, sustaining a radiation absorbed dose of
0.074 rad per 20 mCi (740 MBg).
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Indium In 111 Capromab Pendetide

I11 In-<:apromab pendetide (ProstaScint) is an intact antibody 7Ell-C5.3 of the IgGl subclass.
It reacts with prostate-specific antigen, a glycoprotein expressed by the prostate epithelium.

The antibody is labeled with IIIIn via GYK-DTPA linker technology. The linker is
covalently bound to a carbohydrate in the Fe portion of the antibody.

\\ 1-1
~s-S-l
!-s-5- 1I l ii,-GYK-OTPA-'O"" ,

The kit is composed of the antibody in 1 mL of phosphate-buffered saline (PBS),which
is stored in the refrigerator before use, a vial of acetate buffer, and a Millex-GV (Millipore)
filter. I11 In-ind ium chloride is available from Amersham and Mallinckrod t. Labeling is
accomplished in a three-step process. First, 0.1 mL of aceta te buffer is added to the indium
chloride. This step produces the intermed iate species, indium acetate, which keeps indium
soluble at the pH necessary for antibody labeling. This is followed by addition of 6 to 7
mCi (222 to 259 MBq) of indium acetate to the antibod y and incubation for 30 minutes at
room temperature to effect complexation of I11 In to the an tibody. At this point the remain­
ing 1.9 mL of acetate buffer is added to the mixture to comp lete the preparation . Radio­
chemical purity is checked by sp ott ing this mixture on an ITLC-SG str ip an d developing
it in normal saline. The antibody remains at the or igin and the free indium migrates to
the solvent front. Rad iochemical purity must be 90% or hig her. The labeled antibody is
drawn up through the Millex filter before use, and the product is stable for 8 hours at
room temperature.

I11In-<:apromab pendetide is indicated for use in patients with biopsy-proven and
clinically localized prostate cancer who are at high risk for metastasis, to help clinicians
decide on a course of therapy. I11In-capromab pendetide is also indicated for use in
postprostatectomy pa tients with a high clinical susp icion of occult recurrent or residual
prostate cancer (Figures 21-9 and 21-10). The usua l administered dosage is 5 mCi (185
MBq) given intravenously over 5 minutes. Whole-body pla nar imaging is do ne of the
pelvis, abdomen, and thorax between 72 an d 120 hours after dosing. The patient should
be prepared with a cathartic the night before and a cleansing enema and bladder void 1
hour before imaging . SPECT imaging is done, with a blood pool image acquired 30 minutes
after dosing follow ed by pelvis an d abdomen images at 72 to 120 hours after dosing.
Lesions are seen as increased focal accumulations of activ ity (Figure 21-10). Some normal
activity is seen in the liver, spleen, bone marrow, and genita lia. The critical organ is the
liver, sustaining a radiation absorbed dose of 18.5 radl5 mCi (185 MBq) ad ministered
activity.

Technetium Tc 99m Sulesomab

99mTc-sulesomab (LeukoScan) is a murine Fab fragment of IMMU-MN3 antigranulocyte
monoclonal antibody. It reacts with a 90 kDa glycoprotein, nonspecific cross-reactive
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FIGURE 21 -9 Normal scan in a 79 year old
man wi th pros tate cance r,obtained 96 hours
after injection of 5 mCi (185 MBq) of 111ln_
capromab pendetide. Increased activity is
seen in the region of the prosta te g land, con­
sistent wi th the patient's known prostate
cancer, but there is no ev idence of metastasis
in the centra l abd omina l region.

~TER IOR AED POST ABD

FIGURE 21 -10 Prostate metas tases in a 68
year old man with pros tate cancer and ele­
vated prostate-specific antigen level. Images
obtained 30 minutes after injection of 4.7 mCi
(174 MBq) of " tln-capromab pendetide dem­
onstrate evidence of metastatic lesio ns, seen
as a focus of increased tracer accu mulation
in the left side of the neck and multiple foci
of tracer accumulation in the cen tral abdom­
inal region.

antigen (NCA-90), on the surface of granulocytes. " LeukoScan cross-reacts with CEA an d
may interact with CEA-producing tumors.

99mTc-sulesomab is prepared from a kit con taining 0.31 mg of the antibody sulesomab,
0.22 mg stannous chloride, and other adjuvants, at pH 5 to 7. The kit is stored at 2°C to
SoC prior to labeling. The lyophilized powder is reconstituted with 0.5 mL of sterile saline,
followed by the ad dition of 30 to 40 mCi (1110 to 1480 MBg) 99mTc-sodium pertechnetate
in a volume of 1.0 mL. The product is ready for use after a 5 minute incubation. The
labeled antibody should be stored at room temperature and used within 4 hours after
preparation. Its radiochemical purity must be 90% or higher, as determined by lTLC-SG
in acetone. The labeled antibody rem ains at the origin and the free pertechnetate travels
to the solven t front.

99mTc-sulesomab is ind icated for the d iagnostic localization of infection and in flamma­
tion in bone in pa tients with suspected osteomyelitis, includ ing pa tien ts with d iabetic foot
ulcers. A typical administered dose is 20 to 30 mCi (740 to 1110 MBg) containing 0.25 mg
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of an tibo dy. Imaging is performed 1 to 8 hours after injection as desired; there is no
difference in detection of the presence or absence of osteomyelitis between 1 to 2 hour
and 5 to 8 hour imaging times. Several studies have shown the value of 99mTc-sulesomab
for diagnosing infection, compared with llIIn-oxine-labeled autologous leukocytes. Becker
et al." reported the sensitivity, specificity, and accuracy, respectively, of 99mTc-sulesomab
as 90%, 84.6%, and 87.9% compared with 83.9%, 76.5%, and 81.3% for autologous leuko­
cytes, whereas Hakki et al." reported 93%, 89%, and 90% for 99mTc-sulesomab and 85%,
75%, and 79% for autologous leukocytes. Thus, 99mTc-sulesomab appears to be a better
agent than llIIn-oxine leukocytes, requires less preparation time, and does no t raise the
safety concerns of labeling autologous leukocytes.

There have been no reports of positive HAMA response wi th a single dose of 99mTc_
sulesomab. The critical organ is the kidney, with a radiation absorbed dose of 4.15 rad/25
mCi (925 MBq). The effective dose equivalent is 0.95 rem.

Techn etium Tc 99m LeuTech

99mTc-LeuTech (Palatin) is a 99mTc-labeled IgM murine monoclonal antibody (anti-stage­
specific embryonic antigen-l [SSEA-l]) that has a specificity for the glycoprotein lacto-N­
fucopentaeose-III (CDI5) expressed on human neutrophils, eosinophils, and lympho­
cytes." 99mTc-LeuTech binds avidly to circulating polymorphonuclear leukocytes and has
been reported to localize rapidly in infectious processes after injection. It has been evalu­
ated in humans for detection of appendicitis. The antibody is labeled by addition of 99mTc_
sodium pertechnetate, followed by incubation for 15 minutes at room temperature or 30
minutes at 37°C, and stabilized with ascorbic acid. After administration of 99mTc-LeuTech
to patients with suspected acute appendicitis, imaging was reported to be positive in all
26 patients who had appendicitis (100% accuracy) and negative in 19 of 23 patients without
appendicitis (83% specificity)" This product, similar to 99mTc-sulesomab, if approved for
routine use, will provide a simple, safe method for labeling leukocytes in vivo for the
diagnosis of infection .

Therapeutic Antibodies

Several antibodies have been developed for therapy, particularly for the treatment of non­
Hodgkin 's lymphoma. The properties of these antibodies and the results of clinical studies
wi th them are discussed in Chapter 23.
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22 In Vivo Function Studies

In vivo function studies use rad iot racers to measu re ph ysiologic processes in the body.
The term tracer is particularly applicable to these studies. Simply de fined, a tracer is a
species that follows or outlines something else, the "tracee." In nuclear med icine, a
patient's bodily functions are assessed by measuring the absorption, dilution, concentra­
tion,or excretion of a rad ioactive tracer. An effective radiotracer is p rocessed by the body
system of interest in the same way as its tracee. In general, this means the tracer should
be chemically identical to the tracee or should function as the tracee in the system and
not interfere with the process bein g studied .

Tracers commonly used in biomedical studies can divided into three groups: (1) con­
trast material (dyes), (2) nonradioactive (stable) isotopes, and (3) radioactive isotopes. This
chapter discusses radioisotopic tracers routinely used in nuclear medicine stud ies.

BLOOD VOLUME MEASUREMENT

Blood cons ists of a fluid fraction (plasm a) an d the cellular elements: red cells (ery throcytes,
or ROCs), white cells (leu kocytes, or WBCs), an d platelets (thrombocytes). Each microliter
(mm') of adult human blood contains an average of 5 x 1()6 RBCs, 7 x 10' WBCs, and 3 x
10' platelets. Most of the cellular volume is therefore composed of RBCs. When anticoag­
ulated whole blood is centrifuged, it is sepa rated into a volume of packed cells and
superna tant plasm a. The volume of RBCs, expressed as a percentage of the whole blood
sample, is the hematocrit. It averages 45% in adult males and 42% percent in females.

Theoretically, whole blood volume can be determined from either the hematocrit or
the plasm acrit (percentage of the blood volume occupied by p lasma) and a measurement
of the RBC volume or plasma volume, as follow s:

Red cell volume Plasma volume
Whole blood volume = or

Hematocrit Plasmacrit
(22-1)

Some error is associated with such a measurement, how ever, because of small differences
between the large-vessel hematocrit (LVH) and the mean whole-bod y hematocrit (WBH).
The WBH, which is the average d istribution of RBCs in blood throughou t the body, is
calculated from independent measurements of the RBC volume and the plasma volum e
as follows:'

Mean whole-body hematocrit
Red cell volume

Red cell volume + Plasma volume
(22-2)

The mean WBH is generally lower than the LVH. The mean WBH-to-LVH ratio is 0.915,
ranging from 0.89 to 0.94.'

The LVH is de termined by ob taining a sample of blood from an arm vein and centri­
fuging it in a capillary tube 75 mm long and 1.2 to 1.4 mm in diameter. A standard
microhematocrit centrifuge spins the tube at 13,000 rpm for 4 to 5 minutes. The LVH is
the ratio of the height of the packed RBCs to the height of the RBCs plus plasma . The
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LVH is somewha t exaggerated because of the amount of plasma trapped between the
cells. The amoun t of trapped p lasma varies with centrifugal force, sp inning time, viscosity
of the blood, and volume of RBCs present.s In general, a standard microhematocrit reading
should be multip lied by 0.96 to correct for trapped plasma.' Thus, if the height of the RBC
fraction in a microh ematocri t tube is 24 mm and the he ight of the RBCand plasma fractions
is 60 mm, the hematocrit is 40%. Correcting the microhematocrit for trapped plasma and
LVH yields an approximate WBH, as follows:

0.40(Hct%) x 0.96 = 38.4%(LVH) x 0.915 = 34.94%(WBH)

A more accurate measurement of blood volume is made by measuring RBC volume
and plasma volume independently and then adding them together to arrive at the whole
blood volume.

Isotope Dilution Analysis

Meas urements of blood volume and plasma volume are based on the pr incip le of isotope
d ilution analysis. Follow ing th is p rinciple, a radioactive tracer of known volume (VI) and
concentra tion (CI) is ad ded to an unknown volume (V, ). The tracer is allowed to equilibrate
with the system and a sample is then removed for ana lysis to de termine the new tracer
concentration (C,) (Figure 22-1). The unknown volume is calcu lated from the following
relationship:

u _ CI ,VI
v2 -

C,
(22-3)

An accurate determ ination of blood volume is predicated on the requi rements that (1) the
tracer does not degrade in or significantly leak from the compartment d ur ing the time of
measurement and (2) the volume of tracer does not significantly change the volume of
the compa rtme nt being me asu red . For routine nuclear medicine procedures, the second
requirement is not a problem; however, the first requirement may be a concern in some
circumstances, and corrections must be applied if necessary.

RBCVolume

RBC volume is routinely measured by labeling a sample of autologous RBCs wi th 51Cr.
An accurate volume of slCr-labeled RBCs of known concentration (cpm/mL) is injected
intravenously into an arm vein and allowed to reach equilibrium in the circu lation, typ­
ically in 15 to 30 minutes. At this time a sample of blood is removed from the opposite
arm. Sam ples are counted in a scin tillat ion well counter, corrected for background count,
and expressed as net counts per minute per milliliter. From Equation 22-3, the RBC volume
is calculated as follows:

Red II I ( L)
Injected SlCr_RBC epm

ce vowne In = "
Removed . ICr-RBC epm/mL

Even though the slCr activity elutes from RBCs (approximately 1% pe r day), this small
amount will not affect the results of the study, which is completed in 1 to 2 hours.



In Vivo Function Studies 755

!

Q] -=- -

{

V,
TRACER

C,

BEAKER
VOL .

V, ' ?

I ml

100.000 CPM /ml,

REMOIIE,.,
200 CPN /ml

INITIAL

C V
VZ- ~C,

EQUILIBRIUM

100,000 CPMlml x 1ml

200 CPM/ml
500 ml

FIG URE 22 -1 Determ ination of the unknown vo lume of a compartment (beake r) using the principle
of isotope dilution analysis .

The follow ing example illustrates a routine procedure for labeling RBCs with SlCr.
Forty milliliters of whole blood from a patient's arm vein is drawn into a syringe containing
8 mLof acid citrate dextrose (ACO) anticoagulant solution. From this mixture, 14 m L is
used to prepare backgro und RBC and plasma samples. The remaining 34 mL is ad ded to
asterile vented seru m vial, followed by 150 Ilei (5.55 MBq) of 5lCr-sodium chromate. This
mixture is allowed to incubate for 20 to 30 minutes, with gentle mixing every 5 minutes.
During the labeling reac tion, the chromate anion ('I CrOi -) diffuses into the RBCs and is
reduced intracellularly to chromic ion (SlCr'+), which becomes bound to hemoglobin.F'
The maximum amount of chromium that labels RBCs is less than O.5llg /mL of RBCs and
is nontoxic to the cells. Labeling efficiency is 85% to 90%. At the end of incubation, the
blood can be centrifuged to separate the labeled cells from the unlabeled p lasma activity
or, alternati vely, ascorbic acid (100 mg) can be added to the blood-chromate mixtu re and
incubated for 5 minutes . The latter me thod is preferred by some investigators because it
spares the cells from centrifuge and manipulation trauma. The ascorbic acid reduces the
unlabeled chromate ion to chromic ion, preventing the in vivo labeling of RBCs when the
labeled blood mixture is reinjected into the patient. When the ascorbic acid technique is
used, however, plasma activity must be subtracted from whole blood measurements in
thefinal analysis because chromic ion labe ls plasma prote in. The labe ling method is shown
in Figure 22-2.

At completion of the labeling procedure, 1 mL of tagged blood is diluted to 100 mL
with wa ter. This 1:100 dilution is the s'Cr-RBC standard, which is used to determine the
totalactiv ity injected into the patient. After this, 20 mL of labeled blood contain ing about
80 IlCi (2.96 MBq) of Sl Cr activity is injected int ravenously into the patient. After a 30
minute equilibra tion time, a 15 mL sample of blood is removed from the opposite arm
into a heparinized syringe. This represents the equilibrium concentration of the injected
dose uniformly distributed in the unknown volume of blood. Two milliliters of the fol­
lowing samples is counted in a scintillation counter: standard whole blood (1:100 dilution ),
standa rd plasma (1:25 d ilution), 30 minute whole blood, 30 minute plasma, who le blood
background, and plasma background. Counts are adjusted for background, and dilution
factors are applied where required . Corrections are made for large vein-to-whole body
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40 ml BLOOD

+
8 ml ACD

30 min
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EXTRACELLULAR
REOUCTION

34 ml Blood.

NQ2Cr04

150 uCi

14mll Blood

Bkgd Samples

Ascorbic AC1
5 min

20 ml

......... 80 uCi

Cr - RBC STD
1:100 Oi l

•
Inject

Mixture [

cr - RBC

Ascorbate

Cr-Plasma

FIGURE 22 -2 Method of labeling red blood cells with " Cr-sodium chromate for dete rmining RBC
volume by isotope dilution analysis.

hematocrit and for tra ppe d plasma (see Table 22-1). The RBC volu me is then calculated.
Blood volume measurement is exp lained in detail in standard textbooks.v-?

Plasma Volume

Plasma volume is measured with "51-human serum albumin (I25I-HSA). Typically,S to 10
IlCi (185 to 370 kBq) of '251-HSA is injected intravenously and allowed to reach equilibrium
in the body (in about 15 minu tes). A blood sample is then removed from the opposite arm
and the plasma activity is determinedby sample counting in a scin tillation coun ter. The
plasma volu me is then calculated from the total activity injected and the concentrationof
activity per millili ter of plasma at the time of injection (Co), using Equation 22-3:

Injected cpm 1251_HSA
Plasma volume (mL) = !

Co sample cpm mL

Because 125I-HSA slowly leaks out of the plasma compartment, p lasma samp les analyzed
at different times after injection yield increasing ly larger plasm a volumes; in other words,
the volume of 125I-HSA distribution increases over time because the concentration in
p lasma is decreasing. Therefore, the initial equilibrium concentration (Co) must be deter­
mined from the followi ng equa tions, wh ich are derived from a graphical plot of the natural
logarithm of plasma activity versus time (Figure 22-3):

InCo
InCzI,-InC,I,

I , -I,

and Co=elnC,
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TABLE22-1 SlCr Red Blood Ce ll Volum e Analysis Wo rksheet
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Weigh t 1391b + 2.2 Ib/kg = 63.18 kg

Patient name: NS

Height: 59 in x 254 cm /f n e 149.86 em

Sex: Female

Sample volumes:

Counting time : 1 min

Hematocrits

Unit no:

Age, 75

Who le blood (WB) adm: 20 mL

Dilutions: Whole blood 1:100

Stan dard whole blood

(std Hel ) 0.41

Date:

Dose "Cr-sodium chromate

injected: 80 JlCi

Counting vol: 2 mL

Plasma 1:25

Sn-min p at ient ve in
(30 min HetJ 0.50

~dWB

Std plasma

30-min Pt WB

3O-min Pt plasma

\\'8 bkg

Plasma bkg

(A)

Gross Sample Cts
(2 mL vo lume)

6716

2657

4143

156

32

29

(B)

N et Sample Cts
(A - Re levant Bkg)

6684

2625

4111

127

(0
Dil ution

Factor

100

25

(D)

Net Corrected
Cis (8 x 0

668,400

65,625

(WEs)

(Pis)

(WBp)

(Pip)

Corrected SId HIT' (H ct.) =Std Het Ml x 0.88 =Q,J2

Corrected std plasmacr it (Pets) :::: (1.0 - Hct.) :::: Q,M

Corrected Sfl-min Pt Hct (Hct30) :::: 30-m in Hct, Q,,5Q x 0.88 :::: QA:l

Corrected 3O-min Pt plasmacri t (Pct3D) :::: (1.0 - Hct30) :::: Q2Q

Red blo od cell volume calculation

\

Formula:
[WB, -(PI, x Pet,)] x(mL WB Adm)x(Het30)

WBr - (PIpx Pet 30)

[668, 4oo -(65,625x 0.64)] x 20 mL x O.44

4,111-(127 x 0.56)
1364 mL ROC volume

Predicted

Parameter Formula" Value Meas ured

WB vol (mL)

RBC vol (mL)

RBC mass (mL / kg)

Plasma vol (mL)

Plasma mass (mL/kg)

Females: 24.8 H (cm)o.ns W (kg)O.425 - 1954
Males: 23.6 H (cm)o.ns W (kg)O.425 - 1229

Predicted WB vol x 0.4

Predicted WB vol x 0.6

3504

1402

21.0

2103

31.5

2665

1364

21.6

1301

20.6

• The hematocrit correctio n factor (0.88) is derived from the product of the correction for whole-body hem atocrit

(0.92) an d tra pp ed plasma (0.96). Source: Earl y PJ, Sod ee DB. Principles & Practiceof Nuclear Medicine.Baltim ore:
Mosby: 1984,832.

b Source: Reference 8.
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26.082

30 ,--1
o
o
a

15 30
Minutes

lOL---7 - - -=- - ,:

x 20
E
frFIGURE 22-3 Graphical method of determining the zero-time

plasma concentration of 125I-human serum albumin in the
measurement of plasma volume by isotope dilution analysis.
Extrapolatio n of the line drawn through the 15 and 30 minu te
time poin ts intersects the y-axis at the Co plasma activity
(26,082 cpm).

where C, is the plasma cpm of the first samp le time po int (15 minutes) and C, is the plasma
cpm at the second sample time point (30 minutes).

The following example illustrates the procedure for measuring plasma volume. An
intravenous line is established and an infusion set attached, and a 5 mL sample of blood
is obtained for background baseline measurement. Then 5 to 10 llCi (185 to 370 kBq) of
1251-HSA is injected intravenously into the opposite arm and the exact time is recorded.
From the initial arm,S mL samples of blood are removed into hepa rinized syringes at 15
and 30 minutes after the time of injection . These samples and the background sample are
centrifuged and the net activity (cpm/mL) in the plasma samples is de termined in a
scintillation counter. These timed sample activity concentrations are plotted on semilog
graph pa per, and the resulting straight line is extra polated to zero time to obtain the
p lasma concentration (Co) of the injected dose at the time of injection (Figure 22-3).

Alternatively, the Co pla sma concentration can be calculated from Equa tion 22-4. its
derivation is shown in Figure 22-4.

(22-4)

This equa tion is valid only if the second plasma samp le is taken at a time that is exactly
twice the sampling time of the first plasma sample (e.g., I, of 10 minutes and I, of 20
minutes, or I, of 15 minutes and I, of 30 minutes). This facilitates the determination of Cu.

The tota l activity of 1251-HSA in the injected dose is determined by counting a standard
dilution (1:4000) of the injected dose pre pared from the same lot of I~'I-HSA . The values
and calculations for a typical patient study are shown in Tab le 22-2.

Combined RBC- Plasma Volume Measurement

For convenience, " Cr-RBC volume and 1251-HSA plasma volume studies are typically
performed together. Using this approach, 1251-HSA is injected first, and samples of blood
for plasma volume measurement are obtained while the RBCs are being labeled with "Cr­
sodium chromate. After the 15 minute and 30 minute samples are obtained for the plasma
volume study, the tagged "Cr-RBCs are injecte d . A sample of blood is obtained 30 minutes
later for the RBC volume determination . Although the blood sample for the RBe mea­
surement will contain both 1251and "Cr, the 1251coun ts (photon E = 27 to 35 keY) are easily
discriminated from the "Cr counting window (ph oton E = 320 keY) of the scintillation
spectrometer. An example of a combined study in the same patient is shown in Tables22-1
and 22-2.
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FIGURE 22-4 Derivation of the simplified equation for determining Coin plasma volume analysis.
Assumptions: first-orderexponential rate of loss of I25I_HSA from plasma compartment, and 12 equals
2 x I I'

TABLE 22-2 1251-HSA Plasma Volume Analysis Worksheet

Patient nam e: NS

Height: S9 in x 2.54 cm /in = 149.86 em

Sex: F

Dose (~Ci "' l-HSA): 7.0

Std dilution factor (DF): 1:4000

Countin g time: 2 min

IS-min plasm a gross co unts: 25,28S

3O-min plasma gross co un ts: 24,480

Plasma background co unts (bkg 1): 35

Room background counts (bkg 2): 35

Standard co unts gross: 8520

Unit no : Date: 6-3-02

Weight: 139 1b + 2.2 lb/ kg = 66.18 kg

Age: 75

Counting vol: 2 mL

Net counts (gross cts - bkg 1): 25,250

Net counts (gross cis - bkg 1): 24,445

Net counts (gross cts - bkg 2): 848S

Formu las:
(Not e,,)'

Co counts - -,-:-.,..,.~'­
Ne tCO'J

(25,250)'
24,445 - 26,082

Plasma vol
NetStdCts xDF

Co counts

(8485) x (4000)

26,082
1301 mL
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Predicted normal values for whole blood volume are either determined from standard
tables or calculated by a formula based on body surface area.' The p redicted n ormal RBC
volume or mass and plasma volume or m ass are then calculated (see Table 22-1). The
normal average values (mL/kg) for total blood volum e (mass), RBC mass, and plasma
mass for males and females are as follows:'

Females Mal es

Total blood mass 66 72

RBC mass 24 28
Plasma mass 42 44

RBC SURVIVAL

The ability to measure the su rvival of RBCs in the circulation is helpful for several reasons:
(1) It provides info rmation about the compatibility and suitability of donor blood used in
transfusions, (2) it is helpful in va lidating whole blood collection and storage methods,
and (3) in patients with hemolytic anemia, RBC surviva l studies may p rovide insight into
the rate and mechanism of hemolysis.

A shortened half-life of disappearance of labeled RBCs from the circulation suppo rts
the diagnosis of intr avascular hemolysis or hypersplenism. Because the spleen is the
normal site for destruction of senescent RBCs, a splenic sequestration st udy may also yield
useful information. The normal sp leen-to-liver ratio of activity from slCr-labeled RBCs is
1 to 1. In cases of hypersplenism, it is greater than 2 to 1. Increased liver activity is indicative
of in travascular hemolysis, because hemoglobin is metabolically processed by the liver.

The application of radiotracer techniques has proven to be an important advance in
determining RBC survival. With this method, the p atien t' s own blood, as well as donor
blood, can be labeled with a ra dionuclide (e.g ., SICr or 9YmTc), and survival of the cells in
the circulation can be monitored by radioactive counting of blood samples obtained
periodically over time.

Cohort and Random Labeling of RBCs

Radionuclide methods of labeling RBCs can be divided into two groups: cohort labeling
and random labeling." In cohort labeling, the radiotracer is incorporated into cells as they
are newly formed, and the survival of this group or cohort of cells of similar age is studied
by monitoring their passage into and removal from the circulation. Although cohort
labeling is the ideal method for studying RBC survival, it requires that labeling be accom­
p lished within a short window of time, that the label remain within the cell throughout
its life span, and that the label not be reused after destruction of the cell. Because no
radiolabel meets all of these requirements, cohort labeling is not routinely used.

In random labeling, cells are labeled in such a way that the age di stribution of the
labeled sample reflects the age distribution of the parent population . Survival is studied
by monitoring the disappearance of the labeled sample from the circulation. 51Cr-sodium
chromate is routine ly used for random labeling of RBCs. The advantages of this agent are
that the labeling is simple and conven ient, the label is not reused, and external gamma
counting can be performed with in vitro samples and, if necessary, in vivo detection to
localize are as of RBC sequestra tion in the body. The latter is important for assessing the
relative roles of different sites of RBC destruction in known cases of hemolytic anemia.
One disadvantage of 51Cr-sodium chromate is that the 51Cr label elutes from the cells in
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vivo at an exponen tial rate of about 1(Xl per day.II This elution requires a correction to
obtain clinically satisfactory approximations of the mean ROC life spa n .

RBC Survival Method

The RBC survival method is useful for measuring the life span of RBCs in patients with
known or suspected hemolyt ic anemia and for validating new procedures for collecting
and storing whole blood. Survival is determined by monitoring the disappearance of 51Cr­
labeled RBCs from the circulation. The half-life of slCr-labeled RBCs in normal subjects
measured by this me thod is about 30 days.' Th is value is about twice the normal rate of
removal by RBC destruction alone of 1% per day for senescent cells. The increased rate
with sICr-RBCs is due to an additional 1% loss per da y from elution of the slCr label.
Consequently, sICr-RBC survival data bear no simple relationship to the mean cell life
span, which is the pa rameter required in clin ical prac tice. If, ho wever, as recommended
by the International Committee for Standardization in Hematology, th e 51Cr-RBC survival
data are corrected for 51Cr elution, and the pa tient is in a steady state of RBC production
and destruction during the course of study, then the corrected half- life value is a measure
of ROC destruction only. Furthermore, multiplying this corrected half-life value by 1.443
gives the mean life of RBC survival. .

A su mmary of the procedure follows; gre ater detail can be fou nd elsewhere. Autolo­
gous RBCs are labeled with slCr as described previously for RBC volume determination.
This method conforms to the recommended methods established for labeling RBCs with
51Cr. Labeled blood is then injected into the patient. On day 1 after injection, a sample of
blood is withdrawn and the net count rate in the ROCs is determined, This procedure is
repeated th ree times per week fo; 2 weeks. The percentage of the day 1 sample RBC
activity that is p resent in each subsequent samp le is determined as follows:

% Survival of labeled red cells =
Net cpm of sampled red cells X 100

Net cpm of red cells on day 1

These data are the n corrected for slCr deca y and elution and plotted on semilog graph
paper. The mean RBC life span is calculated as the reciprocal of the slope of the plotted
line, or 1.443 times the half-life of disappeara nce over time (Figure 22-5). The norma l mean
RBC life spa n determined by this method is 115 da ys .

TESTS FOR VITAMIN B' 2 DEFICIENCY

Vitamin BI2 (cyanocobalamin) is an essential nutrient for all cells of the body becau se it
is requ ired for the synthesis of DNA. " Lack of this vitamin causes failure of nuclear
maturation and cell division. Because tissues tha t produce RBCs are among the most
rapidly proliferating in the body, a lack of vitamin BI2particularly inhibits the rate of RBC
production. This is manifested, in part, by ad ult erythrocytes that have flimsy membranes
and are large, oval, and irregularly shaped instead of having the usual biconcave disk
sha pe. Such cells have a normal amount of hemoglobin and are quite capable of carrying
oxygen, bu t the ir fragili ty causes the m to have a short life span, measured in weeks rather
than months. Vitamin B" deficiency thus causes maturation failure in the process of
ery thropoiesis .

The most common cause of ma turation failure is not lack of vitamin B" in the diet but
failure to absorb it from the gastroin testinal tract. This often occurs in pernicious anemia,
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FIGURE 22·5 Determin ation of mean RBC life span from the in vivo survival of " Cr-lebeled RBCs.
0 = su rvival related to RBC destruction and "Cr elution; • = survival related to RBC destruction
only, corrected for "Cr elu tion.

in which the basic di sorder is a failure of the gas tric mucosa to secrete intrinsic factor, a
substance necessary for vitamin BI2 absorption . Intrinsic factor is a glycoprotein secreted
by the parietal cells of the gastric glands. It combines with vitamin B" in food and makes
the vitamin available for absorption across the intestinal mucosa. Intrins ic factor binds
tightly with vitamin B" , which p rotects the vitamin from digestion by gastrointestinal
enzymes. The vitamin-intrinsic factor complex binds to specific receptors on the brush­
borde r membranes of the ileum's mucosal cells . The complex is then transported into the
cells by pin ocytosis , and within about 4 hours the vitamin is released into the bloo dstream.
Once in the blood, vitam in B12 is bound to a plasma ~-globulin, transcobalamin II, which
transports it to the tissues, primarily the liver, where it is stored. The vitamin is slowly
released from the liver when needed by the body. The normal amount required for the
maturation of RBCs is about 1 ~g per day. The normal amount stored in the liver is about
1000 ~g. Figu re 22-6 illustrate s the absorption and distribution of vitamin B12.

Besides the lack of intrinsic factor as a cause for vitamin 8 12 de ficiency, any number
of intestinal diseases or defects can interfere with the absorption of the vitamin- intrinsic
factor complex.P An tibod ies to intrinsic facto r or to the B12-intrinsic factor complex may
playa role in impaired uptake by the ileal cells. Bacterial overgro wth or certain intestinal
parasites can prevent an adequa te supply of vitamin BI2 from reaching the ileum. Addi­
tionally, any da mage to ileal mucosal cells by d isease or surgical procedures can interfere
with absorption . Finally, pure vegetarianism may be a cause, because vitamin B12 is found
only in animal protein.

Normal individuals have plasma concentrations of vitamin BI2 between 200 and 900
pg/mL, whereas a deficiency state is usually present when the level falls below 200 pg /mL,l3

Once a d iagnosis of vitamin BI2 deficiency is made on the basis of low serum B12 and
clinical signs an d symp toms, the question is whether the deficiency is d ue to a lack of
intrinsic factor or to ileal dysfunction . A number of methods, all using radioactive vita min
labeled with "Co, "'Co, or ""Co,have been used to measure absorption of vitamin BI2 from
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the gas trointestinal trac t; current studies use " Co. The properti es of these isotopes are
listed in Table 9-19, Chapter 9. Early .methods analyzed eith er blood samples, to measure
the amount of an oral dose of rad iolabeled vitamin that was absorbed, or sto ol samples,
to measure the amount that was not absorbed .lv" The urinary excretion me thod, or
Schilling test, measures the fraction of the administered dose that is excreted in the urine
in 24 hours." Of these three methods, the Schilling test is the proced ure of choice.

Schilling Test

The first step of the Schilling test is the administra tion of an oral dose of radiolabeled
vitamin BI 2 containing about 0.5 /l Ci (1 8.5 kBq) of 57CO and be tween 0.5 and 1.0 llg of
vitamin . The patient mu st fast for at least 8 hours before the test . The amount of vitamin
in the dose must be ph ysiologic, no more than might be p resent in a normal meal, because
quantities above this level may be absorbed by mechanisms not dep endent on intrinsic
factor," Within 2 hours of the oral dose, 1000 llg of stable vitamin B12 is administered
intramu scularly, This is known as a "flushing dose" because this amount of vitamin
temporarily satu rates B12 binding sites in the tissues and enables a significant fracti on of
the absorbed radioactive dose to be excreted in the urine, Vitamin B12 is excreted by
glomeru lar filtration . A complete 24 hour ur ine collection mu st be made and the volume
accurately measured . Equal volumes of urine and a 57CO standard, representing 20% of
the admin istered dose, are counted in a scint illation counter. The fraction of the dose
excreted is calculated as follow s:

% 57Co-B12 dose excreted =
Net counts in urine x 100
Net counts in 57Co std x 5

In normal subjects, more tha n 7% of the dose is excreted in 24 hours. A value less than
7% is indicative of absorption abnormality. The procedure just described is known as the
Schilling test I.

If the amount of dose excreted is less than 7%, a Schilling test II is indicated . Within
3 to 5 days of the first test, a repeat test is cond ucted that includes a 60 mg capsule of
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intrinsic factor given along with another dose of 57Co-vitamin B12. Under these test con­
ditions, if th e patient has pernicious anemia the 24 hour urine excretion becomes normal.
If some other malabsorption problem exists, however, no change from the first test is
observed. Below-normal excret ion of "Co-vitamin Bn measured by a Schilling test II may
indicate that inadequate intestinal absorption is caused by bacterial overgrowth competing
for the vitamin-intrinsic factor complex in the intestine. In this situation, a thi rd test is
conducted after a 2 we ek course of broad-spectrum antibiotic to ste rilize the bowel. If
suc h bacterial overgrowth is the cause of malabsorption, urinary excretion should then
become normal on a third Schilling test.

One disadvantage of the Schilling test is the necessity for complete 24 hour urine
collection. Maximal excretion of vitamin B12 occurs between 8 and 12 hours after an oral
dose, and loss of specimen during this time can produce a falsely low result in a normal
sub ject. Erroneously low results can also occur in subjects with delayed urinary excretion,
such as patients with renal failure. It is the refore w ise to procure tw o sep arate 24 hour
urine collections in succession. An initial low 24 hour excretion ra te due to renal disease
can be readily uncovered by this method, and if the re is a gross di screp ancy between the
urine vol umes collected during the first and second day, one can su spect that a significant
loss of ur ine has occurred.

An alternative approach to performing the sequ ential Schilling tests I and II is the
/

dual-isotope technique." This technique involves simultaneous administration of one
capsule contain ing 57Co-cyanocoba lamin bound to in trinsic factor and a second capsule
of "Co-cyanocobalamin alone. The 24 hour urine is counted and the ratio of " Co to 58Co
excreted is measured. This test accomplishes the Schilling tests I an d II simultaneously,
and it does not rely on a complete 24 ho ur urine collection because the ra tio of isotopes
is measured . A commercial kit (Dicopac, Amersham/Searle) was once available for con­
ducting this test, but it has been removed from the market.

REFERENCES

1. Welch TJC, Potchen E], Welch MJ. Fundamentals of the Tracer Method. Philad elphia: WB Saunders; 1972.
2. Albe rt SN . Blood Volume lind Extracellular Fluid Volullle. 2nd ed . Spring field IL: Charles C Thomas; 1971.
3. Gray Sl. Sterl ing K. The tagging of red cells and plasma prot eins wit h radioactive chromiu m. I Clin

Invest. 1950;29:1604~13 .

4. Person HA . The bind ing of Cr~51 to hemoglobi n. I: In vitro studies. Blood. 1963;22:218-30.
5. Ebaugh FG, Samuels A], Dob rowlski P, et a1.The site of the CrOol-hemo globin bond as determined by

starch electrophoresis and chromatography [abstract] . Fed Proc. 1961;20:70.
6. Albe rt SN, Sodee DB. In vivo and in vitro studies of hemopoietic product ion and componen ts. In: Sodee

DB, Early PJ, eds. Mosby's Manual of NuclearMedicine Procedures. 3rd ed . St Louis : Mosby; 1981:269.
7. Arnold JE. Blood volume. In: Gottschalk A, Patchen E]. eds . Diagnostic Nuclear Medicine. Baltimore:

Williams & Wilkins; 1976:130-8.
8. Hidalgo JU, Na d ler 5B, Bloch T. The use of the electro n ic dig ital comp ute r to determine best fit of blood

vol ume formulas. ] Nue! Med. 1962;3:94-9.
9. Early P], Razzak MA, Sode e DB. Textbookof NuclearMedicine Technology. 3rd ed. St Loui s: Mosby; 1979:351.

10. Bentley SA. Red cell survival stu dies reinterp reted . Clin Haematot . 1977;6:601-23.
11. Ebaugh FG Jr; Emerson CP, Ross JE The use of radi oactive chro mium -51 as an eryt hrocyte tagging agent

for the dete rmination of red cell sur vival in vivo. ] Ctin Invest. 1953;32:1260-76.
12. Guyton AC. Textbook of Medical Pllysiology. 6th ed . Philadelphia: WB Saun ders; 1981:59.
13. Hillman RS. Vitamin B-12, folic acid, and the treatment of mega loblas tic anemi as. In: Gilman AG,

Good man LS, Gilman A, eds. The Pharmacological Basis of Therapeu tics. 6th ed . Ne w York: Macmillan;
1980 ,1331.

14. Nelp WB, McAfee JG, Wagn er HN Jr. Single measurement of plasma rad ioactive vit amin B-12 as a test
for pernicious ane mia. JLab C!in Med. 1963;61:158-65.

15. Hein le RW, Welch AD, Scharf V, et al. Stud ies of excret ion (and absorp tion) of Co-60 labeled vitamin
8-12 in pe rn iciou s anemia. Trans Assoc A m Physicrms. 1952;65:214-22.



In Vivo Funct ion Studies 765

16. Schilling RE lntrinsic factor studies. ll: The effect of gas tric juice on the ur inary excret ion of radioactiv ity
afte r the oral administration of radioactive vitamin B-12./l.ilb Clin Med. 1953;42:860-6.

17. McIntyre PA. The blood and blood -for ming organ. In : Wagner HN jr; ed. N uclear Medicine : A Hospital
Text. New York: HP Publi shers; 1975:185.

18. Katz JH, Dima se J, Don aldson RM Jr. Simultane ous administrat ion of gastric juice bound and free
rad ioactive cyanocobalamin: rap id procedure for differen tiating between int rins ic factor deficiency and
other causes of vitamin B-12 malabsorption./l.ilb Clin Med. 1963;61:266-9.



23 Therapeutic
Radiopharmaceuticals

11e development of new radioactive agents and treatment methods has led to an increase
n therapeutic applications of radiopharmaceuticals over the past 10 years. Therapeutic
ipplications include cancer radioimmunotherapy (RIT), palliation of painful bo ne
netastases, treatment of malignant effusions, radiation synovectomy, treatment of hyper-,
:hyroidism and thyroid cancer, and treatment of brain tumors. This chapter discusses these
applications, except for thyroid therapy, which was covered in Chapter 14.

RADIOIMMUNOTHERAPY

The introduction of monoclonal antibody technology stimulated the development of
immunologic methods of destroying malignant tissue. The rationale for the use of antibody
therapy for tumor destruction was based on the natu ral mechanisms of antibody immune
effector functions, namely, lysis of tumor cells by complement-mediated cytotoxicity
(CMC) and antibody-dependent cell-mediated cytotoxicity (ADCC) or induction of apo­
ptosis (programmed cell death).

Initial clinica l experience using unmodified antibodies to treat cancer was disappoint­
ing, but specific problems were identified that led to new approaches to the use of
antibodies. Signi ficant problems included difficulties in deliver ing antibody to tumors and
in penetrating into bulky tumors, the inability of murine antibodies to adequately exert
cytotoxic effects through human immune effector functions, the development of immu­
nogenic responses to mouse antibody (human antimouse antibody, or HAMA), and the
development of antigen-negative tumor cells that render the tumor refractory to further
treatment'

Efforts in the field of genetic engineering led to the creation of chimeric and humanized
antibodies; this improved therapy significantly, because murine antibodies interacted
poorly with complement and human effector cells in vivo. A good example of successful
genetic engineering is the development of the chimeric monoclonal antibody rituximab
(Rituxan, Genentech), which targets the C020 antigen on malignant B-lymphocytes. This
antibody contains murine variable regions and human constant regions. Studies have
demonstrated this antibody's ability to lyse B-cells by CMC and ADCC. Additionally, its
chimeric structure significantly reduces its immunogenicity compared with its murine
parent," Rituximab has been shown to be effective in the treatment of non-Hodgkin's
lymphoma (NHL)Y 1t produces objective tumor responses in approximately 50% of
patients with relapsed or refrac tory low-grade or follicular NHL. 1t was the first antibody
approved by the Food and Drug Adminis tration (FDA) for treating cancer.

The desire for more effective therapy wi th antibodies led to the development of
radiolabeled monoclonal antibodies. Studies indicated that NHL can be trea ted effectively
by RIT for several reasons, including the inherent radiosensitivity of lymphocytes, the
vascular accessibility of these malignancies, and the large number of target antigens on
the surface of lymphocytes. For example, the B-cell an tigens C019, C020, and C022 are
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and the radiation absorbed dose to va rious organs is calculated by standard pha nnaco­
kin eti c and Medical Internal Radiati on Dose (MIRD) techniques. The cumulated activity
(Al and the volume or mass of tumor and normal tissue needed for the "5" value calcu­
lati on are the essential pieces of information required for dose estimates. Ga mma-eamera
imaging provides a measure of tissue activity over time, while computed tomography
(CT) or magnetic resonance imaging (MRI) is used to define tumor volumes. If the ther­
apeutic radionucl ide is a p ure be ta emitter, a pho ton-emitting surrogate wi th similar
pharmacokinetic properties and physical half-li fe is labeled to the antibody for dosimetry
est imates . This approach works well wi th "'Y- and IIIIn-Iabeled ibritumomab tiu xetan,
which have similar biolog ic properties and decay half-lives. A half-life match between the
surrogate tracer nuclide and the therapy nucl ide is important. A surrogate tracer having
a shorter half-life tha n the therapy nuclide may miss impor tant late pharmacokinetic data,
resultin g in unreliable time-activity curves and dosimet ry estimates.

Two differen t approaches have been used to deliver a cytotox ic do se of radiation to
tumors: (1) the no nmyeloablative or low-dose approach and (2) the myeloablative or high­
dose approach .w Nonmyeloablative RIT is designed to spa re bo ne marrow from toxicity.
Consequently, dose escala tion studies are required to determine the maximum tolerated
dose (MTD) . Dose-limiting toxicity in RIT usually occurs 2 to 3 weeks after the rapy, with
a nadir at about 4 to 8 weeks and full recovery usually w ithin 12 weeks after therapy'
Myelotoxicity is typically manifested by thrombocytopenia and neutropeni a ' The myelo­
toxic ity response depends on patient-specific conditions and whether prior chemotherapy
or immunothe rapy has been received, in which case patients are more vulnerable to
toxicity. In myel oabla tive RIT, the radiati on dose is almos t certain to result in bone marrow
ablation and requ ires a hematopoietic stem cell tra nsplant (HSCT). The treatment dose is
de signed to deliver not more than the MTD to the dose-limi ting normal tissues, those
being the lung, kidney, liver, and gastroin testinaltracl6.'

Dosi ng Methods

Two d osing methods have been used in RlT: the radiation dose method and the rad ionu­
elide dose mcthod .v' In the radiation dose me thod, the amount of adminis tered activity
for the therapeutic dose is based on a prescribed radiation dose to the critical dose-limiting
orga n (red marrow or total body) in the case of nonmyeloablative RIT or the cri tical dose­
limiting second organ (lung, kidney, liver, gastrointestinal tract) in the case of myeloabla­
tive RIT6 In the rad ionuclide dose method, the amount of radioactivity administered is
based on body weight or body surface area, (i.e., mCi per kg or m-).

Nonmyeloab lative thera py in NHL has been conduc ted usi ng both the radiation dose
method and the radionuclide dose method.' In the radiation 'dose method, the amo unt of
rad ioactiv ity to be ad min istered is calculate d by dividing the prescribed radiation dose
(cGy) to the critical organ (red marrow or tota l body) by the radiation dose per uni t activity
(cGy fmCi) to the critical organ, estimated by a pretherapy tracer dose. The tot al-body
dose is used as a marrow dose surrogate for l3lI-rnonoclonal antibodies because of its
penetrating gamma radiation componen t, which contributes sign ificantly to the red mar­
row dose.' This is the me thod used for dosing l31I-tos itumomab. The MTD for 13' I-tosi tu­
momab in nonmyeloabla tive therapy of NHL is 75 rad (cGy) to the to tal body. This was
determined from a dose-escala tion study beginning w ith a 25 rad(cGy) total-body dose,
inc reasing in incremen ts of 10 rad(cGy).lO

With the radionucl ide dose method in nonmyeloablative therapy, the amount of rad io­
activity adm inistered is based on the maximum allowed activity per kilogram of body
weight. This method does no t require a tracer dose to calc ulate the administered act ivity,
but tracer stu dies are typically d one before thera py as a safety measure to en sure normal
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biodistribut ion to organs. This method has been used with 9l'Y-ibritumomab tiuxetan. The
MID for 'IOY-ibritu momab tiuxetan in nonmyeloablative therapy of NHL is 0.4 mCi/kg
(14.8 MBq/kg) in patients with platelet counts 150,000/~L or higher and 0.3 mG/kg (11 .1
MBq/kg) with platelet counts 100,000 to 149,OOO/~L. The max imu m allowed dose per
patient treatment is 32 mG (1184 MBq) regardless of body weight, based on crit ical
threshold doses of 300 rad(cGy) to the marrow and 2000 rad(cGy) to any secondary organ
(lungs, liver, or kidneys). The MTD was determined from a dose escalation study begin­
ning at a dos e of 0.2 mG / kg (7.4 MBq/ kg) with increasing increments of 0.1 mCi/kg (3.7
MBq/ kg).l1 The tota l-body dose method that is used for 1311-tositumomab cannot be used
with 'lOY-ibritumo mab tiuxetan because the red marrow dose does no t correlate well with
total-body d ose. The reason is the resid ualizin g of 'lOy in the body and its lack of gamma
emissions,"

Myeloablative the rapy ha s also been used in NHL patients. The amount of adminis­
tered activi ty in these patients is determined by the rad iation dose method. In this
approach, a Phase I d ose-escalation study was cond ucted beginning at 1000 rad(cGy) to
the lungs as the critical organ, with incremental increases to 3075 rad (cGy)12 The MTD
was determined to be 2725 rad(cGy). Patients also received HSCT in this treatment regimen
because of the resulting bone marrow ablation. The results of this type of treatment
regimen in a Phase [] trial and of nonmyeloablative treatment stud ies in RIT are described
below in the discussion of individua l antibodies.

THERAPEUTIC ANTIBODIES

90Y_ and l11 ln-lbritumomab liuxetan

Ibritumomab tiuxetan is an antibody conjugate of ibritumomab, an intact IgGl kappa
murine monoclonal antibody, and tiu xetan (MX-DTPA), an isothiocyanatobenzyl-deriva­
tized DTPA linke r, covalently bound to lysine and arginine amino gro ups in the antibod y
by a stable thiourea bond (see Figure 21-8, Chap ter 21). <JOy or 111ln is labeled to the antibody
by chelation w ith the DTPA ligand . The radiolabeled an tibody targets the CD20 antigen
present on the surface of normal B-Iymphocytes and the malignant B-lymphocyte s ofNHL.

The therap eutic regimen of ibritumomab tiu xetan is supplied as two separate iden tical
kits, one for preparing a single dose of 111 ln-labeled d iagnostic an tibody an d the other for
a single dose of 90Y-Iabeled ther apeutic an tibody. The kits shou ld be stored in the refrig­
erator prior to use.

Antibody labeling follow s specific ste ps that d iffer bet ween 111 In and ""Y in the amoun ts
of activi ty and antibody used and the length of incubat ion. The labeling steps for each
rad ionuclide are summa rized in Table 23-1. In general, shaking and foaming of the anti­
body during labeling must be avoided because this denatures the antibody. 'lOY-y ttrium
chloride for labeling is su pp lied di rectly from MDS Nordio n when the antibody kit is
ordered from Biogen Idee. The 111ln-indium chlor ide must be ob tained separately from
either Amersham Health or Mallinckrodt.

Rad iochemical purity of the labeled antibody is assessed by instant thin-layer chro­
matography with silica gel (ITLC-SG) in normal saline. The un bound nuclide travels to
the solvent front and labeled antibody remains at the origin. Its purity mu st be 95% or
higher. Labeled antibody is stored at 2°C to 8°C. ~'Y-ibritumomab tiu xetan should be used
within 8 hours and IIl ln-ibritumomab tiu xetan within 12 hours after radiolabeling.

Developmental studies have shown that the immunoreactivity of 111 [n-ibritu momab
tiuxetan incubated for IS minutes during radiolabeling is essentially conserved while that
of 'lOY-labeled antibody is about 60%-" The incubation time for 90Y-ibritu momab tiu xetan
is therefore limited to 5 minutes to minimize the effects of radiolysis and to maintain
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TABLE 23·1 Radiolabeling of Ibritumomab Tiuxetan with ll1ln and 90y

mIn Labe ling Steps

1. Add required volume of 50 roM sod ium acetate
bu ffer to the reaction vial. (Buffer volume '= 1.2 times

the vo lume of 5.5 mCi lIIInCl3) . Coat entire surface

of reaction vial w ith buffer. j

2. Add 5.5 mCi 111 InCl"to the reaction vial and mix the
so lutions.

3. Add 1.0 mL of the antibody to the reaction vial and

roll/mix so lutions gently. Do not cause foaming of
the antibody.

4. Incubate at room temperature for 30 minu tes.
5. Add the formu lation buffer (FB) to quen ch the

labe ling. (FB volume = 10 mL minus the volumes of

lIl lnCl3 + acetate buffer + antibody)

90y Labeling Steps

1. Add required vo lume of 50 mM sodium acetate
buffer to the reaction vial. (Buffer vo lum e 0= 1.2 times
the volume of 40 mCi 'lIl)'Cl)). Coat entire s urface of

reaction vial with buffer.
2. Add 40 mO 'lOYCIJ to the reaction v ial and mix the

solutions.

3. Add 1.3 mL of the antibody to the reaction vial and

roll /mix solutions gently. Do not cause foaming of
the ant ibody.

4. Incubate at room temperature for 5 minutes .

5. Immediately add the formulation buffer to quench

the labeling. (FBvolume = 10 mLminus the vo lumes

of ~C13 + acetate buffer + antibody)

immunoreact ivity at around 75%~ Antibody degradation is caused by the high-energy beta
emission of "'Y. The formulation buffer contains human seru m albumin (HSA), which
stabili zes the labeled antibody aga inst radiolytic damage13HSA was found to be effective
in preserving antibody structure and immunoreactivity. The formulation buffer also con­
tains DTPA to ensure that the small amount of "'Y or IlIln not labeled to the an tibody will
be chelated and eliminated by renal excretion.

Ibritumomab tiu xetan is indicated for the treatment of pa tients with relapsed or refrac­
tory low-grade, follicular, or transformed B-cell NHL, including patients wi th rituximab­
refractory follicular NHL14

The ibritumomab tiuxetan dosage schedule p roceeds in two steps, each requiring a
predose of rituximab prior to administration of either l1lIn-ibritumomab tiuxetan or 9Oy_
ibri tumomab tiuxetan. The rituximab predose is given initially to block accessible CD20
sites in the pe ripheral circulation and prevent indiscriminate uptake of the radiolabeled
antibody in the reticuloendothelial system. The pretreatment facilitates optimum biodis­
tribution of the radiolab eled an tibody to tumor sites.

Ritu ximab was the first monoclonal antibody approved by FDA for the treatment of
cancer. It is a genetically engineered chimeric monoclonal an tibody specific for the CD20
an tigen on B-Iymp hocytes. It contains murine light- and heavy-chain variable region
sequences and human constant region sequences. lbr itumomab is the murine antibody
parent of ritu ximab . Ritu ximab alone in sta ndard immunotherapy produces objective
tumor responses. However, its effectiveness is significantly less than that of "'Y-ibritumo­
mab tiuxetan. In a prosp ective randomized Phase III trial comparing "'Y-ibritumomab
tiuxetan with rituximab in relap sed or refractory low -grade, follicu lar, or tran sformed
NHL, the overall response rates for "'Y-ibri tumomab tiuxetan and ritux imab were 80%
and 56%, respectively.IS The complete remission rate was 30% for "'Y-ibritumomab tiu xetan
and only 16% for ritu ximab.

Dosing Regimen

Figure 23-2 illustrates a typical ib ritumomab tiuxetan ad ministra tion sched ule. The first
step of the therapeutic regimen involves intravenous infusion of rituximab 250 mg/ m". It
is infused initially at a rate of 50 mg /hour, escalating in 50 mg /hour increments every 30
minutes to a maximum rate of 400 mg /hour, provided no hypersensitivity reac tions occur.
The major ad verse effects are fever and chills, which can be controlled by reducing the
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Imaging Dose

Pre-Dose
Rituximab (250 mg/m2)

+
l11 ln-Zevalin

(Smei)

Therapy Dose

Pre-Dose
Rituximab (250 mg/m2)

+
9OY-Zevalin

(0.3 or 0.4 mCilkg)

773

Day 0 2 3 4 S 6 7 thru9

FIGURE 23-2 Dosing schedule for 11 11n_ and <J°Y-ibritumomab tiuxetan (Zevalin) .

ANT POST

FIGURE 23-3 Fifty-seven-year-old man
with low grade no n-Hod gkin's lym­
p homa.tt' In-ibri tu rno rnab tiuxeta n scan
48 hours af ter radioph armaceutica l
administration showing multiple focal
areas of accumulation in the neck, right
ax ill a, and left inguinal regio n. The
patient went on to have 9OY-ibritumomab
tiuxetan therapy 1 wee k later.

infusion rate. Rituximab should be infused within 4 hours be fore the administration of
either II1In-ibritumomab tiuxetan or 9OY-ibritumomab tiuxetan . Ritu ximab infusion is fol­
lowed by 5 mCi (185 MBq) of llIIn-ibr itumomab tiuxe tan, given intravenously ove r 10
minutes. 111In-ibritumomab tiuxe tan permits gam ma-camera imaging to con firm normal
biodislribution of antibody prior to ""Y-ibritumomab tiuxetan administration (Figure 23-3).16
It predicts the behavior of 9OY-ibritumomab tiu xetan and ensures that normal tissu e dose
limits will not be exceeded, which would preclude administration of 90Y-ibritumomab
tiuxetan. Abnormal distribution would be evident from more intense lung activity relative
to the cardiac blood pool in the 24 hour image or relative to liver on the 48 hour image,
or kid ney activity more intense than liver activity on the 48 hour posterior image, or areas
of bowel activity equal to liver activity on the 48 hour image.

The second step occurs in 7 to 9 days, consisting of a second infusion of rituximab 250
mg/ m', followed by 0.4 mCi/kg (14.8 MBq/kg) or 0.3 mCi/kg (11 .1 MBq/kg) of 9OY_
ibritumomab tiuxetan given intravenously over 10 minutes. The infus ion line should be
flushed wi th 10 mL of saline afte r each antibody administration.
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The principal adverse effects of ""Y-ibritumomab tiuxetan are hematolog ic: thrombo­
cytopenia an d neutropenia. These effects occur less frequently when platelet counts are
greater than 150,000 cells/ul., The dose of ""Y-ibritumomab tiu xetan should be reduced
to 0.3 mCi /kg (11.1 MBq/kg) in patients w ith a baseline platelet count between 100,000
and 149,000 cells / ul. . No pa tier.t with a platelet count less tha n 100,000 should be treated.
The ma ximum allowable dose of 9OY-ibritumoma b tiu xetan is 32.0 mCi (1184 MBg) regard­
less of the patient's weigh t. The dose lim it is to ensure that no patient receives radiation
absorbed doses to any normal organ greater than 2000 rad (cGy) or greater than 300
rad (cGy) to the red ma rrow." The median absorbed radiation doses per 32 mCi to selected
organs are spleen, 1113 rad(cGy); liver, 568 rad(cGy); lung, 237 rad(cGy); kidney, 12
rad(cGy), red marrow, 154 rad (cGy), and total body, 59 rad (cGy)." The median effective
ha lf-life of ""Y-ibritumomab tiuxetan in the blood in clinical trials was 27 hours (range, 14
to 44 hours)." The freq uency of HAMA response is 2.4%, and human antichimer ic anti­
bo dy (HACA) response is 2%14

From a therapeutic standpoint, ~lY has a w ider range of effectiveness than 1311because
of its high er be ta energy. For example, the effective path lengths (X",,) of 90Y and 1311 are
about 5 mm and 1 mm, respectively, meaning that 90% of their beta-particle energ ies are
absorbed within a sp here of 5 mm or 1 mm radius, respectively.I. A 5 mm path length
corresponds to ab out 100 to 200 cell diameters. Thus, ""Y bet~s bound to surface cells on
a tumor can deliver radiation dose to non-antibody-bound tumor cells located deep within
the tu mor (the crossfire effect) . This consideration is important in bulky or poorly vascu­
larized tumors.

Radiation Safety

Caution should be exercised in handling ~lY during radi olabeling. The exposure rate per
millicurie from the mouth of an op en via l of 90Y is 32 Rzhour.!' Its average beta particle
range in air is about 3.7 m, unshielded . Although the beta part icle ene rgy is quite high,
it can be completely absorbed by 1 ern of low-Z material such as Plexiglas or Lucite (see
Table 4-4, Chapter 4). Syringe shields should be constructed of these materials to limit
bremsstrahlung production. A thin layer of lead may be used over the plastic shield to
absorb any bremsstrahlung produced. Ge iger-Mu ller survey me ters are extremely efficient
for detecting low-ene rgy photons but could give erro neo usly high readings unless they
have been calibra ted for ~lY bremsstrahlung.'?

90Y exposure of fam ily members an d members of the public from patients treated with
90Y-ibritumomab tiuxetan is very low. The specific bremsstrahlung dose constant for 'Joy
in soft tissue from a 70 kg patient is 0.00564 R-cm' /mCi-hr. (1.52 ~Gy-cm'/MBg-hr).17

Based on the N uclear Regul atory Commission (NRC) threshold for exposure of members
of the pub lic (0.5 rem), excluding self-absorption of bremsstrahlung, a patient would need
to be dosed above 38,500 mCi (1.42 x 106 MBg) of ""Y to exceed this limi t.F Since the
maximum dose of 9OY-ibritumomab tiuxetan is 32 mCi (1184 MBg), therapy wi th this
antibody is safe and requires no restrictions to prevent exposure of members of the public.
The on ly recommen dation for famil y members is to av oid contamination from body
excret ions, mai nly urine, although th is is not likely to be a safety issue because ur inary
excretion is quite low, about 7.3°,{) per week. The recommended instructions for patients
released after treatment with 9(lY-ibritumomab tiuxetan are as follows: 17For 3 days after
treatment, clean up any contamina ted body fluid and urine and flush it down the toilet
or p lace it in a plastic bag in household trash, and wash hands thorou ghl y after using the
toilet. For 1 week after treatment, use condoms during sexual rela tions.
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Tositumomab, otherwise known as Bl, is an IgG2a kappa murine monoclonal antibody.
131 l-tositumomab targets the CD20 antigen present on the surface of normal B-lymphocytes
and the malignan t B-Iymphocytes of NHL. It is prepared by the Iodo-Cen method of
radioiodination and is supplied as a frozen product that is thawed at the time of use.

A number of studies have involved nonmyeloablative treatment of NHL with 1311_
tositumomab. Phase I, II, and III trials with l3lI-tositu momab have demonstrated that it is
safe and effective for the treatment of low-g rade and transformed NHL in patients pre­
viously treated with chemo therapy or im munotherapy and in those not previously
treated.' Kam inski et al.,10 in a Phase 1 trial, treated patients with low-grade and interme­
diate-grade NHL who were chemotherap y resistant or who had large tu mor burdens. 1311_
tositumomab dosages ranged from 34 to 161 mCi (1258 to 5957 MBg). Of those trea ted,
79% achieved a tumor response and 50% had complete remission with a median d uration
greater tha n 13 months. The MTD was determined to be 75 rad(cGy) total bod y.

Phase II and III studies ha ve also been completed with nonmyeloablative doses of 1311_
tositumomab. Vose et al.!" reported the results of a multicenter Phase II study in patien ts
with chemotherapy-relapsed/ refractory low -grade and transformed low-grade NHL.
Patients received a 450 mg predose of unlabeled tositumomab followed by a 5 mCi
dosimetric dose of 1311-tositumomab and a 75 rad (cGy) whole-body therapeutic dose 1 to
2 weeks later. The overa ll response rate of the 45 pa tients treated was 57% for low-gra de
and 60% for trans formed NHL, with a median response durat ion of 9.9 months. Complete
remission was achieved in 32% of patients, with a median duration of 19.9 months .
Kaminski et al.'? rep or ted on a pivotal stud y in pa tients who had received a prior med ian
course of four chemotherapy regimens and who we re either treated or not trea ted with
75 rad(cGy) l3lI-tositumomab. Of patien ts treated with RIT, 65% had complete or partial
remission, compared with only 28% of patien ts with chemotherapy alone . Wahl et apo
evalua ted the effectiveness of RlT alone in NHL patients previously untreated wi th che­
motherapy. All pa tients had stage III or IV disease; 65% had lymphomatous bone ma rrow
involvement and 29% had high tumor burdens. Patients received I31 I-tositumomab at a
total body dose of 75 rad (cGy). Ninety-seven percent of patients demonstrated a pa rtial
or complete remission, with 63% achiev ing complete remission . No hematologic suppor t
was neede d, but the HAMA response (flulike symptoms) was high (64%), probably
because of the unsuppressed immune system in these patients, since no che mothe rapy
had been given prior to RIT.

One study involved myeloablative treatment of NHL with 13I I-tositumomab.21 In this
Phase II study, 25 patients with relapsed B-cell NHL were given a myeloablati ve MTD
combined with autologo us HSCT after a 5 mCi (185 MBg) predose to assess normal
biodistribution. Twenty-one pa tients received a therap eu tic dose of l3l1-tositu momab
designed to deliver 2700 rad(cGy) to the lungs as critical secondary organ, followed by
HSCT. Of these 21 patien ts, 18 (86%) had an objective response and 16 (76%) ach ieved a
complete remi ssion. A follow-up study that includ ed more patients treated with myelo­
ablative doses of l3lI-tositumomab showed a very high overall response ra te and complete
remission rate, suggesting that the myeloablative approach may produce better results
than nonmyeloablative therapy-?

These clinical trials demonstrate that 131I-tositumomab is safe and effective for the
treatment of NHL eith er alone or in combination with chemotherapy. A reduction in the
HAMA response will be necessary if RIT is to become a front-line approach to treating
NHL without prior chemothe rapy. This ma y become possible if humanized antibody is
used to red uce the mu rine component.
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90Y-Epratuzumab

Ep ratuzumab (h LL2), the humanized monoclona l antibody of the murine IgG2a antibody
(mLL2), reacts with the C022 antigen on the surface of NHL B-eells. Th is antibody does
not react w ith normal peripheral blood cells but does react with germinal B-cells of normal
lymph nod es and the w hite pulp of the sp leen." It has been labeled with 1311, 1111n, 9<1Y,
and I tl6Re.

LL2 is an interest ing antibody because, in contrast to antibodies reacting with the CD20
antigen, it becomes internalized rapid ly within the cell after its C022 interaction." Sub­
sequently, the C022 antigen is resynthesized and re-expressed on the cell so that additional
antibody can be localized and internalized. The rate of lysosomal catabolism of an inter­
na lized antibody is us ually much higher than the rate of decay of its radiolabel. This may
shorten the radiation dose delivered to the tumor cell if the radionuclide metabolite is
readily excreted from the cell. If the radiolabel is residualized in the tumor cell, its longer
res idence time w ill produce higher tumor-to-backgrou nd ratios and radiation dose deliv­
ere d to the tumor."

Stu dies have shown that mln_and '"V-labeled antibodies have longer residence times
in tumors than conventionally iodinated antibodies.o-" This is apparently due to trapping
of the radiolabeled metabolites of mIn and 90Y with in tu mo r cell lysosomes after catabo­
lism . Conventionally iod ina ted antibod ies, labe led via chloramine-T or Iod o-Gen, release
iodotyrosine as a principal metabolite, which readily diffuses out of lysosomes and the
tumor cell.27,28 After release, iodotyrosine undergoes deiodination by tyrosine deiodinase."
All antibodies bound to tumor cells are slowly released over time afte r their degradation;
however, those bound to surface antigens are released more slowly than are rapidly
internalized antibodies. Thus, the effect iveness of a radiolabeled antibody in delivering
radiation dose to tumor depends on the typ e of radiolabel and its retention by the tumor
after catabolism. It has been shown that ant ibodies iodinated wi th a residualizing radio­
iod ine conjugate, such as dilactitol iodotyramine , have a longer residence time in
tumors .26,10 This is attributed to the inability of the me tabolized conjugate to di ffuse out
of lysosom es. It appears that tumor cells that rapidly internalize antibodies would be more
effectively killed if the antibody was labeled with a residualizing radiometal conjugate or
a radio iod ine conjugate than with a conventional radioiodine label. Juweid et aPI have
compared hLL2 radiolabeled with 131 I (by Iodo-Gen) and mIn and 90Y (via the benzyl­
OTPA-hLL2 conjugate) in patients with relapsed refractory NHL. After therapeu tic doses
of 1311-hLL2 or 9OY-hLL2 to deliver 50 to 100 rad(cGy) to bone ma rrow, the estimated
radiation dose to tumors larger than 3 em was 2.4 ± 1.9 rad (cGy) for 1311-hLL2 versus 21.5
± 10.0 rad(cGy) for '"Y-hLL2. Objective tumor respon se was seen in 2 of 13 patients given
1311-hLL2 and 2 of 7 patients given 9OY-hLL2.

1311- LYM-l

LYM-l is an IgG2a murine monoclonal antibod y that targets HLA -OR expressed on the
surface of most ma lignant B-Iymphocytes .32 The LYM-l antibody was initially deve loped
agains t the Raji cell line that originated from a pa tient w ith African Burkitt's lymphoma.
The antibod y- antigen complex is no t internalized .

RIT of NHL with 1311-LYM-l was initiated because of the high radiosensitivity of B­
lymphocytes. The first clin ical tria l of RIT for lymphoma was conduc ted with 1311_LYM_1.
Initial trials demonstra ted that it was necessary to use a p redose of unlabeled "cold"
antibody before administration of the radiolabeled antibody in order to prolong its blood
clearance and increase tumor uptake. The "cold" predose of LYM-l (5 mg) was able to
achieve this effect by saturating no nspecific receptors in the liver.P
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FIGURE 23-4 Chemical structure of "'Cu-2-iminothiolane bromoacetamido benzyl TETA ("'Cu-2IT­
BAT-LYM-l).

Two radiolabels have been used to label LYM-l: 1311by standard chloramine-T iod ina ­
tion to yield 131I-LYM-l , and 67CUin the form of the BFCA 2-iminothiolane bromoacetamido
benzyl TETA (67Cu-2IT-BAT) to yield the antibody conjugate 67Cu-2IT-BAT-LYM-1. TETA
(1,4,8,1l-tetraazacyclotetradecane-l,4,8,1l-tetraacetic acid) is the macrocyclic chelator (Figure
23-4). It wa s specifically designed to produce a stable chelate with CU(II).34.35 The TETA
chelator contains the functionality of iminothiolane to link it to the an tibody. 67CU is a
potentially effective radionuclide for RIT. As the TETA chelate it is quite stable (abo ut 1%
loss per day in in vitro studies)," and there is no biologic mechanism for its uptake in
bone ma rrow to increase my elosuppression." It has a half-life (2.58 days) that is simi lar
to the residence time of a typical antibody on the tumor.P It emits beta particles of moderate
energy with a mean range of 0.27 mm, and it has a useful photon energy (185 keY) for
imaging and dosimetry estimation.

Clinical studies of LYM-l RIT for NHL have been summarized by DeNardo and
DeNardo." Fifty-five patients who were refractory to multiple-drug chemotherapy were
treated w ith 131I-LYM-l in fractionated doses. Thirty-one patients received low-dose ther­
apy of 30 to 60 mCi (1110 to 2220 MBq). Of these , 1 patient did no t respond to treatment
and 17 of 30 responding patients had remission of their disease, 3 with complete remission
(CR) and 14 with partial remission (PR). Of 24 patients treated with an MTD protocol of
40 to 100 mCi/m2 (1480 to 3700 MBq/m2) , 13 responded, 8 with CR and 5 wi th PRo Of
these patients, 17 (30%) develop ed HAMA. Myelosuppression was the only significant
radiati on-induced toxicity.

The frac tionated dose approach to RlT with LYM-l was chosen in the be lief tha t a
single large dose could not completely permeate all of the tumor and multiple smaller
doses would cau se partial destruction of tumor that would lead to vascularization of other
parts of the tumor and more effective trea tment.>' This strategy has been demonstrated
to be effective in mice." In these frac tionated RIT studies, an overall resp onse rate (com­
plete and partial remission) of 55% was ach ieved in 57 patients treated with 131I-LYM-1.

Patients with advanced lymphoma treated with the 67Cu-2IT-BAT-LYM-l conjugate
have shown a 48% response within several days of dosing with 3.4 to 14.4 mG (125.8 to
532.8 MBq).38 The mean radiation dose ratios were 32:1 tumor- to-marrow, 24:1 tumor-to­
to tal-body, and 1.5:1 tumor-to-liver because of the long residence time of the 67Cu-LYM-l
conjugate in tumor. When compared w ith 131I-LYM-l , the 67Cu-LYM-l conjugate ha d a
mean tumor concentration 2.8 times that of I3II-LYM-l and resulted in tumor-to-marrow
ind ices of 29 for the 67Cu-LYM-l conjugate and 9.7 for I3II-LYM-J.39These results suggest
that the 67Cu-LYM-l conjugate may be superior to 131I-LYM-l for RIT.
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PRETARG ETED RADIOIMMUNOTHERAPY

Desp ite the success achieved with the treatment of NHL and other tumors, tumor targeting
is fraught wi th problems. The amount of radiolabeled antibody taken up by tumors is
typically on ly 0.001% to 0.1% of the injected dose because of heterogeneous antigen
densi ty, the develop ment of antigen-negative tumor cells, nonuniform vascularity, and
other factors such as circu lating antigen, which prevents injected antibody from reaching
peripheral sites. All of these factors lead to low tumor-to-background ratios.

To overcome some of the causes of low tumor uptake of radiolabeled antibody, pre­
targeting methods have been developed. These techniques involve the administration of
"cold" antibody derivatized to carry a secondary receptor that can bind a subsequently
injected rad iolabe led ligand . To enhance uptake of the radiolabeled ligand at tumor sites,
a clearance technique is used to remove excess residual antibody in the circulation before
the radiolabeled ligand is ad minis tered. These methods have been rev iewe d:I""2

A p retargeting modality tha t has been studied widely is the avidin-biotin system.
Avidins are small oligomeric proteins made up of four identical subunits, each having a
specific binding site for biotin . The affinity of biotin for avid ins is very h igh, with the
complex having a dissociation constant of 10-15 M. Avidins are isolated either from hen
egg wh ite (avid in) or from Streptomyces auidinii (streptavidin). Biotin is a 244 Da molecule
that can be activa ted with a variety of functional groups to covalently attach it to proteins
or chelating agents that bind radionuclides. One approach is to biotinylate an antibody
by covalently attaching a biotin molecule to it. This conjugate can then be used to pretarget
the tumor, followed by ad ministration of radiolabeled streptavidin to deliver rad ioactivity
to the tumor. Alternatively, the streptavidin can be cova lently linked to the antibody as
the pretargeting agent, followed by administration of radiolabe led biotin. In this case the
biotin has been previous ly functionalized with a chelating agent to bind a rad ionuclide.
The latter approach is being investigated with a DaTA-biotin conjugate labeled with
9OY.43,44

Two ap proaches are used in pretargeted therapy: the two-step method and the three­
step meth od ." In the two-step method, biotinylated monoclonal antibody (or streptavidin
monoclonal antibody) is administered first, followed in 1 to 2 days by administration of
radiolabeled streptavidin (or radiolabeled biotin). This approach has appeal when tumor
is confined to a sma ll space, such as the peritoneal cavity. When disease is widespread
and sys temic ad ministration is required, the th ree-step method is preferred. In this situ­
ation, a bio tinylated monoclonal antibody is ad ministered first to target the tumor. This
is followed 1 day later by the injection of avidin, which removes excess circula ting bio­
tinylated monoclonal antibody, and strep tavidin, which targe ts the tumor cells. After this
step, radiolabeled biot in is injected, which targets the tumor-bound streptavidin, thus
delivering the radioactivity to the tu mor.

RADIOTH ERAPY OF BONE PAIN

Bone metastases eventually develop in 50% of patients with breast or prostate cancer"
Radioph armaceutical trea tment of bone pain caused by metastatic cancer has provided
much relief for patients with this condition, ameliora ting pain 40% to 80% of the time"
Pain relief may last for a few weeks to several mon ths. The goal of treatment is to preserve
function and improve qu ality of life for the patient by relieving pa in, red ucing the amounts
of narcotics needed for pain relief, and improving ambulation. Several modalities have
been used to treat bone pa in, including analgesics, hormone therapy, chemotherapy, sur­
gery, radiopharmaceuticals, and external beam radiation. These modalities have been
reviewed." Of rad iation treatment methods, external beam radiation has been effective in
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Half -life Beta Max Beta Mean Mean Range Gamma E (Me V)
Radiopharmaceu tical (days) (M eV) (MeV) (mm) (abundance)

·12P--soclium p hosphat e 14.3 1.71 0.7 3.0 None

"Sr-stron riu m chloride 50.5 1.46 0.58 2.4 0.910 (0.009%)

" Re-etidro na tc (ll!('oRe-H EDP) 3.8 1.07 0.35 1.1 0.137 (9%)

15.15m-lexid ronam 1.9 0.81 0.23 0.6 0.103 (28%)

("'Sm-EDTM I')
117"'5n-penteta te 13.6 0.13" 0.2 0.159 (86%)

(" '"'Sn-DTPA) 0.15" 0.3

• Conversion elec trons.

reducing pain from metastases, but its application is limited to treating localized sites in
the body. More generalized external radiation trea tments have debilitating adverse effects
such as nau sea and vomiting, Because metastases are often widespread, sys temic rad io­
nuclide therap y is a better choice, providing more general and long- lasting relief with
minimal ad verse effects. Palliative trea tment of bon e pain currentl y is restric ted to pa tients
with incurable disease who are expected to live several months. .

To be effective in reducing bone pain, a radioph armaceutical must have certain cha r­
acteristics." First, it must have a high affinity for reactive bone; second, it must emit beta
or electron radiation; third , the radiation must have suffic ient energy to reach the cells
responsible for the pa in; and fourth, the half -life must be long enough to deliver da maging
or lethal rad iation to the cells.

Table 23-2 lists several radiopharmaceuticals that are approved for routine use or are
under investigation. In general, all of these agents have an intrinsic affinity for mature
bone (hydroxyapatite), with a pa rticular affinity for regions of osteoblastic activity where
amorphous calcium phospha te is being de pos ited . Thus, their sites of uptake in bone can
be pred icted by a standard bone scan with 99mTc-med ronate (99mTc-MDP) or 99mTc-oxid­
ronate (99mTc-HDP). 32p and "'Sr undergo biologic incorporation into bone similar to cal­
cium, IB6Re and ISJSm phosphonate complexes localize by chemisorption, and 117mSn is
deposited in bone as a hydrated oxide after hyd rolysis at the bone su rface. A similar
hydrolysis reaction may be involved with ''''Re an d '''Sm as well. These radiopharrnaceu­
ticals have widely va rying half-lives and mea n pa rt icle energies in the range of 0.13 to
0.70 MeV, but the response rate for all of these agents, mea sured by pa in reduction, is in
the range of 40% to 80% over a wide range of adminis tered activities." No dose-response
effect has been demonstrated to occur with these agents:'" The mechanism of action of
any of these agents in relieving bone pain is not known. Only 32P-sod ium phosphate, " Sr­
strontium chloride, and "'''Sm-lexidronam are ap proved by FDA for routine use. Clinical
trials of 117mSn-pentetate (Il7mSn-DTPA) and lB6Re-etid ronate (''''Re-HEDP) are no longer
active in the United States.

Sodium Phosphate P 32 Solution

Sodium phosphate P 32 soluti on (32P-sodium phosphate) is a clear, colorless sterile solution
at pH 5.0 to 6.0 su itable for oral or intravenous administration. The com mercial product
is available at a radioactive concentrat ion of 0.67 mCi/mL (24.8 MBg/mL) in 5 mCi (185
MBg) vials at the time of calibration . " P-sodium phosp hate was the earliest agen t used
for treating painful bone metastases." A review of 32P-sodium phosphate for this indication
showed effect ive pain response rang ing from 60% to 90%.50 One concern with 32p as the
phosp hate is its involvemen t in ma ny metabolic processes in the body, pa rticularly in the
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hemato poietic sys tem. Its p rincipal toxicity has been bone marrow depression caused by
its high-energy beta pa rticle. When compared with ""Sr-strontium chloride for the treat­
ment of painful bone metastases, 32P-sodium phosphate was equally effective in reducing
pain (90%) but caused a higher level of myelosuppression." Pain reduction may be seen
in 5 to 14 days after administration of 32P-sod ium phosphate.

Strontium Chloride Sr 89 Injection

Strontium chloride Sr 89 injection (""Sr-strontium chloride; Metastron, Amersham) was
approved by FDA in June 1993 for the treatment of bone pain in patients with skeletal
metastases. It is supplied as a sterile injection of ""Sr-strontium chloride in wate r at a
concentration of 1 mCi/mL (37 MBq/mL) wi th a total of 4 mCi (148 MBq) in a 10 mL
vial. Its expiration date is 28 days after calibration. The dosage range is 40 to 60 llCi/kg
(1.48 to 2.22 MBq/kg), with an average dose of 4 mCi (148 MBq) given intravenously. The
dose is ad min istered over 1 to 2 minutes to minimize any "flushing" reaction. Adminis­
tration can be repeated, but an interva l of not less than 90 days is recommended. A single
injection of 4 mCi (148 MBq) relieves pain in 65% to 80% of patients, with complete relief
of pain in 20%. The time to response is 1 to 3 weeks, and the median duration of benefi t
is 4 to 6 months. Retrea tment is possible at approxima tely 3 month intervals on up to
eight occas ions. "'Sr-strontium chloride is generally not recommended in patients with an
expected survival of less than 3 months and in patients with d isseminated intravascular
coagulation ."

Because "'Sr suppresses bone ma rrow, at initial treatment the patient's platelet count
should be greater than 60,000 and white blood cell count greater tha n 2400. A complete
blood and p latelet count should be obtained at least every other week to moni tor the
hem atologic effects. The usual hematologic response is a 20% to 30% decrease in platelet
count; the low est point occurs at 5 to 6 weeks, with complete recovery by 12 weeks. The
use of " Sr-strontium chloride should be avoided in patients who have received previous
chemo ther apy with bone marrow suppression, because of the additive toxicity that may
ensue .

Serafini" has reviewed several studies performed with "Sr. In general, these studies
indicated that pa in relief was qu ite good, rang ing from 60% to 85%, and tha t the degree
of relief was independent of ad ministered activity, which ranged from 1 to 10 mCi (37to
370 MBq). Thus, a dose-response effect was no t seen. Mild to modera te myelotoxicity
(thrombocy topenia) was reported in most trials, with more severe toxicity occurring with
higher d oses.

The mechanism of 89Sr uptake into bone is similar to that for calcium and occurs at
sites of active osteogenesis. Increased uptake of longer duration occurs in metastases,
compared wi th normal bone." About 70% of the dose is retained in the skeleton, ranging
from up to 88% retention with extensive metastases to 11% with few metastases. Of the
fraction excreted, two-thirds is urinary and one-third is fecal.

Patients who are to receive ""Sr-strontium chloride should be advised that their pain
may worsen in the 2 to 3 days after dosing. This so-called flare response, which occurs in
10% to 20% of patients, is transient and read ily treated with nonaspirin analgesics. The
type of analgesic is important because thrombocytopenia is exacerba ted with anticlotting
drugs like aspirin . Patients should be told tha t the onset of pa in relief may take 1 to 3
weeks and that ''Sr-strontium chloride does not cause nausea, vomiting, or hair loss, which
they migh t expect from chemotherapy or other forms of radiation treatment.

The critical orga n is the bone surface, with a radiation dose of 63 rad (cGy)/mCi,
equivalent to a 250 rad (cGy) dose from 4 mCi (148 MBq).
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"Sr is considered to be a pure beta emitte r, desp ite its 910 keY gamma ray of very low
abundance (0.009%). Therefore, its assay in a dose calibrator relies on the measurement
of bremsstrahlung, which can vary considerably depending on the assay geometry. Con­
sequently, a method has been developed for the radioassay of "Sr dosages in the radio­
nuclide dose calib rator. " The method is as follows: Firs t, ca lculate the activity in the vial
at the time and date of di spensing based on the label calibration data . Second, assay the
vial in the dose calibrator, adjusting the ca libration dial to read the calcula ted activ ity.
Because of the insensitivity of the dose calibrator to beta emitters, an empiric calibration
factor must be selected, typically a se tt ing around 600, usi ng the adjustable potentiometer
dial, and a correct ion factor of 100 applied to the reading to get the correct value. Third,
calculate the volu me needed to obtain the pa tient dosage, and w ithdraw th is amount into
a syringe. Next, reassay the vial. The difference betw een the two readings is the activity
in the syringe. Now assay the syringe and adjust the calibration dial to read the activity
in the syringe. After injecting the pati ent, reas say the sy ringe for any residual activity. The
difference between the two syringe read ings is the activity injected into the patient.

Samarium Sm 153 Lexidronam Injection

Samar ium Sm 153 lexidronam injection (l53Sm-Iexid ronam; Quadrarnet, Berlex) is a steril e,
aqueous, clea r to light amber solution for intravenous administra tio n. The solu tion p H is
7.0 to 8.5. The product is available as a frozen solu tion at a concentra tion of 50 mC i/mL
(1850 MBq/mL) in vial sizes of 100 mG (3700 MBq) and 150 mG (5550 MBq). It expires
48 hours after the calibra tion time or w ith in 8 hours of thawing. It is indicated for the
relief of pain in patients with confirmed osteoblastic metastatic bone disease.

"'Sm is a beta and gamma emitter, and its 103 keY gamma ray permi ts bone imaging
if desired. The biologic localization in lesions and normal bone of 1 ~'Sm-Iexidronam is
simila r to that of 99mTc-medronate." Its half-life is 46.3 ho urs. It has been suggested that
this short half-life results in a high dose ra te over a short period of time, which should
provide a rapid onset of pain relief and a lim ited amount of bone marrow suppress ion,
but this has not been proven . After in travenous administration, 15'Sm-Iexid rona m locali zes
in bone metastases similar to 9'!ffiTc-diphosp honate bone imaging agents; howev er, 153Sm
und ergoes a hydrolysi s reaction at the bo ne surface ." By 4 to 6 ho urs after dosing, urinary
excretion is essentially complete and uptake in bone is related to the extent of metastases
present, not the dose administered.W" Total bone uptake averages 65% of the injected dose.
The critical organ is bone surface, with a radiation absorbed dose of 25 rad(cGy)/mCi.56

5..1Sm -lexidronam suppresses bone marrow in a manner similar to K9Sr-strontium chlo­
ride . Platelet counts reach a nadir in 3 to 5 weeks w ith recovery by 8 weeks; wi th " Sr­
strontium chloride the na di r occurs in 5 to 6 weeks with recovery in 12 weeks." The
standard dosage is 1 mCi / kg (37 MBq /kg) body weight. At th is dosage, relief of bone
pain occurs 1 we ek aft er dosing in 35% of patients, increas ing to 70% by the fourth week ."
By the 16th wee k, 39% of patients still note effective pain relief. After dosing at 1 mG / kg
(37 MBq/kg), the rate of "flare" response is low (7%, compared w ith 5.6% in untreated
control subjec tsj .v Retreatment with additiona l doses of I" Sm-lexid ronam has been shown
to be safe an d efficacious."

Dose calibra tor calibra tion factors must be es tablished w ith '''Sm-lex id ronam because
of the geometry dep endence of activity measurements with beta emitte rs, despite the
gamma emission of 1 ~'Sm . This is typically done before the firs t dose is ad mi nistered by
assay of a 15 mG (555 MBq) calibration standard supplied by the manufacturer. Typically,
calibration factors are determined by assaying "'5m in its g lass vial and in 3 m L and 5
mL plastic sy ringes used for patient d osing.
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Rhenium Re 186 Etidronate Injection

The similarities of rhenium and technetium chemistry, their ability to label bone-seeking
diphosphonates, and the beta-gamma emissions of 186Re, which pe rmi t rad iation therapy
and gamma-camera imaging, prompted the development of 186Re-etidronate (l86Re-HEDP).
The shor t half-life (89 hours) is tho ught to permit relatively high dose rates for treatment
of me tas tases and allow for repeated trea tmen ts. Dosimetry studies have demonstrated a
high tumor-to-marrow dose ratio (mean, 34:1)." This radiopharmaceu tical is approved
for use in Europe but no t in the United States.

Ini tial studies with '''Re-HEDP identified the need for purification, because formula­
tions contained a mixture of complexes that contr ibuted to soft tissue uptake.?'

One kit used in clinical studies req uires stannous ion reduction of 186Re-perrhenate
and heating for 10 minutes to effect comple xation with HEDP, followed by a pur ification
step accomplished by passage through a Sep-Pak Accell QMA (Waters) anion exchange
cartridge to isolate the desired complex:" Patients with metas tatic di seas e from prostate
cancer (32 of 44), breas t cancer (7 of 44), and other cancer types (5 of 44) who were treated
with this product demonstrated a 77% response after a single dose of 34 mCi (1258 MBq),
and a 50°;;, response wa s seen in patients who received a second injection. Patients expe­
rienced an average reduction in pain of 600ft),

Another kit preparation inv olves heating the perrhenate, stannous ion, and HEDP
mixture for 10 minutes, followed by pH adjustment wi th sodium acetate solution. The
product is not subjected to a purificat ion step.r" Thirty-sev en prostate cancer patients
treated with doses rangi ng from 35 to 95 mCi (1295 to 3515 MBq) of 186Re-HEDP prepared
by this me thod achi eved a 54% response ra te (20 of 37). There appeared to be a
dose-response relationship with higher doses, but it did not reach statistica l significance
because of the small number of subjects. The lower resp onse rate in th is study may have
been due to the strict guidelines used to eva luate pain relief.

186Re-HEDP appears to have merit for providing pa in relief from bone metastases, but
it is no t certain whether this agent will eventually be approved for routine use in the
Uni ted States, becau se clinical studies have not con tinued.

Tin Sn 117m Pentetate Injection

117mSn-pentetate (117mSn-DTPA ) is produced by a neutron elastic scattering reaction on 117Sn
me tal. 117Sn(n,n'y)117mSn .61 11 7mS n decays by isomeric transition, emitting a 159 keV gamma
ray (86%) and conversion electron s of 127 to 129 keY and 152 keY (114%). Preliminary
dosimetry calculations in bone and bone marrow estimate ~ bone-to-bone-marrow radi­
ation dose ratio of 9 to 1, primarily because of its low-energy conversion electron rad ia­
tion ." These estimates indicate that 117mSn might be effective in the pallia tive treatmen t of
metastatic bon e pa in without signi ficant bone marrow toxicity. When compared with 32p_
sodium phosphate in a murine model to quantitate radiation dose to bone and bone
marrow, the low-energy conversion electrons of 117mSn-DTPA demonstrated an 8-fold
therapeutic advantage over the high-energy beta part icles of 32p.62

In a clinical study of bone pain, 117mSn-DTPA was administered to five groups of
patients in a wide range of activities (from 71 to 286 ~Ci/kg [2.63 to 10.58 MBq /kg]).63
The ove rall response rate for pain relief was 75% in 40 patient treatments. No apparent
do se-response relationship w as observed; however, the time of onset of pain relief was
shorter with higher dosages. Only one patient exhibited a mild grade of leukocyte toxicity.
The investigators sta ted that l17mSn-DTPA warrants further large-scale trials to compare it
w ith other agents.
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In addition to the treatment of pa infu l bone metastases, " P in its two principal chemical
forms, 32P-sod ium phosphate and 32P-chromic phosphate, has ap p lications in poly­
cythemia vera, effusion therapy (peritoneal and pleural), and radiation synovectomy.

Polycythemia Vera

Polycythemia vera is a rare disease cha racterized by an elevation of the red blood cell
mass, tota l blood volume, and peripheral leukocyte and platele t counts'" Hem atocrits
may be 50% to 60% or more, whi te blood cell counts greater than 12,OOO/I'L, and platelets
in excess of 400,000/1'L. The high viscosity of blood leads to sluggish blood flow through
organs. If un treated, thrombosis and hemor rhage that can lead to death ma y result/" The
condition has been treated with phlebotomy, chemotherapy (chlorambucil, hydroxyurea),
and 32P-sod ium phospha te therapy. The treatm ent of choice is hydroxyurea, wi th " P­
sodium phosphate therapy as a second choice if hydroxyurea therapy fails or patients
cannot comply with the requirements of hydroxyurea therapy.""

The dose of " P-sod ium phosphate recommended by the Polycythemia Vera Study
Group is 2 to 3 mCi /m' (7.4 to 11.1 MBg/m') given intravenously after phlebotomy to
achieve a hematocrit level of 42% to 47%.6' The dose should no t exceed 5 mCi (185 MBg).
This is us ua lly sufficient to produce a remission. If remi ssion does not occur in 3 months,
the dose should be increased by 25%. Another dose increase by 25%, but not exceed ing 7
mCi (259 MBg), may be tried as a third dose after a period of another 3 months. Retreatment
is usually restricted for 6 months thereafter.

When soluble radiophosphate enters the miscible body phosphate pool, it is concen­
trated by rapidly proliferating tissue. Its use in polycythemia vera and other bone marrow
diseases is based on the fact that bloo d cell precursors in the bone marrow divide and
proliferate rapidly in health and to an even greater exten t in these diseases. The radio­
phosphate select ively concentrates in the mitotically active cells of the bone marrow and
in trabecular and cortical bone. The radiation dose to the bone marrow has been estimated
to be 24 rad(cGy) /mCi divided among marrow, 13 rad (cGy); trabecular bone, 10 rad (cGy);
and cortical bone, 1 rad(cGy)." An increased rate of neoplasia (leu kemia) occurs with bon e
marrow doses greater than 100 rad (cGy).6'J This is likely to occur with typ ical therapy;
however, median survival has been reported to be better with " P-sodium phosphate (12
years) than with phlebo tomy (8 years)."

Effusion Therapy

Malignant peritoneal and pleural effus ions are comp lications that may arise from cancer.
Intracavitary instillation of insoluble 32P-ehromic ph osphate sus pension into the peritoneal
cavity or pleural cavity has been effective in the palliative trea tment of painful symptoms
resulting from the accumulation of fluid in these cavi ties. The insolub le colloida l particles
of chromic phosphate, mostly in the 1 to 2 I'm range, are eng ulfed by floating macrop ha ges
an d eventually by fixed tissue macrophages lining the wall of the serous cavity. The beta
radiat ion from " P ca uses fibrosis of the meso theliu m and small blood vessels, which leads
to red uced fluid production." The dosage range for intraperitoneal instillation is 10 to 20
mCi (370 to 740 MBg), and for intrapleural instillation it is 6 to 12 mCi (222 to 444 MBg).
32P-ehromic phosphate can be dispersed in 30 to 50 m L of sterile saline before inst illation.
A patent route of ins tillat ion can be ascertain ed before administration of 32P-chromic
phospha te suspension by introd ucing 99mTc-sulfur colloid and imaging the cavitary dis­
tribution with a gamma camera. The accumulated cav itary fluid is removed prior to
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32P-chro mic phosphate ad ministration because large volumes of fluid will redu ce the
radiation dose delivered to the tissue.

Studies ha ve shown that the rate of recurrence of ovarian cancer is dec reased after
radical surgery if 32P-chromic phosphate is administered during the second-look ope ration.
Second-look pa tien ts treated with 32P-chromic phosphate have shown higher survival rates
(85%) than untrea ted patients (50%).72,73

Radiation Synovectomy

Diseases such as rheumatoid arthritis cause synovial inflammation in the joints. The
inflammatory proc ess involves increased secretion of synovia l fluid and the release of
enzymes and cell factors that result in car tilage degradation and eventual joint destruction.
The disadvantages associated with surgical synovectomy (hospitalization, physical ther­
ap y, and cost) led to the use of radiation synovectomy. Rad iation synovectomy involves
the injection of a nondi ffus ible radio active agent into the involved joint space," Ideally,
the agent should no t leak out of the joint space, Local irra diation of the inflamed synovial
lining decreases fluid production and the pain associated wi th intra-art icula r pressure.
There is also destruction of the cells responsible for releasing enzymes and cytokines that
mediate joint destruction.

The ideal agent for radiation synovectomy should have a beta energy with a range of
5 to 10 mm in tissue to effectively destroy the synovium but spare the cartilage and a dose
rate tha t limits the production of an acute inflammatory response." 32P-chromic phosphate
appears to possess ideal propertie s in that its maximum beta ran ge in tissue is 7.9 mm
and its half-life of 14.3 days permits administration of a smaller amount of radioactivity,
ranging from 1 to 2 mCi (37 to 74 MBq), to bring about a slow des truction of tissue without
inducing an acute inflammatory response." The 32P-chromic phosphate particles are phago­
cytized by synovial macrophages, helping to retain the particles within the joint spa ce.

1251-IOTREX

The GliaSite Rad iation Therapy System (IUS, Proxima) was designed for intracavitary
brachy therapy of malignant gliomas in the brain." The RTSis an inflatable balloon catheter
that is placed into a resection cavity in the brain after surgical removal of a brain tumor
(Figure 23-5). During treatment planning, the balloon is filled with saline containing
contrast material, and an MRI image is made for assessment of the required radi ation
dose and tissue depth, After this, the requ ired J251-lotrex activity, dwell tim e, and dose
rate are determined for a specified balloon volume. At the time of treatment, the sa line is
removed from the balloon and 1251-10trex in the prescribed volume is instilled into the
ba lloon, where it remains for 3 to 6 days. The exact dwell time is determined by the
prescr ibed radi ation dose required for treatmen t. Doses range from 40 to 60 rad(cGy). 1251_
lotrex in the balloon delivers radiation to the margins of brain cav ities created by tumor
resection . Radiation dose is typically ap plied over a tissue depth of 0.5 to 2 ern.

1251-lotrex is a steri le solution containing sodium 3-' 251-iodo-4-hy d roxybenzene­
su lfona te (Figure 23-6), It is available from MDS Nordion in a conica l glass vial in a 1 mL
volume with a nominal activity of 195 mCi/mL (7215 MBq/mL). The 1251 is organically
boun d and is readily excreted in the urine in the event that it inadv ertently leaches from
the balloon during treatment." Under normal operating conditions, the balloon is expec ted
to release about 1% of the 1251-10trex. The radiation dose to all organs is estimated to be
below the thresholds for de terministic effects in the unlikely event of a release of a
maximum dose of 450 mCi (16,650 MBq) sys temically." The effective dose from this
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FIGURE 23 -5 Administration technique for 125I-Iotrex in malignant glioma brachytherapy. (Use d
with permission of Proxima Therapeutics Inc., Alpharetta, GA.)

1251

H0-O-S03Na
FIGURE 23-6 Chemical structure of I25I-Iotrex.

amount if 1% is released is estima ted to be 0.24 rad (cGy); if 100% is released, the effective
dose is 24 rad(cGy)?7

Radioassay of 125I-lotrex requires specific attention to geometry considerations because
of the low-ene rgy photons emitted from 1251. The correct procedure is described in the
product brochure and package insert. In general, dose calibration factors for Capintec dose
calibrators have been established for measur ing the dose in a 5 mL BD (Becton, Dickinson)
plastic syr inge fitted with a 1.5 inch needle. Ca libration factors for dose calibrators of other
manufactu rers must be determined using an 1251 standard. The dose should be assayed
with no air space between the liquid surface and the rubber plunger, because of a sub­
stantial difference in the readings. Typically, residual activity in the syringe is assayed
after dose administration to determine the exact amount of activity injected into the
balloon. Again, because of sens itive geome try considerations, a volume of saline equal to
the original dose volume must be int roduced into the emp ty syringe to obtain an accurate
assay of residual activity.
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quality control measures, 122
requirement s for, 117
sh ipment, 117-1 23
shipping papers , 121
training for, 122

Tricyclic antidepressants, 714, 715t
Trigger leve ls, 112, 112t
Triiodothyronine (T3) , 495
Trime taphosphate

chemical structure, 25Sj; 6751
w-rl c-trimetaphosphate. 675

2,4,6-Trimethyl, 5-bromoacetanilido-iminodiacetic
acid. Sec BRIDA (mebrofenin)

Tripolyphosphate ('J'JmTc-STPP), 674, 678
Tritium (3H), 1St, 75t, 24lt
TRODAT

WmTc-TRODAT, 452
wmTc-TRODAT-l, 268f, 271

Tubis, Man uel , 11
Tubular fixation agents, 657-658
Tubular secretion agents, 657
Tumor imaging

agents for, 704---712
FDG -PET, 71[}-711, 711f, 712f
" tln- pentetreotide correlation, 708, 710t

Tumor lethal dose, 142
Tumor recurrence, 482, 483/
Tumor treatment

dose fractionation in, 142- 143
operational factors, 143
radioimmunotherapy, 770
therapeutic ra tio, 142

Tumors
bra in, 465, 466f
radiation-induced, 146-147
somatostat in receptor-positive, 708, 709f

Tungsten electron shells, 19f
Tungsten W 188 (l&lW), 233
Two-dimensional imaging, 342-343, 342f

u
UAMS. See University of Arkansas Medical Center
23SU(n,f)byproducts reaction, 214-215
UltraTag. See Technetium Tc 99m RBCs
Unit dosage, 188
United Nations Scientific Committee on the Effects of

Atomic Rad iation (UNSCEAR), 88, 99
United States Department of Energy, 161
United States Department of Transportation (DOT)

regulations, 99, 157, 178f
United States Pharmacopeia (USP), 399--400

PET radiopharmaceuticals with monographs in,
1801

qual ity assurance guidelines, 373
quality control issues related to PET d rug products,

442
reference standards for 18F-FDG, 414

United States Public Health Service, 12
University of Ark ansas Medical Center, 12
University of Chicago Clinics, 10, 11

Index

University of Mich igan, 12
University of Minnesota, 12
University of Neb raska Med ical Center, 11
University of New Mexico, 11, 13
Uni versity of Oklahoma, 12
University of Pittsburgh, 12
Univer sity of Sou thern Cali fornia School of Pharmacy,

11,12
University of Tennessee, 11, 12
University of Utah Med ical Center, 11
University of Washington, 11
University of Wisconsin, 12
UNSCEAR. See United Nations Scien tific Committee

on the Effects of Atomic Radiation
Uptake studies, 201-202
Urea (t-Ccurea). 416t
Uri nary tract infections (UTIs), 656, 661, 664f-iJ65f
USP. See United States Pharmacopeia
USP Fludeoxyglucose, 414
USP Fludeoxyglucose Related Compound A RS, 414
USP Flu deoxyglucose Related Compound B RS, 414

v
Vacutainer, 296
Vascu larity, 465
Vasoconstriction, 649, 650f
Ventilation lung scans (V), 569

normal, 579f
in pulmonary embolism, 577

Ventilation-perfusion lung imaging (VQ scans)
methods, 573-576
perfusion-ventilation algorithms for, 575f
in pulmonary embolism, 576-580
VQ matching, 569

Ventricula r septal defects, 580-585, 584f
Ventriculography, 541-542, 542f

ga ted equilibrium RNV, 552-554
Ventriculoperitoneal shunt evaluation, 487, 487f,

488-489, 488f, 489f
Verluma. See Technetium Tc 99m nofetumomab

merpentan
Vesicou rete ral reflux, 663-iJ64, 667f
Viability, myocardial, 518-519, 539-540

CMS-approved P2T procedures, 353t
PET perfusion-metabolism imaging protocol for,

537-538, 537f
Vial shields, 384
Vitamin Bn deficiency tests, 761-764
Vitam in Bn metabolism, 761-762, 763f
Volunteer subjects, 103

w
Warning labels, 119-120, 119t, 120f
Waste storage modules, lead -lined , 383, 383f
Water

linear energy transfer in, 40t
radiation absorption in, 74t

Water 0 15 injection (lsO-water)
blood flow measurement, 346
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