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Preface

Therapy in nuclear medicine practice has a long distinguished history. To use
today’s phraseology, it is one of modern medicine’s early “targeted therapies.”
By its very nature, nuclear medicine therapy is required to be highly specific
and targeted, since it always involves administration of unsealed sources of radio-
activity. Since the development of peaceful uses of atomic energy after the
second World War, patients with specific disease processes were among the ear-
liest who benefited by these new uses. Standard beta emitting radioisotopes, such
as P-32 and I-131, as well as radioisotopes of iron were used in new therapy pro-
cedures and seminal physiology studies. Since the 1960s many of these therapies
are still in use because of their effectiveness, safety, and lack of competing treat-
ments. Most therapeutic radiopharmaceuticals are available throughout the world
and different radioactive sources can be devised for regions that are farther from
production facilities or have specific frequencies in disease distributions. As these
needs for effective therapies continue to evolve in different world regions,
radioactive therapies continue to be cost-effective and adaptable. Perhaps most
exciting is the vigorous research and development in new therapeutic radiophar-
maceuticals that has been ongoing over the past 20 years.

To practice nuclear medicine and include a therapy aspect of the practice is
a challenge for the nuclear medicine physician. One has to be an expert in the
most common aspects of nuclear medicine imaging, of course. But to success-
fully conduct a therapy aspect of the practice with unsealed sources of radioac-
tivity requires a thorough knowledge of the clinical medicine aspects of the
disease to be treated. This may involve elements of internal medicine, surgery,
radiation oncology, and pediatrics special areas as well. The practitioner must
have a complete understanding of the radiochemical and radiopharmaceutical
aspects of the therapy agent with the biodistribution and pathophysiology of
the disease treated. The physical aspects of imaging to quantitate and understand
radiopharmaceutical behavior in a patient, both as a quality control measure and
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as the basis for dosimetry estimation, is also critical. The culmination of this
information synthesis for treatment with radiopharmaceuticals is dosimetry esti-
mation and application in an individual patient. No other aspect of nuclear medi-
cine practice demands such integration of the biological, chemical, physical, and
pathological understanding of all these elements applied to patient management.
This understanding for the basis of nuclear medicine therapy relies on an ongoing
partnership with the patient’s referring primary care physician and a careful delin-
eation of patient care responsibilities for the nuclear medicine physician. The
nuclear medicine physician must assume care of the patient during the actual
treatment phase, and be involved in appropriate patient preparation and follow-
up care and integration with the primary care physician—based continuing
care. In nuclear medicine therapy, the nuclear medicine physician must assume
the leadership role in all these aspects of patient care. This is a demanding
role, but also one that provides a fulfilling and stimulating aspect to the pro-
fessional career of the nuclear medicine physician.

These demands for knowledge and competence on the practicing nuclear
medicine physician are the basis for the creation of this book. This book was
designed to completely address the most important aspects of nuclear medicine
therapy across the breadth of practice. It is first and foremost a handbook
where the practitioner can easily obtain relevant practical information on how
to plan, carry out, and follow-up a nuclear medicine therapy procedure. Each
chapter provides background materials on a procedure for more in-depth infor-
mation. But most of all, this book indicates what the practicing nuclear medicine
physician needs to think about when contemplating or consulting for a nuclear
medicine therapy procedure for a patient with a specific problem. The role of
the nuclear medicine physician is defined. Also, enough information on require-
ments for therapy is provided to assist the practitioner in setting up a clinic to
perform nuclear medicine—based therapies. These include patient preparation,
risks, indications and contraindications for treatment, patient follow-up, and
re-treatment considerations. The authors who have prepared the chapters in
this book are experienced practitioners who have a complete understanding of
their subject area. They have taken into consideration regional and continental
variations in practices, where appropriate, and have composed solid reviews
for the reader.

In a larger context, our nuclear medicine specialty has long needed such a
reference. Many of us are called upon to consider performing a radioactivity-
based therapy that we may only perform at long intervals or infrequently. This
is a limiting factor for many nuclear physicians in their practice and often
limits provision of some of the most important contributions to patient care
that therapy with radioactive agents can provide.

Janet F. Eary
Winfried Brenner
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Principles of Therapy with
Unsealed Sources

Janet F. Eary

Division of Nuclear Medicine, Department of Radiology, University of Washington,
Seattle, Washington, U.S.A.

INTRODUCTION

Since the discovery of radium by Madame Curie in the early twentieth century, it
has been the dream of medical practitioners to use radioactive emissions for treat-
ment of human disease. Indeed, Madame Curie and her coworkers found that
certain superficial skin diseases underwent dramatic responses after exposure
to radiation and the fields of radiobiology and radiation oncology were born
(1). In the 30 years post—World War II, many new radioisotopes were discovered
and purified for medical use. In fact, medical radioisotope therapy use and
research has paralleled the development of all other uses of atomic energy. Col-
loidal gold and phosphorous (P-32) were some of the earliest radioisotopes used
in therapy (2). The discovery of a myriad of new radioisotopes for medical use
followed rapidly, along with new radiochemistry procedures for labeling drugs
and biologic agents. The history of therapy with unsealed sources can trace its
roots to the beginnings of the atomic age, the birth of radiochemistry as a disci-
pline, radioimmunoassay, and modern nuclear medicine imaging.

PRINCIPLES OF THERAPY

Radionuclide therapy with unsealed sources has several underlying principles,
which apply most to all forms of treatment. Where a treatment using a



Table 1 Important Characteristics of Therapeutic
Radionuclides

Type and energy of emissions
Half-life
Chemical behavior

radionuclide is envisioned, it ideally represents a radioisotope—drug combination
that is specifically suited for a disease in an individual patient. To begin with, the
physical characteristics of the radioisotopes must be considered (Table 1). Criti-
cal characteristics include type and range of emissions, half-life, and chemical
characteristics (Chapter 2). Most therapy agents utilize S-particle emissions for
their ability to penetrate tissues. This deposition of energy in tissue by 3 emitters
results in cellular damage. Among the 3 emitters there are several choices with
respect to energy of the B emission. Lower energy 3 particles can travel a few
cell diameters, or at most in the sub-millimeter range. These may be useful for
microscopic targets and reducing normal tissue damage. Higher energy 3
particles such as those emitted by P-32, Y-90, and Ho-166 have excellent
tissue penetration with a range beyond the source of several millimeters. This
may be desirable when a high homogeneous dose to a large target such as a lym-
phoma nodule or the bone from a bone surface or marrow source is being treated.
Intermediate-range [ particles such as those from iodine-131 (I-131) have a

Dose
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400 0.55
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0 — 0.4
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Maximum Dose = 0.67 Gy
Average Dose = 0.49 Gy
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Figure 1 Calculated dose homogeneity distribution from an iodine-131-labeled anti-B
cell antibody in a nodular lymphoma. Shading levels represent absorbed dose levels of
the radiation, which vary considerably at the microscopic level.
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Figure 2 TIodine-131 anti-B cell antibody localization observed in a patient with a large
abdominal tumor on day 6 after infusion. On day 1 (left) and day 6 (right).

shorter path length and may result in less dose homogeneity to the tissue (Fig. 1), but
still retain excellent therapeutic effect. Proponents of Auger emitters for radio-
nuclide therapy posit that these low-energy [ particles can cause therapeutic
effect without excess tissue toxicity because of their short energy deposition
range. A somewhat similar argument has garnered favor for support of the use of
a-particle emitters for therapy. At-111, Bi-213, and some of the transuranic
elements have been studied with varying degrees of success. a particles are
highly energetic with these emitters. Investigators hypothesize that the heavy « par-
ticle has such momentum that it results in high levels of cell killing close to the
origin of the radionuclide deposition. This is thought to result in low surrounding
tissue toxicity and high levels of cell killing in tumors where the radiation is depos-
ited. Gamma emissions from therapeutic radionuclides such as the 364 KeV in I-
131 are energetic enough to cause a generalized dose effect in an organ, or in the
whole body and should be considered in treatment planning for the enhanced treat-
ment effect they might provide as well as the toxicity they may cause (Fig. 2).

The physical half-life of the therapeutic radionuclide is an important con-
sideration and underlying principle for therapy planning. Rarely, except in
thyroid treatment, is the simple salt form of the radionuclide used. It is most
likely attached to a drug or particle that controls its biodistribution. The ideal
therapeutic radiopharmaceutical is one that remains attached to the parent drug
or its metabolites, and is excreted rapidly through a known simple route. Radio-
pharmaceuticals that undergo complex metabolism that results in free radio-
nuclides as well as labeled metabolites that are excreted by several routes are
more difficult to use. They also create greater difficulty for realistic radiation
absorbed dose estimation based on their observed biodistribution. In most
cases, the most optimal combination is a radionuclide with a physical half-life
that is similar to the drug or biologic agent half-life, so that the resulting effective
half-life represents a length of time appropriate for maximum therapeutic effect
and minimal nontarget toxicity.
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Many therapeutic radionuclides are radiometals and therefore pose chal-
lenges for radiopharmaceutical design. These radiometals often have large
atomic radii and can be difficult to chelate or chemically attach to drugs and bio-
logic agents. Weak chelation associations can result in transchelation to naturally
occurring metalloproteins. This can result in undesired biodistribution of radiome-
tal away from target sites. Certainly the chemical behavior of the therapeutic
radionuclide contributes a great deal to ease of preparation, stability, and biologi-
cal behavior in the patient. A special case is in the use of a emitters where
radionuclide daughters, being different elements may have different chemical
characteristics with respect to the radiolabeling strategy compared with the parent.

BIODISTRIBUTION

An important aspect of therapy with radionuclides is biodistribution of the radio-
pharmaceutical. While high target tissue binding is the most important goal, nonspe-
cific binding or blood pool residence of the compound is an important consideration.
Also important is the biodistribution of metabolized components and their excretion
routes. Ideally, a therapeutic radiopharmaceutical has high target binding and rapid
excretion without redistribution to nontarget tissues and compartments. A major
responsibility of the nuclear medicine physician is to know and understand comple-
tely the biodistribution patterns of a radionuclide therapy combination. Not only is
this important for safety, but for accurate dosimetry estimation. Often, observation
of biodistribution requires imaging and quantification of radionuclide tissue concen-
tration and time-activity data (3). Additionally, knowledge of the biodistribution of
the pharmaceutical that will be radiolabeled will give an indication of the correct
radioisotope to be chosen for the therapy indication.

RADIOISOTOPE CHOICE

In considering the radioisotope for attachment to the pharmaceutical or biologic
agent, the match between target residence time and biodistribution with physical
half-life is important. As was mentioned earlier, residence times of the radiophar-
maceutical and half-life should bear a relationship which results in maximum
treatment efficacy. Often, the radiopharmaceutical will remain in the target
tissues until decayed. This would be the case in thyroid treatment with I-131
sodium iodine and radiosynovectomy with P-32 colloid.

Another seemingly overlooked consideration for radionuclide choice for
therapy is the underlying pathology of the disease. Different disease processes
have variable sensitivity to the types and rates of radiation delivered. While
many processes are highly radiosensitive, many other diseases are highly radio-
resistant. They may present as solid masses such as tumors or may be distributed
in thin cell layers such as over bony trabecula in the marrow, or along the
meninges. These large differences in target type point to geometrical consider-
ations and problems for dosimetry estimation. They also pose challenges for
treatment efficacy and toxicity from differences in dose homogeneity.
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Radioisotope selection is extremely important in radionuclide therapy planning.
Strategies that are most effective have the pathological basis of the disease
process as a primary consideration.

TREATMENT ADMINISTRATION

There are several routes of administration of radionuclide therapy (Table 2). The
most commonly used is I-131 sodium iodide in capsule or liquid form. The recent
development of the capsule form of sodium iodide has greatly increased conven-
ience and decreased radiation safety issues. Liquid I-131 sodium iodide is highly
volatile, requiring ingestion in a fume hood and putting hospital personnel at risk
of contamination and thyroid I-131 burden. The I-131 oral capsules can be carried
to the patient in the radioisotope laboratory in the clinic or hospital room in a
properly shielded container. The simple procedure involves swallowing one to
several capsules with water, with no contamination of the surroundings.
Intravenous administration of therapy agents requires careful observation
and involvement of the staff and nuclear medicine physician. An intravenous
line must be of a gauge that allows free flow of the radiopharmaceutical over a
period of several minutes. The clinic or hospital floor personnel have to be pre-
pared to identify and treat adverse reactions, and monitor the patient for up to
several hours as well. In our clinics, treatments can only be administered in the
direct presence of a nuclear medicine physician. Usually they are administered
over several minutes so that if an adverse reaction develops, the administration
can be interrupted. In some therapies, such as those using radiolabeled antibodies
experimentally, the treatment infusions can last up to several hours requiring the
use of an infusion pump with adjustable rate. In many cases, the dose is adminis-
tered through an indwelling catheter. Most radioisotopes for therapy today do not
have problems with adhesion to these lines, but it should be determined ahead of
time if this is a potential problem, and a peripheral vein site selected. In some
cases, the treatment syringe contains sufficient radioactivity that shielding is
required to prevent a high hand dose to the personnel performing the therapy
administration. Automated syringe pumps are also helpful in these situations,
and can have the advantage of dose delivery at a smooth, predetermined rate.

Table 2 Routes of Administration in Radionuclide Therapy

Oral
Intravenous
Intracavitary
Intra-articular
Intracystic
Intrathecal
Intraperitoneal
Subarachnoid
Intra-arterial (with catheterization)
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Intracavitary treatment can be particularly interesting and rewarding in
nuclear medicine practice. It varies somewhat from one practice to another depend-
ing on the patient and the referring physician mixture locally. More preparation and
special procedure arrangement is often required for these therapies. Often the
nuclear medicine physician performs these treatments with a practitioner of
another specialty when specific skills are required. This is dependent on the level
of skill and practice of the nuclear medicine physician. Examples are intra-articular
and intraperitoneal treatments as well as the rare treatment of a cranial cyst. What-
ever the intracavitary therapy, careful pretreatment planning and organization are
very important for treatment success, patient safety, and radiation safety.

Intra-arterial treatments using radiocolloids and radiospheres are in prac-
tice in some locations. These are usually for treatment of hepatic tumors, and per-
formed in conjunction with members of the angiography service. As angiography
techniques become more widespread and sophisticated, intra-arterial therapies
using particulate radiopharmaceuticals may become an important part of
nuclear medicine practice.

PATIENT ASSESSMENT AND FOLLOW-UP

Each chapter in this text has a section specifically devoted to outlining the nuclear
medicine physician’s responsibility for patient assessment for treatment and
follow-up. These specifics are also detailed in easy-to-read tables for quick refer-
ence as well. The nuclear medicine physician is responsible for final patient
assessment for treatment. While this seems obvious, it sometimes seems that
this responsibility is overlooked when the nuclear medicine practice is increas-
ingly only having diagnostics as a focus. Good practice includes medical record
review, including the laboratory, and diagnostic test results, consultation with
the referring physician, and pretreatment consultation with the patient. This is
an opportunity to educate the patient and their family of the treatment
procedure, begin discussions about radiation safety, and follow-up procedures.
The nuclear medicine physician is also responsible for obtaining informed
consent from the patient for the procedure and making sure that radiation safety
precautions are clearly understood. In the therapy process, follow-up plans are
also very important. They may involve imaging, laboratory tests, and post-treat-
ment visits with the referring physician. It is important for the nuclear medicine
physician to make sure that care of the patient after radionuclide therapy is
ensured, either in the nuclear medicine department, or by the referring physician.

ADVERSE EVENT REPORTING

As emphasized in the previous section, preparation for adverse events in patients
treated with radionuclides is a major consideration. They can range from acute
reactions during and immediately postadministration to problems that occur in
the longer term. The nuclear medicine physician often must play the role of
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counseling the referring physician on possible long-term adverse effects of treat-
ment, how to monitor for them, and how to treat them. Each nuclear medicine
practice should have in place an adverse events reporting plan, which involves
documentation and submission to various local and state authorities.

RADIATION SAFETY

Chapter 2 details radiation safety aspects of radionuclide therapy. The nuclear
medicine physician is the so-called “captain of the ship” for these procedures,
with significant support from local radiation safety officers and radiation health
physicists as well as the clinic nuclear medicine technologists. Essential elements
begin with procedure planning and knowledge of local radiation safety regu-
lations. This involves ongoing interactions with the hospital or clinic adminis-
tration and the community, and probably state and national authorities as well.
Counseling the patient and his family and the referring physician on radiation
safety precautions is as important as safe treatment procedures for the patient.
In today’s world, patients bring all kinds of preconceived notions and distractions
to the interaction with the nuclear medicine physician. These are in addition to
having an illness that requires this somewhat unusual treatment (to the mind of
the patient). Counseling the patient to a level of understanding about radiation
safety procedures for treatment can be a rewarding experience for the nuclear
medicine physician because it can fully engage the patient as an active participant
in his/her own healthcare.

ROLE OF THE NUCLEAR MEDICINE PHYSICIAN

The previous brief discussions on basic aspects of radionuclide therapy really
describe the role of the nuclear medicine physician. This role is summed up in
Table 3. This text emphasizes our role as physicians in nuclear medicine where
good medical practice is at the heart of all specialized procedures. We have designed
the chapters to provide succinct backgrounds, useful reference lists, concise tables of
instructions, and considerations of practice for each procedure. This text will be
valuable to the new practitioner as well as the old hand who needs to brush up knowl-
edge for an upcoming seldom-performed procedure.

Table 3 Role of the Nuclear Medicine Physician in
Radionuclide Therapy

Be a physician!

Know the patient

Know the radiopharmaceutical

Know the disease

Know the referring physician

Know all the procedures and regulations
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Therapeutic Radioisotopes

Joseph G. Rajendran

Division of Nuclear Medicine, Department of Radiology, University of Washington,
Seattle, Washington, U.S.A.

INTRODUCTION

Since the discovery of radium, the medical community has been interested in the
use of unsealed radioactive isotopes to target and treat cancer and benign sys-
temic and loco-regional proliferative conditions such as arthritis. Lack of effec-
tive systemic agents, such as chemotherapy during the early period of modern
oncology, coupled with the intention to use targeted therapy for treating cancer
made radioisotopes an option for use in cancer. Radioactive iodine-131
(I-131), because of abundant beta and gamma emissions and normal physiologi-
cal uptake of elemental iodine in the thyroid gland, was the most logical choice
for treating a number of thyroid disorders. Radioactive phosphorous-32 (P-32)
made its way into nuclear medicine therapy, mainly because of the ubiquitous-
ness of phosphorous in many biological molecules. It comes as no surprise that
it was the first agent utilized in treating hematological malignancies. Since that
time, several new isotopes were identified and clinical uses were explored.
Advances in scientific research, systematic clinical trial design, and consideration
of the properties of radiopharmaceuticals have resulted in finding new effective
therapy agents.

Although many radioisotopes have potential applications in nuclear medi-
cine therapy, the ultimate choice of an agent is based on type of emission, energy,
half-life, ease of production, availability, and cost. Radioisotopes for therapeutic
use can be largely divided into two groups—radiometals and radiohalogens.
Radiometals have long been attractive options and have gained widespread popu-
larity for many clinical uses while radiohalogens have maintained their popular-
ity because of their relatively simpler radiolabeling characteristics.

9
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RADIOPHARMACEUTICALS FOR THERAPY

Radioisotopes used in therapy require certain characteristics that differ from
those of diagnostic radioisotopes. Radionuclides used in therapy are predomi-
nantly beta or alpha emitters (Table 1). Pure particle emitters without any
gamma component do not require special radiation safety precautions permitting
out-patient treatment. Presence of gamma emission is helpful in imaging and
studying the biodistribution of a particular radiopharmaceutical, not only at the
time of drug development but also for estimating patient-specific radiation
absorbed dose. In the absence of gamma emission, internal dosimetry for alpha
or beta emitters has been attempted using surrogate isotopes, for example,
indium-111 (*''In) for yttrium-90 (°°Y) (1) although arguments counter to this
application have been put forth. Emitters of Auger electrons, for example,
In-111 have also been introduced for treatment purposes (2).

A number of radioisotopes are used as their salts, for example, '*'T sodium
iodide and ®Sr strontium chloride, while many others have to be incorporated into
compounds of biological interest to make them stable and functional in
vivo. These can be chemical compounds such as diphosphonate ethylene diamine tet-
ramethylene phosphonate (EDTMP)—samarium-153 (‘**Sm) EDTMP or biological
compounds such as antibody—'*'T tositumomab. The resulting radiopharmaceutical

Table 1  Physical Characteristics of Commonly Used Radioisotopes in Therapy

Gamma energy

Beta E, .« Mean range used for
Radionuclide (MeV) (mm) imaging (keV) Half-life (hr)
32p 1.71 1.85 — 342
54Cu 0.57 and 0.66 0.4 511 12.8
57Cu 0.57 0.27 92 and 185 62
Oy 227 2.76 — 64
131y 0.61 0.4 364 193
1538m 0.8 0.53 103 47
7T 0.5 0.28 113, 208 162
186Re 1.07 0.92 137 89
188Re 2.12 2.43 155 17
165Dy 1.29 — — 2337
25A¢ — — — 240
2HALT 5.9 (alpha) 0.06 670 72
7.5 (e.c.) 0.08
212g; 1.36 (beta) 0.09 727 1.0
6.1 (alpha) 0.06
213Bj 5.8 (alpha) 0.06 440 0.78
8.4 (alpha) 0.08

Abbreviations: P, phosphorus; Cu, copper; Y, yttrium; I, iodine; Sm, samarium; Lu, lutitium; Re,
rhenium; Dy, dysprosium; Ac, actinium; At, astatine; Bi, bismuth.
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has the desired biodistribution and function of the drug moiety. The ultimate
therapeutic function of a radioconjugate depends not only on the properties of
the radioisotope but also on the biokinetic properties of the conjugate. These
characteristics determine the global as well as local radiation absorbed doses for
each combination.

Physical and effective half-life of the radioisotope should be paired to the
drug half-life in the body. Radioisotopes with very short half-lives are often not
desirable because of difficulties in availability, need for rapid labeling require-
ments. In spite of these drawbacks, short-lived isotopes, both alpha (*'*Bi and
23Bi) and beta emitters (*’Cu), have been proposed and tried in the treatment
of acute leukemia (3) as well as intracavitary applications (4).

Easy availability and production are attributes affecting the cost of pro-
duction. Generator-produced isotopes are attractive particularly for use in
centers that are remote from production facilities, for example, rhenium-186
('86Re). But cost might be a factor in their ready acceptance for routine clinical
use. Simple, stable radiolabeling to biological compounds is one of the most
important qualities for an ideal therapeutic isotope. Binding efficiency and stab-
ility of a radiolabeled compound results in optimal delivery of radiation in vivo.
Additionally, there should not be any significant radiolysis of the compound after
labeling, during storage (a potential problem when high specific activities are
used in labeling), and shipment.

TISSUE TARGETING

Optimal delivery of the radioconjugate depends on several factors—pharmaco-
kinetics of the conjugate and the biological parameters of the tissue. The physical
half-life of the isotope should be longer than the time needed for targeting the
tissue/tumor aiming for a maximal tissue-to-background ratio. Usually, for
cancers with a large number of circulating tumor cells such as leukemia,
cancer cells can be easily targeted within a short interval after administration.
The size of the conjugate (e.g., antibody) is also an important factor that deter-
mines the pharmacokinetics. Similarly, the morphology of the tumor including
the level of antigen expression and interstitial pressure can affect delivery of
the radioconjugate. These factors result in either suboptimal delivery or poor
target-to-background ratio. These are not limiting factors in treating benign or
malignant pathology in cavitary lesions where the radioconjugate is either
directly instilled into the resection cavity or after-loaded into an indwelling
balloon catheter. However, there should be no or minimal leakage into the
blood pool and the conjugate/carrier needs to be inert.

RADIOPHARMACEUTICAL QUALITY CONTROL

Before a radiopharmaceutical can be injected into patients, it needs to meet
quality control standards, which include radiochemical purity, sterility,
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pyrogen testing, protein binding, and immunoreactivity. Each radiopharmaceuti-
cal must be assayed for each characteristic before it can be administered to the
patients (Chapter 3).

BETA PARTICLES

Radioisotopes with high proportion of beta emission have been used clinically
and represent the largest group used in therapy. Beta particles have a finite and
limited range in tissues and dissipate most of their energy (~95%) within an
organ. While beta particles are ideal for treating larger tumors because of
longer path range in tissues, much of their energy (up to 99.9%) can fall
outside the small diameter microscopic tumors (5). A plastic syringe shield is
used for pure beta emitters to avoid bremstrahlung that would contribute radiation
dose to the hands. Several beta emitters have found appropriate role in the pallia-
tion of patients with painful bone metastases (6,7). In theory, the dose rate of par-
ticle emission has some bearing on treatment effects. Generally, radionuclides
with higher dose rates are effective in treating tumors with shorter cell cycle
time, that is, rapidly proliferating cells and vice versa (8,9). Radioisotopes
without any gamma ray emission provide the advantage of convenient out-
patient treatment, because of the lack of gamma radiation.

Copper Radioisotopes

Three radioisotopes of copper are in use in clinical nuclear medicine. Of these,
two are useful in therapy: Cu-67 (T,, = 2.6days), Cu 64 (T
= 12.4 hours), with the former having properties that include a gamma emission
(184 keV). Copper-64 can be produced with high specific activity (100 mCi/mg
Cu) in a cyclotron (10). Cu(l) oxidation state forms thermodynamically
stable complexes with several ligands including the macrocyclic compounds.
Bifunctional chelates of copper are suitable for use as therapy agents, particularly
radioimmunotherapy (RIT) and can be formed by side chain attachment to the
carbon backbone or nitrogen atom substitution. Highly stable compounds can
be produced by these methods. Chelation is rapid and complete within a few
minutes.

Dysprosium-165

Dysprosium-165 (Dy-165; T;,, = 2.33 hours; Ep, beta = 1.29 MeV) coupled
with large inert carrier, ferric oxide macroaggregates is used in the intra-articular
treatment of rheumatoid synovitis (11,12). Intra-articular injections of 250 mCi
per joint are commonly used to treat chronic inflammatory joint conditions. It
has extremely low leakage rates [0.12—0.3% of the injected dose (ID)] (13,14).
Repeat injections in patients refractory to the first administration are feasible (15).
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Erbium-169

Erbium-169 emits beta particle (E,,x beta = 0.34 MeV) with an average soft-
tissue range of 0.3 mm. It has a convenient shelf life of 9.4 days. It is used as
the citrate salt in the treatment of refractory painful arthritis particularly in the
smaller joints such as the metacarpophalangeal and digital interphalangeal
joints. Small volumes containing 0.5—1 mCi (20—40 Mbq) with a maximum of
20 mCi (750 Mbq) per administration are used (16).

lodine-131

Iodine-131 has a convenient half-life and energy characteristics (T, = 8.1 days;
E.x beta = 600 keV). Normal physiological uptake of iodide (and hence its
radioactive form) in functioning thyroid tissue is the primary reason for its role
in treating several thyroid disorders and malignancies. This fact, coupled with
the energetic beta emission, has made it a treatment standard. Sodium iodide
has the convenience of easy oral administration, which further improves
patient compliance. Its high-energy gamma radiation (364 keV), which requires
additional radiation safety measures, can be considered advantageous for biodis-
tribution studies and radiation-absorbed dose evaluation. Sodium iodide in liquid
form is highly volatile and needs special handling in a fume hood with exhaust
system to avoid inhalation of the iodide vapor during labeling. It also means
that personnel handling the radiopharmaceutical should be subjected to periodic
assays to exclude uptake in their thyroid glands. However, I-131 remains the most
commonly used therapy radionuclide in nuclear medicine. When used for treating
nonthyroid malignancies, unwanted uptake of '*'T in normal thyroid gland needs
to be blocked by administering elemental iodide, in the form of Lugol’s iodine or
Strong Solution of Potassium Iodide (SSKI). Its easy labeling characteristics with
the ability to covalently label proteins have made it the primary choice for label-
ing monoclonal antibodies while its longer half-life (eight days) is ideal in situ-
ations where there is slower penetration into a tumor.

lodine-125

Iodine-125 (T ;, = 60 days; X-rays = 30 keV) is cyclotron produced. In spite of
the absence of any particle emission, the low-energy characteristic X-rays make it
suitable for use in brachytherapy applications in cavitary malignancies, for
example, resection cavity of glio blastoma or primary breast cancer. For this
purpose, it is used as an after-loading technique into an indwelling balloon cath-
eter placed at the time of surgery. Concerns of significant leakage has been
addressed by forming a stable compound and using double-layered extra strong
balloon (17). The amount of radioactivity and the dwell time is based on the
balloon size of the Gliasite system, which is approved by the Food and Drug
Administration (FDA) for such use in patients’ malignant brain tumor. I-125
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has also been used in the sealed form as seeds for postsurgical treatment of brain
tumors and primary treatment of prostate cancer.

Lutitium-177

Lutitium-177 (Lu-177) is a beta emitter (0.5 MeV) with a half-life of 6.73 days
and gamma photopeaks of 113 (3%) keV and 210 (11%) keV, respectively.
It can be produced to a high specific activity and has a half value layer (HVL)
of 0.6 mm of lead. It has a range of several millimeters in tissue. Antibodies
have been successfully labeled with it (e.g., CC49) for intraperitoneal treatment
of ovarian cancer (18) or peptides (e.g., octreotate) for treating somatostatin-
expressing tumors (19,20). It is commercially available in the United States in
pharmacologic grade and is usually labeled using macrocyclic compounds such
as tetraazacyclododecane-tetraacetic acid (DOTA). The higher absorbed doses
and the lower tissue penetration range of '’’Lu has been shown to be advan-
tageous for treating small tumors. Cumulative doses of 600—800 mCi have
resulted in partial remissions of 30% in patients with neuroendocrine tumors (19).

Phosphorous-32

Phosphorous-32 is a pure beta emitter with a half-life of 14.3 days and is com-
monly used in the intravenous form as sodium phosphate. Because of the ubiqui-
tousness of phosphorous in biological molecules, it was one of the first agents to
be used in treating systemic cancer (particularly hematological) and effusions.
However, P-32 therapy was also associated with significant hematologic toxicity.
This coupled with the emergence of potent cancer chemotherapeutic agents,
resulted in the waning of its use in clinical medicine. Today, it is the agent of
choice for treating polycythemia vera, a malignant proliferative condition of
the red blood cells. While it is rarely used in treating malignant effusions, the col-
loidal form (chromic **P) has found widespread use in the control of benign pro-
liferative conditions of joint synovium (21,22) and with some success in cystic
brain lesions (5,23). Other novel ways of using P-32 include coronary stents
impregnated with P-32 to prevent restenosis after balloon angioplasty in treating
patients with coronary artery disease (24).

Radioisotopes of Rhenium

Two radioisotopes of rthenium, 186Re (T, /2 =3.72d; Epax beta = 1.07 Mev) and
188Re (T, 12 =16.98 h; E . beta = 2.12 Mev) have found use in nuclear medi-
cine therapy. On the other hand, '®°Re is short-lived and has rapid uptake in
target and clearance from normal organs. Convenient physical half-life
(89 hours) with an E,,x of 1.07 MeV beta emission and 137 keV (9%) photon,
'%Re delivers more radiation than '®*Re in terms of rad/mCi. When chelated
to hydroxyethylidene diphosphonate (HEDP), etidronate is stable and shows
uptake similar to Technetium [99m] medroxy diphosphonate (**™TcMDP). It
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has an uptake pattern in normal skeleton and metastatic foci. Like other bone
seekers, it is rapidly excreted via urine and shows optimal retention in the skel-
eton at 24 hours. Methods are available for the production of high purity com-
pounds (25). '®Re can be produced to very high specific activity by neutron
irradiation of enriched '®°Re. In practical terms, production of '*®*Re is usually
achieved using a 188W/ '88Re generator system and is able to produce carrier-
free '®Re (26). The main advantages of rhenium are its chemical similarities
to technetium and the fact that proteins can be labeled by either direct methods
(to the sulfhydryl group) (26) or indirect methods (by using bifunctional chelates
to biological compounds) (27).

Samarium-153

Samarium is labeled to phosphonates, for example, EDTMP, taking advantage of
the bone-seeking properties of the bisphosphonates. It is produced by neutron
irradiation of '**Sm. '*Sm is a gamma (with a principal photopeak of
103 keV) and beta emitter (E,,,, beta = 0.81 MeV for the main emission). Its
convenient half-life of 1.95 days makes it useful for treating patients with wide-
spread metastases and compromised bone marrow function (28). It has a biodis-
tribution profile and uptake characteristics in the metastatic bone lesions [ratio of
lesion to normal bone can be as high as 4:1 (29)]. As with other bone-seeking
radiopharmaceuticals, the bone marrow is at risk for myelotoxicity (the calcu-
lated upper limit for marrow dose is 7 rad/mCi). Along with strontium chloride,
it is one of the two radiopharmaceuticals approved by the FDA for palliation of
bone pain from metastatic disease. Its shorter half-life is particularly attractive to
prevent severe myelotoxicity when used in patients who have been heavily
pretreated with radiation and or chemotherapy.

Strontium-89

The biodistribution of strontium was first characterized in the early 1940s. In
addition to its uptake in normal bones, it was found to differentially localize in
foci of active bone turnover that include tumor foci. These areas can show
several fold uptake compared with normal bone. It is a fission product and
pure beta emitter with an Ey,,, beta of 1.46 MeV and a T, , of 50.5 days. It is
handled by the body in the same manner as calcium. It is excreted via the
kidneys and is taken up into the bone undergoing a “self-burial” with a long effec-
tive half-life in the skeleton and slow wash-out from blastic bone lesions (30).
Lack of gamma emission precludes imaging, although attempts have been
made to image the bremstrahlung (resulting in a very low quality image) or by
spiking with ®°Sr, the gamma emitting isotope of strontium (30). However,
with a biodistribution identical to strontium isotopes, 99mT MDP can be used
as a surrogate for studying the biodistribution of %*Sr although the half-life is
very different. Administration of strontium for therapy of bone metastases is
based on a fixed dose scale and does not require biodistribution studies for



16 Rajendran

therapy administration. Treatment doses are nonmyelosuppressive in the pre-
scribed dose ranges (6,7).

Yttrium-90

Yttrium-90 (Y-90) is a pure beta emitter and belongs to group III. Its high E;.«
beta (2300 keV) has made it an attractive choice for therapy applications, in spite
of the lack of gamma emission. Higher energy and hence longer particle range in
tissues provide the ability to treat larger tumors. Yttrium-90 is generator-
produced from its parent Sr-90 and is available with high specific activity (27).
Its trivalent ion is commonly used for chelation purposes. Used as the citrate
salt, it shows 80% uptake in the bones. In this form it has been used for pain pal-
liation from metastatic disease. It has the chemical properties suitable for chela-
tion to several commonly used compounds or macrocyclic ligands such as DOTA
(31,32). Several chelated forms are being evaluated for therapy and simple effec-
tive labeling methods are available (33). In spite of the need to use a surrogate
radioisotope for biodistribution studies, yttrium has gained acceptance in clinical
practice because its high beta particle energy and the lack of gamma radiation
make out-patient treatment feasible (34,35).

Indium-111

Auger electron emitter In-111, belonging to group III is cyclotron-produced with a
half-life of 2.8 days and decays by electron capture and gamma emission (184 and
296 keV). Its trivalent ion, which has thermodynamic stability, is commonly used
for radiolabeling purposes. Advantages include ready availability and well-estab-
lished use in diagnostic nuclear medicine applications. It is usually chelated to
biological molecules using chelating complexes such as diethylene triamine
pentaacetic acid (DTPA), ethylenediaminetetraacetic acid (EDTA), or DOTA.
It should be noted that because of their slow clearing properties, macrocyclic com-
pounds are preferred for in vivo studies, for example, In-DOTA (36). "' 'Indium
can be effectively chelated using simple techniques either before or after conju-
gation to a biological molecule usually with the help of a buffer (32,37).

Tin-Sn-117 m

Sn-117 m (T, = 13.6 days; conversion electrons) is a conversion electron emitter.
Because of the low energy of these electrons, there is relative sparing of the bone
marrow in treated patients and offers a large dosimetric advantage over other beta-
emitting isotopes. Stannum (Tin) (Sn)** DTPA localizes actively (50% of ID) in bone.

ALPHA PARTICLE EMITTERS

Alpha particles, which are helium nuclei, look attractive for therapeutic appli-
cations because of their high linear energy transfer (LET) and relative biological
efficiency (RBE). Cell killing is less dependent on oxygen for radiotherapeutic
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efficacy, that is, low oxygen enhancement ratio (OER) (38—40). Although their
path length in tissues may exceed several cell diameters, it is not likely long
enough to effectively treat larger tumors. Alpha emitters are however useful in
treating micrometastases from solid tumors or in disseminated intracavitary dis-
eases such as intraperitoneal seedling from ovarian malignancies, tumors in the
meninges as well as acute leukemia. Ultra short-lived radioisotopes of bismuth,
212Bj and *"’Bi, are under investigation for leukemia (rapid cell proliferation)
treatment (3) and intracavitary malignancies (diffuse and microscopic disease)
(41). Radioisotopes with longer half-life, lead-212 (*'*Pb) and actinium-225
(**°Ac) may be suitable for use in systemic treatment (larger tumors). The idea
of using high LET alpha emitters as targeted atomic nanogenerators is a recent
proposition (42). A single atom emitting an alpha particle may kill a target
cell. Investigators have targeted several cancers using novel constructs of inter-
nalizing monoclonal antibodies labeled with alpha emitters without increasing
systemic toxicity (3,39). Because of the nature of their interaction with matter
(short path length), no special shielding precautions are needed.

Actinium, Bismuth, and Other Alpha Emitters

255 Ac has the advantages of ready availability and the lack of radon isotope or
high-energy gamma emitters in the decay scheme. **>Ac also has a sufficiently
long half-life (10 days) that results in optimal pharmacokinetics and is con-
veniently produced from Thorium 229(Th) (T, /2 = 7340 years) generators and has
the potential for continuous supply. It has been estimated that for each gram of
229Th, five Ci of ***Ac can be produced per year benefiting 4000 cancer patients
per year (43). Current emphasis is on using chelators to label the antibody, but bio-
distribution problems, including clearance from the body, pose major challenges.
213Bi (T, /2 = 45.6 minutes), the last alpha emitter in the decay scheme of 2297,
is produced from ***Ac generators (42). The eluted product can then be labeled
to antibody yielding to high specific activities using established methods. Its
gamma emission (440 keV) makes imaging and biodistribution studies possible.
Use of radioisotopes in treating medical conditions has always been an
attractive option and takes advantage of the targeted delivery of radiation to the
tissues. Beginning with P-32 and I-131, a number of useful isotopes have been
added to the line up, while many have been retired. In spite of the initial negative
set back on its popularity that was seen following the introduction of modern cyto-
toxic chemotherapy, advances in radiochemistry, and chelating techniques,
coupled with a better understanding of radiation-absorbed dose estimation have
made them attractive options for therapy again. A great deal of progress has
been made in the synthesis, purification, and labeling of therapeutic radiopharma-
ceuticals. A majority of these agents are beta emitters but alpha emitters, used as
nanogenerators have generated greater excitement and promise to be a powerful
new tool. Recent introduction of two radiolabeled monoclonal antibody products
for the treatment of non-Hodgkins lymphoma (NHL) in the United States prom-
ises to provide a strong impetus for the growth of therapeutic nuclear oncology.
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BACKGROUND

Treatment of patients suffering from inflammatory joint disease is usually based
on systemic pharmacotherapy and local treatment. In rheumatoid arthritis, for
example, pain and joint swelling are often satisfactorily treated by anti-
inflammatory or immunosuppressive drugs. However, it is quite common that
single joints remain painful and require additional local treatment. Local
therapy is also frequently indicated in degenerative osteoarthritis, where phar-
macotherapy is less effective. While surgical procedures to remove the inflamed
synovial membrane as well as intra-articular application of steroids are the most
widely used local treatment modalities, radiation synovectomy has gained more
and more acceptance during the last decade. The first animal studies
using radionuclides for joint treatment were performed as early as 1923, and
synovectomy by intra-articular application of [B-emitting radioisotopes in
patients was introduced in 1952 by Fellinger and Schmid in Vienna (1).
Since that time, a large number of radionuclides have been studied and analyzed
in clinical trials. Since 1968, the term radiosynoviorthesis has been used, meaning
a restoration (from the Greek word “orthesis”) of the synovial membrane (from
the Greek word “synovia”) by the use of radionuclides (2). Today, radiosyno-
viorthesis is an alternative or supplementary therapeutic approach in addition to
pharmacotherapy for the treatment of patients suffering from painful inflammatory
joint disease.
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TREATMENT OF INFLAMMATORY JOINT DISEASE

One of the main reasons for joint pain and effusion is an inflammation of the
synovial membrane either caused by an autoimmune response in case of rheuma-
toid arthritis, chronic reactive arthritis, and arthritis in other immunoarthritic
“rheumatoid” disorders or caused by mechanical stress and abrasion of cartilage
and/or bone in case of osteoarthritis. Treatment of inflammatory joints therefore
depends on the type of the underlying disease and is based on systemic drug
therapy and local joint treatment. In rheumatoid arthritis, systemic baseline treat-
ment with anti-inflammatory and immunosuppresive drugs is considered manda-
tory as rheumatoid arthritis is not only a disease of the joints but also of adjacent
tendon sheaths and bursae. Generalized forms of rheumatoid arthritis with vascu-
litis and visceral involvement are common. Pain and joint swelling are often sat-
isfactorily treated by systemic baseline therapy but often single joints remain
painful and require additional local treatment in order to avoid severe side
effects which may be caused by an intensified drug regimen. Local therapy is
also frequently indicated in all cases of mono- or oligoarthritis such as osteoar-
thritis, pigmented villonodular synovitis, chronic postarthroplasty-synovitis, or
chronic reactive arthritis. Well-established local treatment options are surgical
resection, intra-articular steroid application, and radiosynoviorthesis. Surgical
procedures, ranging from open-joint surgery to minimally invasive arthroscopic
synovectomy, are associated with risks of surgery and anesthesia, need for hos-
pitalization, and a prolonged period of rehabilitation. Long-term success rates
for surgery are about 50% to 80% with a high risk of relapse, especially in
case of pigmented villonodular synovitis. Chemical synovectomy by intra-articu-
lar application of anti-inflammatory and antiproliferative substances like osmic
acid, nitrogen mustards, methotrexate, and cobra venom has been almost comple-
tely abandoned because of possible joint damage caused by these highly toxic
compounds. Intra-articular injection of corticosteroids was first described in
1951 (3) and is still the most frequently applied and widespread therapeutic
approach in the local treatment of synovitis. However, many studies have
described negative effects on articular cartilage metabolism and vitality (4-7).
Furthermore, repeated intra-articular steroid applications often result in increas-
ingly shorter time periods of effective pain relief. Therefore, only few repeated
injections per joint are recommended. Owing to the limitations of local treatment
modalities, radiosynoviorthesis has become an alternative and in part supplemen-
tary therapeutic approach for the treatment of painful inflammatory joint disease,
chronic recurrent joint effusion, or osteoarthritis.

BASIC PHYSIOLOGY

For radiation synovectomy, B-emitting radiocolloids are used for intra-articular
application. Immediately after administration, the colloids are taken up by
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phagocytosis by type-A synoviocytes which partly build the surface layer in the
synovial membrane as well as by phagocytosing immunocompetent cells such as
macrophages. Therefore, the size of the radiocolloidal particles is an important
factor determining the biokinetics of the radiopharmaceutical. The colloid has
to be small enough to be taken up by the synovial cells and to achieve a hom-
ogenous distribution within the whole joint. But it also has to have a particle
diameter, which is large enough to avoid leakage out of the joint cavity by
venous or lymphatic drainage, which would result in an increased irradiation
of the whole body and particularly of the locoregional lymph nodes, the liver,
and the spleen. The most appropriate particle size was described to be between
2 and 5 pm (8). Using such radiocolloids, animal studies in rabbits demonstrated
a homogenous distribution throughout the synovial tissue by autoradiography
(9,10) while no uptake in the articular cartilage was observed. Most of the
energy of the S particles is deposited within a range of millimeters up to 1 cm
into synovial tissue depending on the chosen radionuclide. The biological
effects within the irradiated tissue are caused by both direct damage and indirect
interaction. Secondary oxygen radicals generated by tissue irradiation are known
to destroy the cellular membranes by lipid peroxidation and result in DNA strand
damage and breaks. Oxygen radicals are also potent inductors of apoptosis. All
these interactions result in fibrinoid necrosis, sclerosis, and fibrosis of the syno-
vial stroma, the inflammatory cells, and the capillaries within the synovial mem-
brane. A reduction in volume of the synovial tissue together with a significant
reduction of the inflammatory pannus tissue is seen within a few weeks (11).
The occlusion of capillaries of the synovial membrane decreases the secretory
activity markedly (12,13). Thus, the clinical effects of radiosynoviorthesis for
the patient are reduction of pain, swelling, and effusion.

RADIOPHARMACEUTICALS

Searching for the ideal compound, a large number of different radiopharmaceu-
ticals has been used since the beginning of radiation synovectomy (14). The
energy of the B particles must be high enough to penetrate the whole depth of
the inflamed synovial membrane while both the adjacent articular cartilage and
subchondral bone as well as the overlying tissue should not be damaged. This
prerequisite makes clear that owing to the large range of joint size there will
be no single radionuclide suitable for all joints. Related to joint size, three radio-
nuclides have gained widespread acceptance for radiosynoviorthesis in Europe
(15): yttrium-90 (Y-90), rhenium-186 (Re-186), and erbium-169 (Er-169).
Dysprosium-165 (Dy-165) plays an important role in radiation synovectomy of
knee joints in Australia. However, the short physical half-life of 2.3 hours for
Dy-165, which is favorable for the radiation dose to the patient, is a disadvantage
in timing the delivery from the manufacturer to the patient, which hampers a
broader use. Phosphorus-32 (P-32) is mainly used for radiation synovectomy in
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Table 1 Radionuclides Used in Radiation Synovectomy and Their Physical Properties

Maximum Gamma
Half-life beta energy energy Maximum Mean range

Radionuclide (d) (MeV) (keV) range (mm) (mm) Compound
Yttrium-90 2.7 2.27 — 11 3.6 Silicate,
citrate
Rhenium-186 3.7 1.07 137 3.7 1.1 Sulphide
Erbium-169 94 0.34 — 1.0 0.3 Citrate
Phosphorus-32 14.4 1.71 — 7.9 2.6 Chromic
phosphate
Dysprosium-165 0.1 1.29 95 5.7 1.3 Ferric
hydroxide

the United States. A summary of commercially available and routinely applied
radionuclides for radiosynoviorthesis is given in Table 1.

Owing to its maximum tissue penetration of 11 mm, Y-90 should be
used only for the treatment of knee joints. In all other joints there is a high
risk of severe damage to the articular cartilage and necrosis of the overlying
tissue. Re-186 is the candidate for treatment of mid-size joints while Er-169 is

Table 2 Radiopharmaceuticals and Recommended Activities for Radiosynoviorthesis

Radionuclide Joint Activity (MBq)

Yttrium-90 Knee 185-222

Rhenium-186 Shoulder 74-185 (111)
Elbow 74-111
Wrist 74
Hip 111-185
Ankle 74
Subtalar 37-74

Erbium-169 Thumb base 30-40
MCP/MTP 25-40
Proximal interphalangeal 20
Distal interphalangeal 10-15

Phosphorus-32 Knee 37-185
Ankle, shoulder, elbow 18-92
Wrist

Dysprosium-165 Knee, hip 10,000-11,000
Ankle 7400-9200

Activities given in bold are standard activities as used by the author.

Abbreviations: MCP, metacarpophalangeal; MTP, metatarsophalangeal.
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used for all finger and toe joints, and, more recently, for the temporomandibular
joint as well as the iliosacral joint. P-32 and Dy-165, their 8 energy ranging
between the energy of Y-90 and Re-186, are usually applied in knee joints and
mid-size joints such as shoulder, elbow, wrist, hip, and ankle. Recommended activi-
ties and radiopharmaceuticals for the various joints are summarized in Table 2.

INDICATIONS FOR RADIATION SYNOVECTOMY
AND SUCCESS RATES

Although approved indications differ in various countries, radiation synovectomy
in general is applicable for local therapy of synovitis and is therefore suitable for
patients with different types of inflammatory joint disease. Indications always
should be set based on a joint collaboration of the nuclear medicine specialist
and the rheumatologist or orthopedic surgeon or any other clinician involved
in the patient’s treatment. Commonly applied indications are listed in Table 3.
As treatment success is achieved by radiogenic ablation of inflamed syno-
vial tissue, an elevated blood-pool pattern in the joint synovia in a pretherapeutic
three-phase bone scan is considered an useful tool for diagnosis of synovitis.
Besides this positive “blood-pool scan” for treatment indication, the patient
must suffer from pain or effusion in the respective joint. Radiation synovectomy
is for symptomatic treatment only. Finally, adequate standard baseline pharma-
cotherapy with anti-inflammatory or antiproliferative drugs for at least six
months prior to radiation synovectomy is mandatory in patients with rheumatoid
arthritis, because intra-articular radiotherapy is not considered a primary treat-
ment modality. In case of nonrheumatoid arthritis, criteria for a pharmacotherapy
or local treatment prior to radiosynoviorthesis are not established. However, at
least one failed or only short-lasting intra-articular injection of a long-acting
steroid is usually considered mandatory prior to radiation synovectomy.
Compared with surgical procedures, the advantage of radiation synovect-
omy is that it is a minor ambulatory procedure which is useful even in nonoper-
able patients. Treatment of multiple joints with different radiopharmaceuticals

Table 3 Indications for Radiosynoviorthesis

Rheumatoid arthritis

Seronegative spondylarthritides such as psoriatic arthritis, peripheral arthritis in
Bechterew’s disease, and the like

Chronic reactive arthritis

Pigmented villonodular synovitis

Hemarthrosis/hemophilic arthritis in hemophilic patients

Osteoarthritis

Chronic synovitis after arthroscopic synovectomy or arthroplasty

Chronic effusion after arthroscopy or arthroplasty
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can be performed in one session. The recommended limit for the total adminis-
tered activity per session is 400 MBq. For practical reasons, joints of the lower
extremity should be combined with joints of the contralateral upper extremity
and vice versa. Another major advantage is the fact that no treatment-specific
rehabilitation measures are necessary after radiosynoviorthesis. In comparison
with intra-articular steroid application, symptomatic relief after radiation syno-
vectomy usually lasts up to several years.

Owing to the slow processes of necrosis, sclerosis, and fibrosis in the
inflamed synovial tissue there is a time delay in the decrease of the inflammatory
activity and, thus, in the reduction of pain, swelling, and effusion. As a rule of
thumb, the effects are seen faster in larger joints and occur within two to eight
weeks in joints such as knee, ankle, shoulder, elbow, and wrist, while in finger
and toe joints therapy effects may emerge as late as three to six months after treat-
ment. An early improvement within hours or days is usually because of intra-
articular steroid coapplication and immobilization of the joint rather than the
radionuclide therapy itself. As these effects are limited to one to two weeks in
most cases, a worsening of the symptoms might occur in the meantime until
onset of the final effects of radiation synovectomy.

Radiosynoviorthesis is performed most often in patients with rheumatoid
arthritis. The best results are achieved in patients with an early stage of the
disease (16—19). Two meta-analyses published in 1993 (20) and 2002 (21)
reported both an overall rate of 67% of good or very good improvement after
radiation synovectomy in more than 5000 treated joints in patients with rheuma-
toid arthritis. Rates of clinical improvement range from 35% (22,23) to 100%
(24) in knee joints treated with Y-90. A clinical study on radiosynoviorthesis
with Dy-165 in 108 knee joints in 93 patients with seropositive rheumatoid arthri-
tis revealed good results in 61% of these patients after one year (25-27) and
results in the knee joint were found to be similar to the findings for Y-90 (28).
In a large study on P-32 in rheumatoid arthritis, Ornetti et al. (29) reported on
satisfactory clinical results in 84% of 217 treated joints including knees,
ankles, hips, elbows, wrists, and finger joints. Clinical studies investigating the
use of radiation synovectomy in different mid-size joints treated with Re-186
found good to excellent clinical results in 50% to 60% (30) and reached a
success rate of 83% in elbow joints after one year (31). Gobel et al. (17) published
a randomized, prospective trial testing radiation synovectomy with Re-186
against intra-articular corticoid injection as a monotherapy and against combined
treatment. Follow-up examinations after three years in a total of 79 joints
revealed a long-term success rate for the combined therapy of 82%, which was
significantly higher than the success rates achieved with either one treatment
modality alone. The authors were able to document a beneficial effect on the pro-
gression of osseous joint destruction for radiation synovectomy. For Er-169,
clinical success rates are reported ranging from 55% (30) to 79% (18) in
digital joints. One study in patients with rheumatoid arthritis reported success
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rates of 58% which were significantly higher than in a control group treated with
intra-articular steroids, where satisfying results were achieved in only 28% (19).
Even better results were obtained by Boussina et al. (18) in 79% of the digital
joints treated with Er-169 citrate.

For other immunoarthritic joint disorders such as psoriatic arthritis, anky-
losing spondylarthritis, collagenosis, or chronic reactive arthritis, a rate of 80%
improvement was found in 58 knee joints after treatment with Y-90 (32).

Pigmented villonodular synovitis is a rare but aggressive joint lesion that is
usually treated by surgical or endoscopic synovectomy. Relapse rates of greater
than 50% led to increasing interest in radiation synovectomy as a possible sup-
plementary treatment approach. Significant clinical improvement was reported
after combined surgical and radiation synovectomy in 11 patients, lasting for
at least one year (33). During this time period, only two patients relapsed.
Similar results were reported for a group of 10 patients with pigmented villonod-
ular synovitis of various large joints (34).

The hemophiliac joint is becoming an increasing target for radiation syno-
vectomy since the first description by Ahlberg in 1979 (35). Many patients are
juveniles. Fernandez-Palazzi and Caviglia reported on 104 treatment procedures
in 97 patients with a mean age of 10 years. Eighty percent showed excellent
results without further bleeding after a follow-up of 25 years (36), which led
the authors to the conclusion that radiation synovectomy is one of the best pro-
cedures to prevent hemarthrosis. A 78% success rate with improvement of
motion and frequency of hemorrhage in 28 hemophiliac knee, ankle, and
elbow joints treated with P-32 was reported by Siegel et al. (37). These findings
were confirmed by the same group in a long-term survey in 81 hemophilia
patients treated with P-32 (38,39).

Osteoarthritis is still a rare indication for radiation synovectomy. In these
patients, an accompanying synovitis should be demonstrated prior to therapy.
Only 7% of 13,450 intra-articular radionuclide applications in Europe between
1991 and 1993 were for osteoarthritis (15). Therefore, data on success rates of radi-
ation synovectomy in osteoarthritic joints are less available. Spooren et al. (23)
reported on some improvement after treating six osteoarthritic knee joints with
185 MBq Y-90. A retrospective study in patients treated in our own clinic revealed
34% clinical improvement in a total of 56 osteoarthritic joints ranging from 23% in
digital joints to 43% in joints of the lower limb (40). More promising results with a
success rate of 87% were observed in thumb base joints treated with Er-169 (41).
Thus, except the common rhitzarthrosis of the thumb base, radiation synovectomy
may be discussed as a last therapeutic attempt prior to surgical joint replacement or
arthrodesis in severe osteoarthritis. Patients, however, should be informed that the
probability of clinical success decreases with osseous destruction and concomitant
damage of the juxta-articular fibromuscular system of the respective joint.

Since 1994, intra-articular application of Y-90 has been successfully used
in standard dosage for treatment of recurrent knee joint effusion after
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endoprosthetic joint replacement (42). A recent paper demonstrated subjective
improvement in 89 of 107 patients and total deletion of joint effusion in 93 out
of 107 patients with a follow-up of 10 years (43).

Although the average success rates for the various joints and the various
underlying diseases are only about 60% to 75% in meta-analysis studies (20,21), it
is important to keep in mind that these rates are achieved in joints that
almost always had already undergone other treatment procedures with limited
or no success, mostly local intra-articular steroid injection, and that patients
with rheumatoid arthritis are usually under systemic baseline pharmacotherapy.

INDICATIONS FOR RERADIOSYNOVIORTHESIS

In cases of minor treatment response after the first radionuclide injection, retreat-
ment is possible and may result in increased clinical benefit for the patient. Rera-
diosynoviorthesis is especially helpful in joints with initially highly thickened
synovia, in joints with large and/or quickly recurrent effusion, and in finger or
toe joints, in which only a portion of the radionuclide is given owing to an insuf-
ficient joint volume. Reradiosynoviorthesis is recommended not sooner than six
months after the first treatment. In patients with recurrent effusion as the primary
symptom, often seen in postarthroplasty synovitis of the knee, retreatment as
early as three months after the first radionuclide therapy has been shown to be
efficacious in our patients, as we observed no major improvement after three
months in this subset of patients so far. Two failed radionuclide treatments
should not be followed by another attempt of radiation synovectomy. Repeated
treatment however seems justified in patients, suffering from a relapse, in
whom the preceding radiation synovectomy had resulted in clinical improvement
which lasted for several years. In case of reradiosynoviorthesis, the same activi-
ties and conditions apply as described for normal first-time procedures.

PATIENT PREPARATION AND TREATMENT PROCEDURE

Prior to treatment, the indication for radiation synovectomy should be carefully
reviewed both by the referring physician and the nuclear medicine specialist
(Table 4). This includes a detailed treatment and drug history (e.g., a previous
intra-articular steroid injection may reduce or even normalize the uptake
pattern on the blood-pool images as well as mask typical local findings such as
swelling and effusion) and a physical examination to exclude other joint
damage causes (see “Contraindications”). For the knee joint, ultrasound should
be performed in addition to exclude a large or ruptured popliteal Baker’s cyst.
Radiographs of the joints to be treated should be reviewed in general to assess
bony destruction of the joints and to exclude other reasons for pain, for
example, osteochondral lesions or tumors. Further imaging such as magnetic
resonance imaging (MRI) might be helpful, for example, in the knee joint to
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Table 4 Patient Preparation and Treatment Procedure

Obtain history of pretreatment and drug history, review results of previous
imaging, and confirm appropriateness of treatment indication

You should also check for
Allergy to contrast medium
Allergy to local anesthetics
Thyreotoxicosis (cave: contrast medium)
Diabetes (cave: steroids)
Blood clotting disorders (history of thrombosis, coagulation inhibitors,

and the like)

Add missing imaging procedures such as radiographs of the joint, three-phase
bone scanning, ultrasound (mandatory in knee joints), MRI if necessary

Obtain written informed consent, provide written and verbal information on
radiosynoviorthesis

Pregnancy testing in women of childbearing age

Joint puncture according to the rules of asepsis in a dedicated room for articular
injection procedures (the room must be also dedicated for the use of radionuclides
according to national law and local regulations)

Local anesthetics if considered useful

Arthrography under fluoroscopy to prove proper needle position

Aspirate any effusion fluid

Injection of the radiopharmaceutical (use appropriate shielding devices), check for the
correct radionuclide and activity

Inject steroids in the knee (e.g., 20—40 mg of triamcinolone) and mid-size joints
(20 mg of triamcinolone); otherwise, flush the needle with 0.9% saline

Strict and complete immobilization of the joint with a splint or bandage
for at least 48 hours

Distribution scan (except for erbium-169)

exclude damages to the menisci, joint capsule, or ligaments which might require
surgical intervention. Two-phase bone scanning of the respective joint is rec-
ommended in all patients to prove synovitis.

Patients should receive written and verbal information about the procedure,
and written informed consent should be obtained prior to treatment. Informed
consent should include the rationale for treatment, treatment alternatives, poten-
tial side effects, and outcome. Patients should also be instructed about the need
for strict joint immobilization for 48 to 72 hours.

Once the indication has been confirmed, radiation synovectomy is per-
formed by a nuclear medicine specialist who is allowed to handle and administer
radiopharmaceuticals according to national and local legislation and regulations
for the use of radioactive products. For the joint puncture, the help of a physician
experienced in this procedure may be necessary. Local anesthetics can be helpful
but their effectiveness decreases with decreasing pH levels in an inflamed joint
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capsule. According to our experiences, joint puncture can be performed without
anesthetics in almost all the patients without causing more pain than, for example,
in venipuncture, provided that a proper puncture technique is used. Arthrocent-
esis is conducted under sterile conditions in a dedicated room for intra-articular
injection procedures, and followed by arthrography with a water-soluble contrast
agent to ensure intra-articular needle localization. Fluoroscopic arthrography
should be performed in all joints to reduce the risk of para-articular injection
and subsequent tissue necrosis. Only in the knee joint, the injection can be
given without imaging guidance although the radionuclide should not be injected
unless correct intra-articular needle placement has been ensured by aspiration of
synovial fluid. In the phalangeal joints arthrography is hampered by the small
intra-articular volume. A small drop of contrast medium in the conus of the
needle may be helpful to check for proper intra-articular injection in these
joints although this is not mandatory. There are no reports of tissue necrosis
after injection of Er-169. Synovial effusion should be aspirated whenever necess-
ary. Then, the radionuclide in a shielded syringe is injected through the same
needle by simply exchanging the syringes. This is followed by application of
10 to 40 mg of triamcinolone in the knee and mid-size joints. It is usually not
possible to administer steroids in addition to the radiopharmaceutical in finger
and toe joints. Steroids are given to rinse the radionuclide from the cannula
and avoid tissue and skin contamination during needle extraction. Alternatively,
the needle should be flushed with 0.9% saline. Intra-articular steroids prevent a
transient aggravation of symptoms owing to radiogenic synovitis and reduce
the risk of an early recurrence of effusion which can increase lymphatic drainage
out of the joint. Finally, a passive movement of the joint is performed to achieve a
homogenous intra-articular distribution of the radionuclide. Then the joint is
strictly immobilized with a splint or bandage for 48 to 72 hours to prevent
leakage of the radiopharmaceutical into venous or lymphatic vessels. In joints
treated with Re-186 or Dy-165 (y-radiation) and Y-90 or P-32 (bremsstrahlung),
a distribution scan should be acquired with a gamma camera (a wide energy
window is recommended for the bremsstrahlung in case of Y-90 and P-32)
after radionuclide injection to verify successful intra-articular injection and
proper distribution within the joint. In case of intra-articular injection without
proper distribution of the radioactivity within the joint space shortly after injec-
tion it has been shown useful to wait for a few hours and repeat imaging. After
that time, the distribution pattern usually has improved; otherwise the patient
may be asked to perform some controlled joint exercise to enhance radiocolloid
distribution. In case of para-articular injection, no reliable recommendations exist
owing to the small number of documented cases and lack of experience. One
alternative would be to wait and watch carefully until demarked necrotic tissue
can be resected. Another alternative would be to perform surgery immediately
to remove as much of the para-injected activity as possible by flushing the
tissue and by resecting radioactive tissue around the injection site, if possible
under guidance of a gamma probe such as the one used for sentinel lymph
node detection (see also “Local Complications”).



Radionuclide Joint Therapy 31

Table 5 Contraindications for Radiosynoviorthesis

Absolute contraindications

Pregnancy, lactation

Septic arthritis

Local skin and tissue infections

Ruptured popliteal cyst, ruptured joint capsule
Relative contraindications

Severe joint instability or bone destruction

Children and young adults <20 years

A short guideline summarizing patient preparation and treatment pro-
cedure is published by the European Association of Nuclear Medicine (44).

CONTRAINDICATIONS

An absolute contraindication for radiation synovectomy is pregnancy. Routine
pregnancy testing should be performed prior to treatment in women of childbear-
ing age. Patients who are actively lactating or nursing also should not undergo
radionuclide joint treatment. After radiation synovectomy, pregnancy should
be avoided by effective contraception for four to six months (Table 5).

Radiation synovectomy is also contraindicated in septic arthritis and syno-
vial cyst rupture. Local skin or tissue infections are also contraindications owing
to the high risk of inducing a joint infection. The recommended time interval
between arthroscopy or joint surgery and radiosynoviorthesis is four to eight
weeks. For treatment regimens combining surgical and radiation synovectomy,
radionuclide injection usually is performed six weeks to three months after sur-
gical synovectomy (13,34,45).

Severe joint instability caused by damage to the joint capsule or ligaments
as well as meniscus injuries may require surgical intervention rather than radi-
ation synovectomy.

In children and young adults during bone growth phase, radiation syno-
vectomy should be avoided. Activity levels may be adjusted to 50% to 100%
of the recommended activity in adults for the respective joint depending on
age and size of the child.

The application of iodine-containing contrast medium as well as local anes-
thetics may be contraindicated in patients with known allergy or adverse reac-
tions to these drugs. Iodine-containing contrast medium is contraindicated in
patients with thyreotoxicosis.

Joint puncture is contraindicated in patients with an increased risk of bleeding.
In patients under anticoagulation therapy, Quick’s value should be in the range of
>40% to 50% for the day of treatment. In hemophilia patients, the respective factor
serum levels should be a minimal of >50% of the normal level prior to joint puncture.

Another often quoted contraindication is the presence of Baker’s cyst, a
popliteal bulge of the posterior joint capsule. This cyst is quite common in
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patients with recurrent joint effusion. A few instances of spontaneous rupture of a
Baker’s cyst led to the recommendation that patients with Baker’s cysts should
not be treated with radiation synovectomy. However, so far there are no
reports in literature showing a rupture following radiosynoviorthesis while few
reports in more than 150 patients demonstrated the usefulness of this treatment
in the presence of a Baker’s cyst with no severe side effects (46). According to
our experience, a Baker’s cyst can be found in about 20% to 30% of all patients
scheduled for knee treatment. If there is a large cyst of greater than 15 cm in
diameter, we refer the patient to surgery for consultation and possibly surgical
removal. In smaller cysts with a clearly visible duct connecting the cyst to the
joint space, we puncture the cyst, try to remove as much fluid as possible, and
administer 20—40 mg of triamcinolone three to five days before radiation syno-
vectomy. This usually results in a distinct shrinkage of the cyst, and radiation
synovectomy can be performed without any problems. In the rare case of patients
with a possible valve mechanism which could result in trapping of the radiophar-
maceutical within the cyst and subsequent cyst rupture, we perform a joint cavity
scintigraphy with technetium (Tc)-99 m-labeled colloids. In patients with normal
distribution pattern showing the tracer within the whole joint after a period of two
to three hours including activity such as knee-bending and walking, we have not
encountered complications after radiosynoviorthesis.

SIDE EFFECTS AND DOSIMETRIC CONSIDERATIONS

Side effects of radiation synovectomy are related to local complications, which
arise from para-articular injection and intra-articular infection (Table 6). They
may also be related to radiation exposure during the normal treatment course
such as a transient radiogenic synovitis, potential radiation damage to articular
cartilage or subchondral bone, and irradiation of locoregional lymph nodes,
liver, and spleen owing to extra-articular leakage of the radiocolloids.

Other side effects may arise from allergic reactions to the contrast medium
or local anesthetics, thrombosis as a result of immobilization, or flush symptoms
or hyperglycemia in diabetic patients owing to systemic resorption of the intra-
articularly applied steroids. In diabetic patients, the dose of intra-articular
steroids may be reduced, and the patients should be instructed to regularly
check their blood glucose levels for the next two days. In patients with a
history of thrombosis or other disorders with an increased risk of blood clotting,
antithrombotic measures are recommended and the patients should be carefully
instructed to watch for any signs of thrombosis after treatment and immobiliz-
ation of joints of the lower limbs.

LOCAL COMPLICATIONS AFTER RADIATION SYNOVECTOMY

Local complications after radiation synovectomy are very rare. A transient radio-
genic effusion is seen in 2% of the patients several hours after application of the
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Table 6 Patient Instructions, Side Effects, and Radiation Safety Considerations

Patients should receive written and verbal information about the procedure and its side

effects:

Strict immobilization of the joint is absolutely necessary for treatment efficacy and
radiation safety

Patients benefit from the treatment in about 60% to 70% of the cases

Treatment response will be delayed by two to eight weeks in knee and mid-size joints
and may be delayed up to three to six months in finger and toe joints

Risk of temporary worsening of the symptoms due to radiation-induced inflammation
(cooling with ice packs, over-the-counter anti-inflammatory drugs)

Joint puncture is associated with the risks of local bleeding, bruising, and infection

Risks associated with application of radionuclides are local tissue necrosis as well as
radiation exposure and future malignancy

Other risks associated with the procedure are allergic reactions to contrast medium and
local anesthetics, hyperglycemia in diabetic patients and flush symptoms from
steroids, thyreotoxicosis as a result of iodine-containing contrast medium, and
thrombosis due to immobilization

Patients should be advised to report any worsening or other uncommon changes in the
treated joint, and the patient should be given a contact he can reach at any time

Information about radiation safety considerations should be provided:

Radiosynoviorthesis should not be performed in pregnant or breastfeeding women

Pregnancy should be avoided after radiation synovectomy by effective contraception
for four to six months

Urinary contamination should be avoided by flushing the toilet two or three times and
handwashing after every toilet’s use, men should urinate sitting down

No additional home precautions are required

radionuclide (47). Aggravation of local pain and swelling 6 to 48 hours after
treatment has been observed in about 15% of our patients, mostly in finger and
toe joints which received no steroid application. These symptoms are usually
self-limited without further intervention and can be treated simply by cooling
the joint with ice packs or, if necessary, with anti-inflammatory drugs such as
ibuprofen.

More severe complications are local skin and needle track ulcerations
which may occur if drops of the radionuclide flush back out of the needle
during retraction from the joint. This can be easily avoided by flushing the
needle with steroids or 0.9% saline after application of the radionuclide, as
described before. Savaser et al. (48) report on a needle track ulceration after radi-
ation synovectomy of an ankle joint with Re-186, which showed healing by scar
formation after a few weeks without any further treatment. Necrosis of periarti-
cular tissue is the worst local complication in radiation synovectomy and is
caused by accidental para-articular injection of the radionuclide. A very low fre-
quency of two cases of necrosis out of 11,000 treatment procedures was reported
by Kolarz and Thumb in 1982 (49). With at least 23,000 radiation synovectomy
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procedures performed in Europe in 2001, there is only one documented case of
radionecrosis in a knee joint after application of Y-90 (50). Apart from these
data, very few cases have been reported in literature. Interestingly, there are no
reports on radionecrosis for Er-169.

Besides an insufficient technique during joint puncture, the use of an inap-
propriate radionuclide is another possible reason for radionecrosis. A case of
severe necrosis with an open wound was reported after injection of Y-90 into an
ankle joint, which should be treated with a radionuclide of lower energy and a
lower tissue range such as Re-186 (51). Therapy was performed by immediate sur-
gical excision of the necrotic soft tissue and closure was achieved with a fasciocu-
taneous lap. In other cases (unpublished data, personal communications), hyper-
baric oxygen was successfully used for treatment of superficial radiogenic ulcers.
However, owing to the small number of well-documented cases, no reliable guide-
lines exist for the treatment of radionecrosis after radiation synovectomy.

RADIATION EFFECTS TO ARTICULAR CARTILAGE AND BONE

Experimental data and morphological studies on radiation effects to diarthrodial
tissues, especially articular cartilage and subchondral bone are rare and some-
times contradictory. Intra-articular injection of 15 MBq of Y-90 in rabbit knee
joints was reported to cause both focal clustering of chondrocytes and fibrillation
of the collagenous matrix of the articular cartilage (11). Similar results with focal
damage of chondrocytes and surrounding extracellular matrix were observed in
eight patients with rheumatoid arthritis after treatment of the knee joint with
185 MBq of Y-90 (52). Contradictory results with no microscopic signs of carti-
lage degeneration were found after application of 150 MBq of Y-90 into knee
joints of dogs (12) and 370 MBq of gold-198 (Au-198) in adult rats (53).
Ongoing studies concerning the effects of Y-90 on vitality and metabolism of
bovine articular cartilage chondrocytes in a three-dimensional alginate culture
system show that chondrocytes survive even the highest activity of 3 MBq of
Y-90 per milliliter of the medium, which is an activity concentration similar to
the in vivo situation in a patient (54). Photometric assessment of membrane integ-
rity showed no signs of membrane destruction by lipid peroxidation. However,
biochemical analysis of cell metabolism demonstrated a significant decrease in
the synthesis of type II collagen (54). In light of these in vitro studies, a radio-
genic decrease of collagen synthesis must be taken into account if potential
side effects of radiation synovectomy are discussed. However, because similar
effects can be observed in rheumatoid arthritis as well, the clinical impact of
these findings is not clear.

Bone surface and red bone marrow are also regarded as potentially critical
organs (55). The bone surface dose was described to be 25% of the synovial
surface dose in case of Y-90, 4% in case of Re-186, and negligible for Er-169
(56). The dose to the bone surface further decreases with a thickening of the syno-
vial membrane in inflammatory joint disease, which was demonstrated in an
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arthritic joint model with tissue slabs of synovial membrane, articular cartilage,
and bone in synovial fluid (57). For the bone surface, a maximum dose of 18 Gy
was calculated for 185 MBq of Y-90, which is not considered to be a dose to
cause significant bone damage or necrosis. The dose to the bone marrow in
large or mid-size joints is considered negligible owing to the fact that the distance
to the radiation source is greater than the mean tissue penetration of the -emit-
ting radionuclides used for radiation synovectomy.

WHOLE-BODY RADIATION EXPOSURE

Whole-body radiation dose and lymph node irradiation were the first disadvan-
tages reported after radiation synovectomy of the knee joint with Au-198 (11,58).
Today, significant whole-body radiation dose and lymph node irradiation can
result from extra-articular leakage of the applied radiopharmaceutical by both
Iymphatic and venous drainage. Leakage rates of up to 48% have been published
and a 10% leakage rate is regarded as reasonable assumption in clinical routine.
For Y-90, this is mainly because of the lack of strict size control of the colloidal
radionuclide. Very small particles leave the joint more easily and can lead to high
leakage rates (8). Moreover, colloidal solutions of Y-90 with a pH <6 may
contain free Y-90 ions which can easily be transferred from the treated joint (59).
After radiation synovectomy with Re-186, the activity in lymph nodes was found
to be 6% of the injected activity one week after injection, and 2.1% of the activity
was seen in the hepatosplenic area (60). Leakage data on Er-169 colloid report a
maximum rate of 14% of the injected activity (61). For Dy-165, leakage rates
seem to be comparatively low with no detectable leakage at all in 22 of 27
(62) treated knee joints. In cases of leakage, the mean leakage rate was always
lower than 1% of the injected activity resulting in doses to the lymph nodes
ranging from 0.5 to 2.4 Gy (63,64) and 0.03 Gy to the liver (65). Low leakage
rates are also reported for P-32. Chromic phosphate colloidal particles are about
ten times the size of Y-90 colloid particles (66). In 125 joints treated with P-32,
leakage rates of less than 2% of the injected activity were found by Siegel et al. in
locoregional lymph nodes (38) while Mathew et al. (66) observed no leakage to
locoregional lymph nodes, liver, or spleen in 11 pediatric hemophilia patients.
The degree of leakage is influenced by the particle size and radiochemical
stability of the radiopharmaceutical and also by the degree of joint movement
during the first days after treatment. One single active use of the respective
joint was reported to result in a leakage up to 40% of the injected activity (67).
Therefore, strict immobilization for at least 48 hours is regarded as mandatory
to reduce extra-articular drainage to a minimum. Whole-body radiation-absorbed
doses were reported ranging from 9 to 99 mSv after application of 200 MBq of Y-
90 into the knee joint with a median of 37 mSv (68). In the same study, the total
gonadal dose was 0.1 mSv in women and 0.2 mSv in men. Physical dosimetry
using blood sample counts and scintigraphic data showed an effective whole-
body dose of 26.7 + 5.1 mSv in radiation synovectomy with 70 MBq of
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Re-186 while the effective dose after application of 30 MBq of Er-169 was
described to be lower than 1 mSv (60).

Apart from physical dosimetry, biological dosimetry data were obtained in
patients after radiation synovectomy. An increase of chromosomal aberrations
with a three-fold frequency of dicentric lymphocytes in the regional lymph
nodes was described first by Daker in 1979 (69) after treatment of knee joints
with Y-90. A French group found an increased rate of chromosomal damages in
blood lymphocytes after radiation synovectomy with Y-90 and Re-186 in 11 out
of 16 patients for three weeks of follow-up (70). Er-169 failed to induce any chro-
mosomal aberrations, but treatment with Re-186 led to a cumulative increase of
dicentric lymphocytes from 5 to 16 out of 10,000 (60). However, other patient
studies failed to demonstrate a significant increase of chromosomal aberrations
in lymphocytes for P-32 (71) or Dy-165 and Y-90 (72), although some single
cases with a raised dicentrics frequency were observed compared with pretreat-
ment findings. Furthermore, no adverse changes of biomarkers for cytogenic
damage such as the micronucleus frequency in lymphocytes or urinary excretion
of hydroxy-deoxy-guanosine were found in patients treated with Dy-165 (62).
Based on these findings, some authors do not recommend radiation synovectomy
in patients below the age of 40 owing to the possible risk of malignant induction
(22,69). However, the long-lasting clinical practice and the lack of any well-docu-
mented cases of malignancy resulting from radiation synovectomy suggest a very
low and acceptable risk compared with the benefit for the patient (60). The tumor
morbidity rate as a result of whole-body irradiation was calculated as 0.4 per 1000
related to International Commission on Radiological Protection (ICRP) 60 risk
data (73) and the genetic radiation risk related to United Nations Scientific Com-
mittee on the Effects of Atomic Radiation (UNSCEAR) data was described to be
several orders of magnitude below one per 1000 (74).

TREATMENT MONITORING AND PATIENT FOLLOW-UP

After radionuclide injection, a distribution scan should be acquired with a gamma
camera (except for Er-169) to document successful intra-articular injection and
proper distribution within the joint.

For the follow-up which is usually performed by the referring physician in
close collaboration with the nuclear medicine specialist, no standard guidelines

Table 7 Treatment Monitoring and Patient Follow-Up

An early check-up for side effects or other complications is recommended at four
to seven days after treatment; this might be done by phone as well

Clinical follow-up examinations to assess treatment response are recommended
3-4, 6, and 12 months after therapy

Reradiosynoviorthesis should not be scheduled sooner than six months after
the first therapy; treatment of other joints can be performed anytime
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exist (Table 7). It is recommended to observe for early side effects or compli-
cations at four to seven days after treatment. Furthermore, patients should be
advised to report any worsening or other uncommon changes in the treated
joint, and the patient should be given a contact that he can reach at any time.
Owing to intense effusion it might become necessary to puncture a treated
joint. Within the first two to four weeks, joint punctures should be performed
in the nuclear medicine department in order to properly handle and store the
contaminated fluid in accordance with national radiation safety regulations.

Clinical follow-up examinations to assess treatment response are rec-
ommended 3, 6, and 12 months after radiation synovectomy. Reradiosynoviorth-
esis should not be scheduled sooner than six months after the first therapy.

RADIATION SAFETY CONSIDERATIONS FOR PERSONNEL

So far, few data exist on radiation exposure to personnel. As all the commonly
used radionuclides are 8 emitters and only Re-186 and Dy-165 have an additional
vy component, significant radiation exposure is only achieved during handling and
application of the radiopharmaceuticals. Performing the radionuclide application
under fluoroscopy results in an additional radiation exposure to the personnel. For
a standard application of 10 GBq Dy-165, the finger doses for the applying phys-
ician and the technologist were 0.7 mSv and 0.3 mSyv, respectively, while whole-
body doses were reported to be 0.1 mSv for the technologist and 0.04 mSv for the
physician (75). Liepe et al. (76) found that the highest radiation dose during
radionuclide injection is received by the left index finger in right handers. The
maximum received doses were 22.1, 1.8, and 0.8 mSv/MBq for Y-90, Re-186,
and Er-169, respectively. This translates into finger doses of 4 mSv per knee
joint treated with 200 MBq of Y-90, about 0.1-0.2 mSv per mid-size joint
treated with 70—185 MBq of Re-186, and 0.03 mSv per finger or toe joint
treated with 15-40 MBq of Er-169, respectively. To minimize the high finger
doses especially in cases of Y-90 and P-32, holding forceps and special shields
are highly recommended which have been shown to decrease the radiation
exposure by a factor of up to 50.

RADIATION SAFETY CONSIDERATIONS FOR THE PATIENT

Under current regulations of most countries, standard radiopharmaceuticals for
radiation synovectomy may be administered in the outpatient setting and hospi-
talization is not required. As P-32, Y-90, and Er-169 are 8 emitters, and the
bremsstrahlung they produce is not of significance for other persons, no precau-
tions are necessary when these patients are released, except for good hygiene to
avoid urine contamination. The only concern during the first two days after treat-
ment is a possible urinary excretion of radioisotopes dissociated from the radio-
colloid. Therefore, men should urinate sitting down, and the toilet should be
flushed two or three times. Handwashing should be performed routinely after
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urination. There is no need for the use of separate toilets. Measurements of radi-
ation coming from patients who have received gamma-emitting Dy-165 or Re-
186 indicate that no additional home precautions are required other than those
noted before. For Dy-165, the maximum radiation dose to other persons at 1-m
distance was found to be lower than 0.1 mSv (75). Owing to these data there is
no need to avoid proximity to one’s spouse, children, or pregnant women.
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INTRODUCTION

Thyroid cancer is one of the most common endocrine malignancies. It has an
increasing population incidence (1,2). The annual incidence per 100 individuals
ranges from 1.2 to 2.6 in men and from 2.0 to 3.8 in women. Most of the tumors
have a relatively indolent clinical course. However, subgroups of patients may
have an aggressive clinical course or a high risk of developing recurrence (3).
The optimum treatment for thyroid carcinoma is still debated and a number of
controversies exist with respect to the extent of surgery, use of radioactive
iodine, and postoperative thyroxine suppression.

The correct assessment of prognostic factors helps to determine patients at
high risk for developing recurrences and facilitates the development of a selective
approach to therapy. Most important is the appropriate selection of the type and
extent of treatment (4).

This chapter evaluates the current concepts for management of differen-
tiated thyroid carcinoma.
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EPIDEMIOLOGY AND CLASSIFICATION

Although thyroid nodules are extremely common (in countries without
iodine deficiency, thyroid nodules are clinically detectable in about 4% to
7% of the general population while this number can rise up to 30% of
the population in areas with iodine deficiency) (5), malignant lesions
derived from thyroid cells are relatively rare. Less than 1% of all malignant
tumors are clinically recognized thyroid carcinomas. However, it is the most
common endocrine malignant lesion comprising 90% of all endocrine
malignant tumors. It is responsible for more deaths than all the other endo-
crine cancers combined (6).

Thyroid cancer occurs at all ages but is most common among middle-aged
and postmenopausal women and in older men (7). According to reproductive
status, the female to male incidence ratio varies, from being almost one in child-
hood, increasing to three from puberty to menopause, and declining to 1.5 by
65 years of age. Overall death rate is less than 10% (7).

Carcinoma of the thyroid is usually of follicular cell origin with four
distinct subtypes (Table 1) or it can arise from the parafollicular or C-cells.
Other malignant nonepithelial tumors of the thyroid are extremely
rare (8,9).

Table 1 Classification of Thyroid Tumors

Epithelial thyroid carcinoma

Papillary carcinoma 80% of the thyroid carcinomas are of the
follicular variant subtype
Follicular carcinoma 20% of thyroid carcinomas with higher
Oxyphilic or Hiirthle cell carcinoma incidence rates in iodine-deficient areas
Poorly differentiated carcinoma With morphological and biologic attributes

intermediate between differentiated and
anaplastic carcinomas

Undifferentiated or anaplastic carcinoma Highly malignant cancer with
undifferentiated cell populations

C-cell-derived thyroid carcinoma or Arises from the parafollicular cells
medullary carcinoma that secrete calcitonin. Sporadic or
familial

Nonepithelial thyroid carcinoma
Malignant lymphoma

Sarcoma
Hemangioendothelioma
Secondary tumors

Source: From Ref. 20.
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Papillary thyroid cancer (PTC) and follicular thyroid cancer (FTC) are
together referred to as differentiated thyroid cancer (DTC). These cancers syn-
thesize thyroglobulin (Tg) and are usually characterized by radioiodine uptake.
They tend to be sporadic although occasionally PTC is familial.

Anaplastic and medullary carcinomas and lymphomas comprise about 10%
of all thyroid cancers (10) and they differ substantially from DTC relative to
initial mode of spread, subsequent pattern of recurrence, and metastatic involve-
ment. They have different prognosis and treatment.

DIFFERENTIATED THYROID CANCER—HISTOLOGIC TYPES
AND VARIANTS

Papillary Thyroid Cancer

Common Histologic Type

Diagnosis is based on the presence of follicular differentiation with papillary
and/or follicular structures and typical nuclear features. Nuclei are larger than
normal and overlap. They may be fissured, with hypodense chromatin, and
irregularly bordered with cytoplasmatic invagination (11).

Papillary thyroid cancers appear as firm, unencapsulated, or partly encap-
sulated tumors. Extension beyond the capsule has been reported in 8% to 32%
of the cases (9). PTCs may be partly necrotic and some undergo cystic
degeneration. PTC is often multifocal when it occurs in a single thyroid
lobe and occurs in bilateral lobes in 20% to 80% of the cases (12).
Lymph-node metastatic involvement is found in 15% to 80% of the cases
depending on the extent of lymph node dissection and examination of the sur-
gical specimen. From the ipsilateral thyroid lymph node chains they may
spread to more distant lymph node groups to the upper mediastinal nodes.
Vascular invasion is rare and distant metastases (mostly to lungs) are observed
in 5% to 10% of the cases, mostly as a result of lymphatic spread (11). Lymph
node metastases as the first clinical finding in patients with PTC are not uncom-
mon. The mean 10-year survival rates in PTC are 80% to 90%, with optimal
treatment.

Papillary Thyroid Cancer Variants

Encapsulated variant: A tumor capsule similar to that of an adenoma is
present but with focal invasion. It has a good prognosis.

Follicular variant: There is total predominance of follicles over papil-
lae. This type is found in young patients and the clinical behavior is similar to
pure PTC (13,14).
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There are three follicular carcinoma subtypes:

Macrofollicular variant

Encapsulated variant

Diffuse follicular variant—this subtype is more aggressive than the others
with frequent lung metastases (15,16).

Thyroid diffuse sclerosing variant: This cancer is characterized by
diffuse involvement of one or both thyroid lobes, widespread lymphatic per-
meation, prominent fibrosis, squamous metaplasia, psammoma body formation,
and lymphoid infiltration. Lymph-node metastases are almost always present
and lung metastases are frequent. It occurs more frequently in children and
young adults (17).

Tall cell variant: This tumor is characterized by papillae structures
covered with cells that are twice as tall as they are wide. Tumors are usually
large, extend beyond the capsule, show frequent vascular invasion, lymph node
and distant metastases. It occurs in elderly patients (18).

Columnar cell variant: This is a more rare tumor. It is characterized his-
tologically by prominent nuclear stratification of elongated cells.

Hurthle cell variant: This is another rare tumor type. It is characterized
by papillary structures lined with histologically distinct oxyphilic cells.

In general, the tall and columnar cell variants are more aggressive forms of
thyroid papillary cancer.

According to the World Health Organization (WHO) classification, a PTC
measuring 1.0 cm or less in diameter is identified as a microcarcinoma. It has a
very good prognosis and grows very slowly (19). It may present as a small
classic papillary carcinoma or may appear as an unencapsulated sclerotic
nodule of a few millimeters in diameter that infiltrates the thyroid tissue
(“occult carcinoma”). The microcarcinoma is usually detected as an incidental
nodule at ultrasonography or by surgical histopathology in the thyroid resection
specimen.

Follicular Thyroid Cancer

Common Histologic Type

Follicular thyroid cancer is an “epithelial carcinoma showing evidence of follicu-
lar cell differentiation but lacking the diagnostic features of papillary carcinoma”
(11). It tends to be more common in regions with iodine deficiency and in patients
older than 50 years. Ten-year survival rates are lower than in PTC ranging from
60% to 70%.

It usually presents as a solitary thyroid tumor. The diagnosis of malignancy
depends on the presence of blood vessel and/or capsular invasion. Histologic
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diagnosis is divided into two categories according to the degree of invasiveness.
This aspect confers prognostic significance.

Encapsulated or minimally invasive FTC is an encapsulated tumor
whose growth pattern resembles that of a microcarcinoma. Blood vessel inva-
sion is almost never seen. It has a better prognosis than the widely invasive
variant.

Widely invasive FTC may be partially encapsulated but the tumor margins
are infiltrative and vascular invasion is often extensive. It always has a follicular
element but when follicular differentiation is poor or absent the tumor is classified
as a poorly differentiated carcinoma.

It invades blood vessels, and metastasizes to lungs and bone. Brain and
lymphatic metastases are rare. Metastases are frequent in the widely invasive
variant and rare in the minimally invasive one.

Follicular Thyroid Cancer Variants

Clear cell carcinoma: This is a rare follicular cancer variant with clinic
characteristics similar to those of classic FTC. Tumor cells show glycogen
accumulation or dilatation of the granular endoplasmic reticulum with a clear
cell appearance.

Hurthle Cell Carcinoma (Oncocytic Carcinoma or Oxyphilic Variant
Follicular Thyroid Cancer)

The precise classification of this tumor is controversial. The WHO considers
this carcinoma as an oxyphilic variant of FTC (20). Other institutions con-
sider that this tumor has different microscopic, behavioral, and etiopatho-
genic features that set it apart from all others (21). Hurthle cell carcinoma
is composed of greater than 75% of cells with oncocytic features. It is a
usually solitary tumor with complete or partial encapsulation. Malignant
behavior is predicted by vascular or capsular invasion (as in FTC) (22). It
is more frequently associated with extrathyroid extension and distant and
lymph-node metastases than the common FTC. Although Hurthle cell carci-
nomas usually produce Tg they mostly lack radioiodine uptake in comparison
with standard DTC.

Pathogenesis

Radiation

The major known risk factor for DTC is prior exposure to radiation. A history of
radiation exposure has two major clinical implications: (i) increased risk of
developing thyroid nodules and (ii) increased risk of a thyroid nodule being
malignant.
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Risk factors associated with radiation-induced thyroid tumors:

Amount of radiation exposure

Young age at exposure to radiation

High serum Tg concentration

Other radiation-related tumors

First-degree relative with radiation-related tumor.

The most significant sources of radiation exposure are therapeutic
irradiation and environment disasters. Radiation is known to induce DNA
strand breaks (23,24). Recently, an increased incidence of childhood thyroid
cancer was observed in heavily contaminated territories after the Chernobyl acci-
dent. Children aged less than five years at the time of the accident were more
likely to develop thyroid cancer (25).

Studies of adult iodine-131 (I-131) exposure for therapeutic and diagnostic
purposes continue to be reassuring with respect to addition of radiation risks.
However, there is a suggestion of a small effect of I-131 on increased thyroid
nodularity, carcinoma incidence, and thyroid carcinoma mortality, although
this increased thyroid condition could be also related to the underlying thyroid
condition or an increase in surveillance or diagnosis (26).

Oncogenes

The most frequent genetic alterations in DTC are somatic rearrangements of the
RET proto-oncogene, which generate several chimeric RET\PTC in PTC.

Pre-existing Thyroid Disease

Thyroid carcinoma is often preceded by other thyroid diseases. Goiter, benign
thyroid nodules, lymphocytic thyroiditis, and Graves’ disease, all are common
processes. Whether patients with these abnormalities are at higher risk for devel-
oping thyroid carcinoma is uncertain (27,28).

Hormonal and Reproductive Factors

Thyroid carcinoma, like most thyroid diseases, occurs more frequently in women
than in men, suggesting that hormonal factors are involved in its pathogenesis.
More studies need to be performed to conclude if puberty, parity, or exogenous
estrogens are associated with thyroid cancer.

Dietary Factors

Iodine: Some decades ago, a study showed the relationship between
iodine-deficient endemic goiter and thyroid carcinoma (29). Since then, other
studies demonstrated that iodine supplementation failed to reduce the incidence
of thyroid cancer (30—32). However, the effects of iodine intake on development
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of specific histologic types of thyroid carcinoma are clearer. In endemic goiter
areas, follicular and anaplastic carcinomas predominate. In areas with iodine sup-
plementation, the proportion of follicular carcinoma declines and that of PTC
increases (33,34). The role of other dietary factors on DTC pathogenesis
remains very controversial.

DIAGNOSIS

Patients with DTC typically present with a solitary thyroid nodule or with
enlarged lymph nodes of the neck. The diagnosis of thyroid cancer usually
begins with the palpation of an asymptomatic thyroid nodule. In about half of
the patients, a doctor discovers the nodule during a routine physical examination.
In the other half of the situations, it is the patient who first notices a thyroid
asymmetry.

Ultrasound and thyroid scintigrams are the first-line diagnostic tools in the
case of suspected carcinoma. Ultrasound features that indicate cancers are a solid
hypoechoic tumor with irregular borders. A thyroid scan shows a nonfunctioning
or cold lesion. Fine-needle aspiration (FNA) for cytologic diagnosis is the initial
invasive evaluation in most patients (35). FNA can make the diagnosis of PTC
but it cannot be used to distinguish between follicular adenoma and carcinoma.
The diagnosis of micro- or occult carcinoma is usually made during pathologic
examination of a multinodular goiter or after the FNA biopsy of an incidental
nodule found on ultrasonography.

Prognostic Factors

There are some controversies in the treatment of DTC with respect to the extent
of surgery, use of I-131 and thyroxine suppression. Recognition of prognostic
factors facilitated the development of a selective approach to therapy and
follow-up (36-39).

Factors Influencing Prognosis and Outcome

The prognosis of DTC may be determined by an interaction of three factors:

Patient variables
Age
Gender
Other thyroid diseases
Family history

Tumor variables
Histology
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Multifocality
Lymph-node metastases
Capsular invasion
Extrathyroid extension
Distant metastases
Irradiation-induced carcinoma
Oncogenes

Therapy variables
Extent of resection
Radioiodine therapy

Patient Variables

Age: Age over 40 years at the beginning of the therapy is the most
important adverse prognostic factor. Prognosis becomes progressively worse
thereafter, particularly after 60 years of age (40,41). Children usually have
more advanced tumors, with local and distant metastases and higher recurrence
rates; however, their prognosis is excellent (42). An exception is children
under age 10 who have very high mortality rates (43—45).

Gender: Thyroid cancer recurrence and mortality rates are higher in
men. Although estrogen and progesterone receptors are expressed in up to 50%
of PTCs, this does not explain the risk imposed by male gender (41,46).

Other thyroid diseases: One study of PTC associated with Graves’
disease found that the tumors were more often multifocal with distant metastases
(47). Serum from patients with Graves’ disease has been shown to stimulate the
progression of follicular cells to carcinoma in vitro (48).

PTC appears to carry a better prognosis when Hashimoto’s thyroiditis or
lymphocyte infiltration are associated (49,50). Hashimoto’s thyroiditis itself,
however, is considered a risk factor for DTC.

Family history: About 5% of PTCs are familial tumors inherited as an
autosomal dominant trait although the responsible gene is still unknown. Familial
PTC seems to have a worse prognosis. It can be inherited with other diseases,
such as familial adenomatous polyposis (Gardner’s syndrome), Cowden
disease (a very rare familial syndrome of multiple hamartomas and breast carci-
noma), or Carney complex (a familial syndrome of hypercortisolism and pigmen-
ted adrenal nodules, spotty skin pigmentation, myxomas, schwannomas, pituitary
adenomas, and testicular endocrine tumors).
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Tumor Variables

Histology: Outcome is more favorable with PTC than with FTC. The
poorer prognosis in FTC patients is also related to an older age and to a more
extensive tumor burden at initial diagnosis. Within these two histological entities
the outcome may be different for their respective variants (Table 2). Hurthle cell
carcinoma (oncocytic carcinoma or oxyphilic variant FTC) may have a worse
prognosis than FTC (51) although some studies show that overall mortality is
similar. Older age, greater tumor size, and extensive disease predict poor
outcome in Hurthle cell carcinoma (52,53).

Multifocality: Multifocal disease is frequently found in PTC and much
less frequently in FTC. Multifocality in one lobe is almost always associated
with bilateral thyroid cancer when complete thyroidectomy is performed. It has
been associated with higher rates of lymph-node metastases, persistent local
disease, regional recurrences, and distant metastases (54,55).

Table 2 Prognostic Factors Associated with Poor Outcome

Patient variables Older age
Male gender
DTC and Graves’ disease
Familial PTC
Tumor variables PTC variants: tall cells; columnar
cells; diffuse sclerosing
subtypes
FTC variants: widely invasive
Multifocality and bilaterality
Lymph-node extension
Capsular invasion
Extension beyond the thyroid capsule
Distant metastases
Irradiation-induced PTC
RET/PTC oncogenes. Initial lack of
radioiodine uptake or loss during
the course of the disease
Therapy Time of treatment is more than one
year
Incomplete tumor resection
No postoperative iodine-131 therapy
when other poor prognostic
factors exist

Abbreviations: DTC, differentiated thyroid cancer; FTC, follicular
thyroid cancer; PTC, papillary thyroid cancer.
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Lymph-node metastases: They are frequent in PTC—from 35% to 70%
in different series, and in up to 80% in children—depending on the extent of
lymph-node surgery, and much less frequent (less than 20%) in FTC (7,56).

Even in papillary microcarcinoma local nodes may be involved (57). The
prognostic impact of lymph-node metastases is still controversial. Some report
that the presence of lymph-node metastases has no predictive value for recurrence
or survival (58). Others find an increased risk for local tumor recurrence (40,59).
Persistent or recurrent lymph-node metastases are also considered a risk factor for
developing lung metastases.

Capsular invasion and extrathyroidal extension: Tumor extension
beyond the thyroid capsule is present in 8% to 32% of PTC and is frequently
observed in widely invasive follicular carcinoma. It is an independent risk
factor, exposing patients to higher local recurrence rates, distant metastases,
and mortality (11,60,61).

Distant metastases: Distant metastases at the time of initial diagnosis
signal a poor prognosis in patients with both PTC and FTC. They are initially
present in 1% to 3% of PTC and in 7% to 15% of FTC. Bone metastases are some-
times the first clinical manifestation of thyroid cancers. Distant metastases of dif-
ferentiated thyroid cancer are usually localized in the lungs and bones; less
common sites include the brain, liver, and skin. They are the main cause of
death from DTC. Children and young adults with pulmonary metastases have a
more favorable prognosis when their distant metastases are discovered early,
are small, and concentrate 1-131 (62).

Irradiation-induced carcinoma: Papillary thyroid cancers associated
with radiation are usually large and multicentric. They have high recurrence
rates, although no higher mortality rate (63).

Oncogenes: RET/PTC rearrangements are present in about 40% of
PTCs and may play a role in metastatic behavior. In Chernobyl children, RET/
PTC3 oncogenes were found and PTC3 may be present in more aggressive
tumors, however, the importance of tumor genetics remains controversial (41,64).

Therapy Variables

Tumor staging systems and prognostic scoring systems: Several
staging and prognostic scoring systems have been used to discriminate
between low-risk patients with favorable outcome, who require less aggressive
therapy and higher risk patients at risk for greater morbidity and mortality
from thyroid carcinoma and require aggressive therapy regimens. The most fre-
quently used system is tumor node metastases (TNM).
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Tumor node Metastases scoring system

TO No evidence of primary tumor

Tl Tumor <2 cm limited to the thyroid

T2 Tumor >2 cm <4 cm limited to the thyroid

T3 Tumor >4 cm limited to the thyroid or with
minimal extrathyroid extension

T4a Invasion of any: subcutaneous soft tissue, larynx,
trachea, esophagus, and recurrent laryngeal nerve

T4b Invasion of any: prevertebral fascia,
mediastinal vessels, and carotid artery

NO No regional lymph node metastasis

Nla Metastases in pretracheal and paratracheal nodes

N1b Metastases in other unilateral, bilateral, or contralateral
cervical or upper mediastinal lymph nodes

MO No distant metastases

M1 Distant metastases

Tumor node Metastases scoring system

Age <45 years

Stage I Any T, any N, MO

Stage II Any T, any N, M1

Age >45 years

Stage I T1, NO, MO

Stage 11 T2, NO, MO

Stage I1I T3, NO, MO or any T1-3, Nla, MO
Stage [Va T1-3, N1b, MO or T4a, any N, MO
Stage IVb T4b, any N, MO

Stage IVc Any T, any N, M1

SURGERY

Whether a patient with DTC should undergo total thyroidectomy or thyroid lobect-
omy is a controversial treatment issue. Proponents of total thyroidectomy for all
patients with DTC defend the need based on the following reasons: (i) high inci-
dence of microscopic multifocal disease, (ii) to facilitate radioactive iodine for
the detection and treatment of residual disease, (iii) to allow the use of Tg as a
marker for recurrent disease, and (iv) possibility of anaplastic transformation of
any microscopic foci of carcinoma (65).

Those who propose limited thyroid resection (lobectomy with isthmus
resection) argue that without documented benefit of total thyroidectomy in
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low-risk patients, even the small increased risk of permanent hypoparathyroidism
(4% to 9%) and recurrent nerve damage (1% to 8%) is not justifiable and may
avoid life-long thyroid hormone replacement (61).

POSTOPERATIVE MANAGEMENT

After surgery, the risk factors of the tumor should be reanalyzed, mainly concern-
ing the status of cervical lymph nodes and multifocal disease.

A whole-body I-131 scan is usually performed after thyroidectomy.
Although some authors recommend that diagnostic I-131 scans be avoided com-
pletely, others argue a whole-body I-131 scan should be performed to determine
the amount of residual tissue remaining, the radioiodine avidity of residual tissue,
and the appropriate I-131 dosimetry (66—68).

Owing to follicular cell damage induced by large scanning doses of I-131,
however, a “stunning” effect may occur. Stunning may decrease uptake in the
thyroid remnant or in tumor for several weeks, thus impairing the therapeutic
efficacy of I-131 (69).

Some authors point out that the diagnostic benefit of a 74 MBq or lower
dose is far smaller than that of a 111 to 370-MBq dose (70). The value of such
small diagnostic doses is further called into question by studies indicating that
as many as 19% of patients who have no thyroid tumor visualized in diagnostic
scans are identified with tumor tissue in 3700-MBq post-therapy scans (71).
However, small doses (74 MBq) of I-131 may be recommended to avoid the stun-
ning effect.

The diagnostic whole-body I-131 scan is usually performed four to six
weeks after thyroidectomy without any thyroid hormone replacement in the
interval. This period mainly allows time for circulating T4 to fall to
undetectable levels with a corresponding rise of serum thyroid-stimulating
hormone (TSH). This time period also allows for any iodine used during
surgery to be excreted. lodine restriction and TSH levels of more than
30 mU/L guarantee ideal conditions for radioiodine uptake and treatment
efficacy.

RADIOIODINE TREATMENT

Iodine-131 has been used for over 60 years in the treatment of patients with DTC,
to destroy both remaining thyroid cells and carcinoma foci. However, the indi-
cations for radioiodine therapy continue to be debated (9,72).

Radioiodine therapy of DTC is based on the ability of tumor cells to accumu-
late iodine, leading to in intensive, selective, and tumoricidal irradiation (73).
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Todine-131 has a physical half-life of 8.05 days. It decays by high-energy
gamma photon (364 keV) and particulate emissions (beta particle). The beta
emission has an average energy of 192 keV [max energy = 607 keV (90%),
and 810 keV (7%)] and the beta particle will deposit its energy within 2.2 mm
(90%) and 3.1 mm (7%), respectively of its site of origin (74) with a mean
tissue range of only 0.8 mm.

The success of thyroid ablation with I-131 depends mainly on the mass of
remaining thyroid tissue in the neck and the initial dose rate to this tissue.

ABLATION

Ablation with radioiodine should be used selectively. In low-risk patients
(younger than 40 years, with a tumor less than 1 to 1.5 cm, without extracapsular
extension or vascular invasion, submitted to total thyroidectomy) (75), the long-
term prognosis after surgery alone is so favorable that I-131 ablation is not rec-
ommended in general (76,77).

Ablation with I-131 is performed when the patient has a tumor with
the potential for recurrence, because it decreases both recurrence and death
rates (50). Retrospective data from multiple studies show that radioiodine abla-
tion is associated with a 50% reduction in locoregional relapse and the long-
term disease-specific mortality is probably reduced in primary tumors that are
at least 1 to 1.5 cm in diameter, are multicentric, or have soft-tissue invasion at
presentation (40,77,78). Although debate about ablating the thyroid bed with
[-131 after total thyroidectomy continues (9,79), there are some compelling
reasons to do this (78): (i) to destroy any residual microscopic foci of residual
disease, (i) to increase the sensitivity of subsequent I-131 scanning for detection
of recurrent or metastatic disease by eliminating uptake by residual normal tissue,
(@ii) high circulating TSH levels, necessary to enhance tumor I-131 uptake,
cannot be achieved with a large thyroid remnant, and (iv) to improve the value
of measurements of serum Tg as a tumor marker.

Adjuvant radioiodine should be administered to all patients with differen-
tiated carcinoma, when the primary tumor is likely to relapse or cause death, and
to patients who have evidence of extrathyroidal disease, either by direct invasion
outside of the gland or locoregional metastases. In patients with residual disease
following surgery, including extracervical metastases, therapy with I-131 should
be performed.

Therapy with I-131 is performed by either administering an empiric
fixed dose or using dosimetry-guided activities. Quantitative dosimetry
methods are used to determine the activity for the therapeutic dose, based
on the individual patient’s radioiodine pharmacokinetics. Some authors advo-
cate this approach (80) because radiation exposure from arbitrarily fixed
doses of I-131 can vary considerably. Using dosimetry methods, the
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therapeutic dose may be adjusted to compensate for patient-to-patient varia-
bility in the rate of iodine clearance (67,81). If the calculated dose to the
tumor is less than 35 Gy, it is unlikely that the cancer will respond to radio-
iodine therapy (82). Radioiodine activities that deliver 500 to 600 Gy to the
residual normal tissue and 40 to 50 Gy to metastatic foci are likely to be
effective. Dosimetry for diffuse lung metastases may be difficult to estimate
because of the need to estimate tumor size.

Although the clinical merits of dosimetry-guided radioiodine therapy have
been demonstrated, most centers have adapted the fixed-dose technique using 3.7
to 7.4 GBq (100 to 200 mCi) I-131 owing to the technical and logistic difficulties
of dosimetry studies. Tumor /remnant tissue volume estimates are often the great-
est challenge for individual assessment of radioiodine dosages based on dosim-
etry. Patients who show I-131 uptake and have no metastatic disease are
treated with 2960 to 3700 MBq (80 to 100 mCi). Lymph-node metastases that
are not large enough to excise are treated with approximately 5550 MBq
(150 mCi).

In recent years, lower activities of radioiodine (e.g., 1200 MBq) have been
used, mainly in the United States, allowing outpatient treatment. The literature
reports conflicting results with this practice. Some studies show a similar efficacy
for both types of doses, principally with lower radioiodine uptake and small rem-
nants of residual thyroid tissue (83—85). There are however other reports
suggesting less efficacy for lower doses (86,87). Nonetheless, this practice is
not widely implemented, and further studies are required before such low dose regi-
mens can be generally recommended (88). More recently, in the United States,
newer guidelines from the Nuclear Regulatory Commission provide greater flexi-
bility in the dosing and management of outpatients treated with I-131. They also
allow outpatient treatment with higher doses of radio-iodine (89).

The efficacy of radioiodine depends on patient preparation, tumor-specific
characteristics, sites of disease, and administered radioiodine activity. Iodide
uptake by thyroid tissue is stimulated by TSH and is suppressed by increased
endogenous iodide stores. Following thyroidectomy, the patient’s thyroid
hormone levels must decline sufficiently to allow the TSH concentration to rise
to above 25 to 30 mU/L. This period of hormone withdrawal typically lasts
four to five weeks. Patients should avoid foods with high iodine content for at
least one week prior treatment (90).

DIETARY SOURCES OF IODINE

Todized salt

Milk/dairy products

Eggs

Seafood and fish

Seaweed and kelp products
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Bread made with iodide conditioners
Iodide-containing multivitamins

Also, medication containing iodine or drugs that can alter iodine uptake and
utilization should be avoided before treatment for an adequate period of weeks or
months, based on their effect on iodine metabolism (e.g., radiographic contrast
agents, amiodarone, and so on).

DRUG INTERACTIONS

Type of medication Recommended time of withdrawal

Antithyroid medication Three to seven days

Synthetic thyroid hormone Two weeks for triiodothyronine; four to six
weeks for thyroxine

Expectorants, vitamins, kelp Two to three weeks, depending on iodide
content

Topical and oral (Lugol) iodine (e.g., Two to three weeks

surgical skin preparation)
Radiographic contrast agents

Water-soluble More than three to four weeks (assuming
Lipophilic agents normal renal function)
More than one month
Amiodarone Three to six months or longer

Recently, the use of recombinant human thyroid-stimulating hormone (thTSH)
has been advocated to increase TSH level before radioiodine ablation, and
some studies have shown this method to be as effective as levothyroxine with-
drawal (91). However, more studies are needed on this issue. The current role
for thTSH ablation is perhaps for patients at high risk of severe hypothyroid-
ism complications such as cardiovascular or psychiatric side effects including
depression and the risk of suicide.

Other potential advantage of rhTSH radioiodine ablation/treatment is
decreased radiation exposure (and perhaps, a short in-hospital period) as dosim-
etry data suggest that whole-body and whole-blood radioiodine clearance may be
faster in euthyroid patients after administration of thTSH (92).

Some drugs can increase iodine uptake by thyroid cells and may be useful
in patients with certain histological subtypes of thyroid carcinoma that concen-
trate iodine less well (e.g., Hurthle cell carcinoma). Some studies suggest that
adjuvant treatment with lithium increases radioiodine uptake and retention in
thyroid cells (93).

Patient preparation for treatment with I-131 includes a written informed
consent before treatment; ideally patients should be physically able to take
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care of themselves. Pregnancy and breastfeeding are absolute contraindications
for radioiodine treatment and a pregnancy test must be performed in all
women of childbearing age. A thorough explanation of the whole procedure
should be made (including potential complications and side effects as well as
explanation of the measures to reduce radiation exposure to family members or
to the general public). Women of childbearing age should be advised against
pregnancy in the first 6 to 12 months after treatment.

RADIATION SAFETY

As a general rule, it is prudent to keep radiation exposures at the lowest possible
levels. This is the principle underlying the phrase “As low as reasonably achiev-
able,” or ALARA. As national radiation safety regulations may vary, the follow-
ing recommendations should be considered as suggestions only.

Patients who receive more than 1100 MBq (30 mCi) of I-131 should be
admitted to an individual hospital room with a private bathroom. Appropriate
radioactive trash disposal containers should be placed in the room. A radiation
sign should be placed on the patient’s door, and public access should be restricted.

Although patients may wear their personal clothes, disposable articles
(e.g., cutlery, food trays) should be used. Abundant liquid ingestion should be
encouraged to reduce radiation exposure to the urinary bladder and salivary
glands and to improve renal clearance of radioiodine during the first two days.

All staff should be familiar with methods of minimizing radiation exposure.
All persons involved in radioiodine therapy should wear monitor badges. Badges
must be processed on a periodic basis; the frequency is to be determined by the
local Radiation Safety Division. Members of the staff directly involved in the admin-
istration of radioiodine therapy, mainly in the liquid form, should obtain a thyroid
burden measurement within one week following administration of the therapy dose.

Usually, patients submitted to treatment with I-131 do not need special
nursing assistance. For the very special patient whose clinical status requires
close nursing procedures, personnel rotation is advised. Protective gloves and
shoe covers should be worn on entering the patient’s room and hands should
be washed after leaving the room. As a general rule, the time spent close to
the patients should be limited to a minimum.

Therapy with iodine-131—radiation safety: general guidelines for the staff

Time spent close to patients should be limited to a minimum

Use of monitoring badges

Thyroid burden measurement for members of the staff directly involved in the
administration of radioiodine therapy (especially when administered in liquid form)

Use of protective gloves and shoe covers whenever entering the patient’s room




Treatment of Differentiated Thyroid Carcinoma 61

Threrapy with iodine-131—radiation safety: general guidelines for the patient

Abundant liquid ingestion
Lemon juice ingestion; chewing lemon drops

Patients may be released when activity levels within the patient drop below
1110 MBq (30 mCi) or when the dose rate at 1 m is less than 0.07 mSv/hr
(7.0 mrem /hr) (94). However, national regulations may vary and have to be con-
sidered by the practitioner.

After discharge, the entire room should be monitored for the presence of
radioactive contamination. Disposable gloves and shoe covers should be used
when changing bed linens, washing the floor, and the like. After discharge
from the hospital and up to one week after treatment, a simple set of measures
usually is enough to reduce radiation exposure of the family members or to the
general public. The general principle is to avoid prolonged, close contact with
other people during this period. Patients with infants at home should arrange
for care to be provided by another person for the first days after treatment.

Therapy with iodine-131—radiation safety: general guidelines after discharge
(up to one week after treatment)

Limit the time spent in public places

Limit traveling by public transportation and prolonged automobile trips with others

Delay returning to work if there is close contact with others

Use private bathroom and flush toilet twice after each use

Use disposable eating utensils, linen, towels, and clothes, and wash separately

Sleep alone and avoid prolonged intimate contact (mainly with children and pregnant
women)

Do not prepare food for others or use gloves to do so

Approximately three to seven days after the administration of the ablative
dose of radioiodine, a post-therapy whole-body scan should be performed to
confirm irradiation of functional thyroid tissue. Because of its greater sensitivity
than the diagnostic scan it can be used as a sensitive survey for the presence of
radioiodine avid metastases.

RADIOIODINE COMPLICATIONS

Acute complications of therapy with I-131 are mostly nonsevere and usually
short-lived. The more usual symptoms include sialoadenitis, radiation thyroiditis,
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neck edema, nausea, and gastritis (95). The salivary glands concentrate iodine
and sialoadenitis may occur in about 30% of patients treated with radioiodine
(96). It is characterized by pain, tenderness, and swelling of the salivary
glands. Some patients suffer from reduced salivary gland function for more
than one year after therapy with I-131. The use of lemon juice or lemon
candies and abundant water ingestion reduces the incidence and severity of sia-
loadenitis and reduces absorbed radiation dose to the salivary glands. Recently, a
study indicated that an early start of sucking lemon candy may provoke an
increase in salivary gland damage suggesting that lemon candy should not be
given until 24 hours after therapy with I-131 (97). The use of amifostine may
reduce significantly the damage to salivary glands, mainly when high doses are
administered (98). Radiation thyroiditis and neck edema (99), when sympto-
matic, are usually treated with nonsteroidal anti-inflammatory drugs, or with
steroids in the rare patient with more severe symptoms. Abundant liquid ingestion
should always be encouraged; this augments the urinary flow output and
decreases the radiation burden to the urinary bladder and the whole body. Gastro-
intestinal symptoms may be treated with antiemetics (nausea) and antacids (gas-
tritis). Thyroid storm due to the release of large amounts of thyroid hormones
occurs rarely in patients with extensive follicular metastases, usually within 10
days after treatment (76). Rarely, patients with brain metastases may develop
edema and hemorrhage. Late effects include transitory decreased white blood
cells, oligospermia, and transient ovarian failure. Infertility is rare except after
high doses. There is no evidence of increased risk of congenital abnormalities
(100). Patients with diffuse pulmonary metastases may rarely develop pulmonary
fibrosis after radioiodine treatment.

Over the long-term, radioiodine therapy may be associated with develop-
ment of secondary malignancies, such as acute myelocytic leukemia, usually
occurring between 2 and 10 years after therapy. The risk increases in patients
above the age of 50 who have received a dose of 37 GBq (1 Ci) of I-131 or
more and is greater when this dose had been given over a short period of time
(6 to 12 weeks). The risk is considerably lower when the total blood dose per
treatment is less than 2 Gy (101). Increased prevalence of cancers of the
urinary bladder, salivary gland, colon, and female breast has also been reported
in patients, but with little agreement on the degree of absolute risk (101,102).
Cumulated activities of more than 37 GBq (1 Ci) can also result in myelode-
pression with a decrease in blood cell components, the risk increasing with the
administered activity.

FOLLOW-UP

Patients who have undergone thyroidectomy and radioiodine ablation require
lifelong thyroid hormone replacement to prevent hypothyroidism and to
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minimize TSH stimulation, which promotes tumor growth. However, controver-
sies remain regarding the level of thyrotropin suppression. It seems reasonable to
adjust the level of TSH suppression based on the patient’s initial clinicopatholo-
gic features (103). Thyroid-stimulating hormone levels of 0.1 mU/L or less are
usually recommended to minimize the risk of tumor growth; however, treatment
with higher doses of thyroid hormone is associated with greater risk of osteoporo-
sis, especially in postmenopausal women. In patients with an undetectable serum
Tg concentration and negative neck ultrasound during follow-up, the risk of
recurrence is so low that thyroxine doses which maintain TSH levels between
0.1 and 0.5 mU/L are recommended.

The follow-up of thyroid cancer is based on the detection of residual and
recurrent thyroid carcinoma. This is traditionally performed by routine palpation
and ultrasonography of the thyroid bed and locoregional lymph-node areas, and
measurements of serum Tg combined with I-131 whole-body scans after thyroid
hormone withdrawal or administration of recombinant TSH (104,105). A low-
iodine diet is generally recommended for 7 to 10 days before I-131 administration
to enhance the sensitivity for lesion detection. The I-131 whole-body scan may be
repeated every year until at least two negative whole-body scans are obtained.
The predictive value for 10-year relapse-free survival of one negative I-131
scan is about 90%, whereas two consecutive negative scans have a predictive
value greater than 95% (106).

Recently some authors advocate that scanning with I-131 may be discour-
aged in patients who underwent total thyroidectomy and radioiodine ablation and
do not show any clinical evidence of residual tumor or elevated levels of Tg
during TSH suppression (107,108). The surveillance of these patients can be per-
formed by using thTSH-stimulated Tg levels as diagnostic parameter. This is still
a matter of debate, because it does not seem valid for all risk groups and not all
patients undergo the same clinical management.

Medical Follow-Up—Low-Risk Patients with No Thyroglobulin
Antibodies and No Clinical Evidence of Disease

These patients were submitted to total thyroidectomy and I-131 ablation. There
was no evidence of disease on postablation whole-body scintigraphy (WBS).

Six months to one year after therapy with I-131, the use of sensitive Tg
assays can separate the patients with persistent disease from those free of
disease that are unlikely to have recurrent disease, without the need for repeated
whole-body radioiodine scans (Fig. 1).

Medical Follow-Up—High-Risk Patients and Metastatic Disease

After the administration of an ablative dose of I-131, further treatment is war-
ranted (surgery and/or I-131 therapy) if the post-therapy whole-body scan
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("6-12 months follow-up on
LT4:
RhTSH stimulated Tg,?
|
1 1 1
s
Undetectable Tg Tg detectable but < 2 ng/dl Tg > 2 ng/dl
No other abnormalies No other abnormalies Other evidence of disease
TSHO.1 mU{L Repeat RhTSH stimulated Treat with 131-I or/and
ML Tg 1 year later surgery. Post therapy WBS
Tg on LT4, Neck US gLy ety Py

-

Tg stable or increasing or

Tg decreasin; X .
g & other evidence of disease

Figure 1 Medical follow-up after initial treatment—low risk patients. *Thyroid-stimulat-
ing hormone (TSH) stimulation can be achieved using either thyroid hormone (LT,) with-
drawal or recombinant human TSH (thTSH). Abbreviations: Tg, thyroglobulin; WBS,
whole-body scintigraphy. Source: From Ref. 109.

shows uptake outside the thyroid bed. If no uptake is seen outside the thyroid bed,
the combination of a diagnostic I-131 whole-body scan, with 74 MBq (2 mCi) of
[-131, and serum Tg measurement, is recommended by many authors 6 to 12
months after thyroid ablation under withdrawal of L-thyroxin or under rh'TSH
(Fig. 2).

The serum Tg measurement seems to be a sensitive predictor of complete
remission or persistent disease (provided that anti-Tg autoantibodies are nega-
tive). Nearly all patients with local or distant disease have detectable or elevated

6-12 months follow-up:
131-I scan and Tg off LT4 (or on thTSH),
Neck ultrasound
1 I 1
Negative scan outside thyroid bed
Tg <2 ng/dl
No evidence of disease

Positive scan outside thyroid bed
Or Tg > 2 ng/dl

Yearly follow — up:
1311 scan (until 2 negative) + Tg off T4
Or
Tg on rthTSH

1311 - therapy

Figure 2 Medical follow-up after initial treatment—high risk patients. Abbreviations:
LT, thyroid hormone; Tg, thyroglobulin.



Treatment of Differentiated Thyroid Carcinoma 65

serum Tg levels, while patients in stable remission have undetectable serum Tg
concentrations. Compared with serum Tg measurement, the yield of the diagnos-
tic I-131 whole-body scan is lower. A significant proportion of patients may have
elevation of serum Tg in the presence of falsely negative diagnostic I-131 whole-
body scans.

If during the follow-up an elevated Tg is found, ultrasonography of the
thyroid bed and cervical node compartments may be used to accurately ident-
ify suspected locoregional metastases or local tumor recurrences and facilitate
FNA of such lesions. This technique should be considered in the routine
follow-up of patients with extrathyroidal invasion or locoregional nodal
metastases (110).

In patients with evidence of metastatic disease, treatment should be contin-
ued until Tg levels remain below 2 to 5 ng/mL. When retreatment with I-131 is
necessarys, it is best to wait 6 to 12 months to administer the dose to allow for time
for effects from the preceding dose to be completed, unless rapidly progressive
disease develops. In patients with radioiodine-concentrating metastases,
outcome may not be favorable (111,112).

Patients with metastases in the regional lymph nodes are treated with high
activities of I-131, usually 5550 MBq (150 mCi). In case of locoregional recur-
rence, surgery may be an option.

In patients with lung metastases (usually not present on the X-ray but seen
on chest computed tomography and/or on the whole-body scan), a micronodular
(miliary) pattern of metastases is usually associated with a good I-131 uptake and
a better prognosis. Macronodular lesions (over 0.5 cm) frequently show poor I-
131 uptake and have an associated worse prognosis. Patients with pulmonary
metastases concentrating iodine have a five-year survival rate of 60%, compared
with 30% for those whose tumors do not take up iodine (62). Iodine-131 activities
of 5550 to 6475 MBq (150 to 175 mCi) and higher are recommended for empiric
treatment of pulmonary metastases.

Skeletal metastases often do not concentrate I-131 and complete resolution
of disease occurs in few patients only. Patients may benefit from external radio-
therapy, after I-131 therapy (113). In patients with single bone or pulmonary
lesions and no evidence of other distant metastases, surgical treatment might
be considered alternatively. Recently, embolization in combination with I-131
therapy has been shown to be useful in the treatment of patients with DTC and
bone metastases (114).

Fluor desoxy glucose-positron emission tomography (FDG-PET) has been
proven useful to identify metastases in patients with persistently elevated Tg
levels and negative whole-body scans (115). These patients may be retreated
with I-131 as some studies have shown that there may be abnormal uptake in
the post-therapy scan and/or decline in Tg values (116,117).

Some thyroid carcinomas lose their capability for I-131 concentration
owing to a dedifferentiation of tumor cells. Various studies provide evidence
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that the differentiated function of iodine metabolism may be reinduced in these
tumors by retinoic acid administration (118,119) although this procedure has
not proven to be as reliable as expected so far.

Finally, gene therapy in preclinical studies is a novel and exciting
avenue for the future treatment of advanced differentiated and anaplastic
tumors of the thyroid. These encompass a range of approaches, such as correc-
tive gene therapy, cytoreductive gene therapy, and immunomodulatory gene
therapy (120).

THERAPY WITH IODINE-131: INDICATIONS

After surgery:
Ablation of functional thyroid tissue
Treatment of functional metastases
During follow-up:
Treatment of functional metastases
Potential treatment of patients with elevated Tg levels and a negative
diagnostic radioiodine scan

THERAPY WITH IODINE-131: CONTRAINDICATIONS

Pregnancy
Breastfeeding

THERAPY WITH IODINE-131: SIDE EFFECTS

Acute side effects

Sialoadenitis

Radiation thyroiditis

Neck edema

Nause

Gastritis

Thyroid storm

Edema and acute cerebral hemorrhage
Long-term side effects

Decreased white blood cells, myelodepression

Oligospermia

Transient ovarian failure

Long-term xerostomia

Infertility

Pulmonary fibrosis

Secondary malignancies, acute myelocytic leukemia
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INTRODUCTION: THE PROBLEM

The incidence of cancer in the United States is over a million new cases a year
(excluding cancers of the skin), of which over 100,000, perhaps up to 150,000
patients a year, develop bone metastases. The frequently occurring tumors
that spread to the bone are prostate, breast, and lung cancer. The presence of
bone metastases obviously signals reduced survival but also heralds a number
of clinically significant complications, including bone pain which will afflict
up to two-thirds of those with bone metastases. Other complications include frac-
ture, hypercalcemia, and spinal cord compression. This chapter will discuss the
role of nuclear medicine in pain control of these painful osseous metastases.

MECHANISMS OF PAIN

The mechanisms of bone pain are not easy to investigate. A patient may present with
multiple osseous metastases only one of which is painful, for no obvious reason.
Mechanical expansion of the periosteum and microfracture are two probable mech-
anisms of bone pain, but there may be multiple cytokines involved in pain modu-
lation, such as substance P, prostaglandin E; (PGE;) and PGE,, and bradykinin,
some of which may be secreted by radiosensitive peritumoral lymphocytes.
Evidence for this is indirect in that pain may diminish after only 2—4 Gy from
teletherapy, before there has been significant tumor cell killing but at a time when
lymphocytes exposed to these levels of radiation will die in large numbers.
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DIAGNOSTIC MODALITIES

In approaching the diagnosis of the etiology of apparent skeletal pain in a patient
with cancer, the history and physical examination are important but insufficiently
sensitive and specific. Skeletal radiography of the painful site is the fastest and
least expensive approach, but a whole-body bone scan will provide a complete
picture of the extent and severity of the disease. It is important to know the
degree of osteolysis in a painful site of bone metastasis, as this will determine
which therapeutic modality is employed, as will be detailed next. These two
imaging modalities complement each other in important ways in diagnosing
and treating the pain of osseous metastases.

THERAPY OF BONE PAIN DUE TO OSTEOBLASTIC METASTASES

The treatment of cancer-induced bone pain involves analgesics, with or without
radiation and chemotherapy. The pattern of analgesic use is generally based on
the World Health Organization’s (WHO’s) three-step approach to pain relief,
beginning with nonsteroidal inflammatory medications, followed, if necessary,
by level II drugs (relatively weak opiates). If these are insufficient, more potent
opiate analgesics such as morphine are employed. Opiates have often distressing
side effects, including sedation, nausea, and constipation, so that the dose of these
should be as low as possible to maintain the patient’s overall quality of life. In an
attempt to lower these doses of analgesics, radiation and chemotherapy are
employed. Radiation is usually given with teletherapy, either in a single
dosage of 8 Gy or in fractionated dosages of about 30 Gy. These two radiother-
apeutic approaches have equal initial efficacy, but the latter has a longer lasting
effect in most patients. This form of treatment is often employed for a single
painful site but cannot be repeated if the pain recurs. Hemibody radiation has
been successfully employed in the past and has a success rate for pain palliation
equal to that of other radiation modalities. Recognition of its gastrointestinal and
hematologic side effects has reduced hemibody or wide field radiation utilization
significantly in the United States.

An effect of appropriate chemotherapy can be to reduce bone pain, as has
been documented for mitoxantrone in prostate cancer and the taxanes in breast
cancer in up to 30% of patients. Another sort of “chemotherapy” is the use of the
bisphosphonates to treat bone pain. Oral and intravenous bisphosphonates have
been shown to reduce bone pain, especially in osteolytic cancers, as well as to
reduce the risk of pathologic fracture and treat hypercalcemia. Nitrogen-containing
bisphosphonates inhibit farnesyl diphosphate synthase, an enzyme involved in
osteoclast cholesterol biosynthesis. This leads to a reduction in the lipid geranylger-
anyldisphosphate which prenylates guanosine triphosphatases (GTPases) required
for normal cytoskeletal organization and vesicular traffic in the osteoclast. In
addition, bisphosphonates modulate the expression of bcl-2, leading to caspase-
dependent osteoclast apoptosis. This multifaceted osteoclast inhibition and destruc-
tion lead to reduced bone turnover, and increased bone mass and mineralization. As
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bisphosphonates are not radioactive, and therefore require no special licensure or
handling, and one infusion of the newer bisphosphonates is effective for up to
four weeks, medical oncologists often favor these drugs which can be given in
the office. For at least one of these bisphosphonates, pamidronate, no inhibition
of subsequent skeletal uptake by the therapeutic tetraphosphonate samarium-153
(Sm-153) lexidronam (to be discussed next) has been found.

RADIOPHARMACEUTICAL THERAPY

Particle-emitting bone-seeking radiopharmaceuticals have attracted the attention
of the nuclear medicine community over the last three decades for the treatment
of the pain of osteoblastic metastases. For the eight pharmaceuticals appearing in
Table 1 there are published data on clinical trials in humans. All are reactor pro-
duced, and all emit a beta particle except for tin (Sn)-117 pentetate and strontium-
85 (Sr-85) which produce low energy conversion electrons. Sr-85 also yields low
energy X-rays. The radiopharmaceutcials in Table 1 are listed in descending
order by the progressively longer half-lives of the radionuclide involved. The
maximum and mean energy of the emitted particle, with the corresponding
maximum and mean particle ranges in millimeters, and the energy of any
emitted gamma photons, are also tabulated. Of these eight, only phosphorus-32
(P-32) as sodium phosphate, Sm-153 lexidronam (EDTMP), and Sr-89 chloride
are commercially available in the United States, although rhenium-186
(Re-186) etidronate (HEDP) is widely employed in Europe.

Table 1 Beta or Electron-Emitting Radiopharmaceuticals for Painful Metastases

Gamma
Max Mean MeV
Radiopharma- tin Maximum Mean range range (% abundance)
ceutical (d) Eg (MeV) Eg(MeV) (mm) (mm) half-life
188Re(Sn)HEDP 0.7 2.12 0.73 11.0 27 0.155 (10%)
0.79 3.1
13Sm-EDTMP 1.9 0.81 0.23 2.5 0.6  0.103 (28%)
0.070 (5%)
20y citrate 2.7 227 0.94 11.1 2.5 —
186Re(SMHEDP 3.8 1.07 0.33 45 1.1 0.137 9%)
17mg, DTPA 13.6 0.127% n.a. 027 02  0.159 (86%)
0.152% n.a. 0.3
32p_phosphate 14.3 1.71 0.70 7.9 3.0 —
89Gr-chloride 50.5 1.46 0.58 7.0 24 0.909 (0.10%)
85Sr-chloride 64 0.025% n.a. - 10 0.514
0.040" n.a. plus 10-15 keV
X-rays

“Conversion electrons
Abbreviation: n.a., not available.



80 Silberstein

MECHANISMS OF RADIOPHARMACEUTICAL LOCALIZATION

Bone metastases may be radiographically osteolytic, reflecting the loss of adja-
cent bone, or osteoblastic when there is more new bone produced than is lost.
The radiographic appearance of a bone metastasis is therefore the net result of
the balance of osteoclast activity, direct resorption of bone caused by tumor-
secreted factors, and production of new reactive or “woven” bone by adjacent
osteoblasts. In the great majority of these metastases there is an osteoblastic com-
ponent. This leads to localization of these radiopharmaceuticals listed in the table,
which bind rather selectively to reactive bone [as does the bone scanning agent
technetium-99m methylene diphosphonate (MDP)] because of specific inter-
actions with the dominant bone mineral, hydroxyapatite. In reactive bone sur-
rounding osteoblastic metastases there is a large surface area of amorphous
hydroxyapatite which appears prior to crystallization, leading to an excess of
bone-seeking radiopharmaceutical deposition relative to normal bone, in ratios
ranging between 2 and 15:1, although the usual abnormal-to-normal bone ratio
is in the range of 3 to 5:1. Specific mechanisms of deposition will be discussed
with each radiopharmaceutical, but all require adequate blood flow to the metas-
tasis. It is an as yet unexplained fact that many, if not all, of these radiopharma-
ceuticals are retained longer in woven or reactive than in normal bone, further
enhancing the abnormal-to-normal bone ratios, and, presumably, their therapeutic
effectiveness. These radiotracers all have a significant element of renal excretion;
Sr-89 and P-32 will also appear in the feces to some extent. None of the organs of
either system (genitourinary, gastrointestinal) receive a significant radiation dose
if the patient is well hydrated and defecates daily. The marrow always receives a
biologically significant dose, which may lead to mild to moderate, reversible
myelosuppression. No other organ receives a significant radiation dose. Whole-
body retention of these compounds ranges from about 30% to 40% in a nearly
normal skeleton to close to 90% in the presence of widespread metastatic disease.

RADIOPHARMACEUTICAL PROPERTIES

Shown in Table 1, the bone palliation radiopharmaceuticals differ considerably in
physical half-life, and dose rate (by a factor of 90), the energy of their emission,
effective range (by a factor of 40), presence or absence of a gamma emission,
mechanism of skeletal retention, and the degree to which the radiopharmaceutical
is incorporated on the surface of, or throughout, the bone. With all of these physical
and physiological differences between them, it is surprising that there are no
unequivocal data that there is any real difference between them in their reported
efficacy for reducing the pain of osteoblastic metastases. The few comparative
studies in print also show no significant differences in this effect. The
reported range of success in pain relief varies widely between authors, even for
the same radiopharmaceutical. This fact raises several methodologic issues
which must be addressed before considering the data on each radiopharmaceutical.
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METHODOLOGIC ISSUES IN DETERMINING DOSE-EFFECT
RELATIONSHIPS

In radiobiologic studies of tumor, dose—response curves are frequently con-
structed based on the conditions of the study. For in vitro studies of cell survival
this is not a difficult task, but in human studies of these radiopharmaceuticals
(called “unsealed sources” of radiation by the U.S. Nuclear Regulatory Commis-
sion) for pain relief, the production of a dose—response relationship is difficult.
Tumor and marrow doses are difficult to calculate for several reasons. Intraoss-
eous trabecular distribution and thickness are both variable in and around
tumors. The thicker the trabeculae, as in osteoblastic lesions, the greater the
chance of beta particle absorption, reducing the average distance that the particle
can travel. The anatomic distribution of tumor throughout the bone, especially
trabecular bone where the largest proportion of any radiopharmaceutical is
deposited, is also variable. The biologic half-life of Sr-89, Sm-153 lexidronam,
Re-186 etidronate, and Sn-117 m pentetate, for which data are available, and
by extrapolation for P-32, is prolonged on reactive versus normal bone, and inevi-
tably a mixture of these will occur in any osseous metastatic lesion. The target
bone-to-nontarget ratios will differ between different metastatic sites in the
same patient. Thus, a number of assumptions are required before radiation
dose estimation, and these can lead to quite different results. For example, the
published range of dose estimates from Sr-89 to bone metastases has
been reported to range between 59 and 611 mGy/MBq (220-2260 rads/mCi).
These questions raise the issue of the need for individual lesion dosimetry, if a
dose—response curve could be established.

The other part of this conundrum, measurement of response, is perhaps
more difficult, as it is rooted in human subjective perceptions of pain. Pain
thresholds differ between individuals, making generalizations about a radiation
dose which relieves pain not easily reproducible. The crucial question of
objective pain measurement has been approached in many ways. Semiquanti-
tative scales, patient diaries, the use of descriptor adjectives, and the visual
analog scale (VAS) (a 10-cm line on which the patient is asked to point to
where his degree of pain lies, between O cm for no pain and 10 cm for the
worst pain imaginable) have all been tried. The VAS has a reproducibility
of +20%, but has nevertheless proven to be a reliable tool. The amelioration
of pain may occur if the patient reduces his activities of daily living (ADL),
for example, going to bed, or if the patient increases his analgesic dose. There-
fore measurements of the efficacy of a drug in reducing pain must also take
into account changes in ADL and medication. In most studies employing
the radiopharmaceuticals of Table 1, this important methodologic approach
has not been taken. The Utrecht group has demonstrated the value of a tripar-
tite scale which requires an examination not only of pain reduction, but also
ADL, and medication changes. This approach should be applied to all future
research in the area.
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PHOSPHORUS-32-SODIUM PHOSPHATE

This radiopharmaceutical was the most widely employed agent for the treatment
of bone pain from osseous metastases between 1950 and approximately 1980. It
is usually administered intravenously, but there are studies showing equal effi-
cacy with oral administration, where absorption varies between 40% and 80%.
Oral P-32, which is much less expensive than any of the radiotracers to be dis-
cussed (and therefore suitable for developing countries) was compared in 1999
with intravenous Sr-89 in an study sponsored by the International Atomic
Energy Agency (IAEA). There was no significant difference found in response
rates from P-32 or Sr-89 treatment; both were about 90% efficacious. In the
early years of P-32 utilization, it was employed after a week of androgen
therapy in the belief that tumor and bone uptake would be stimulated.
However, the data on which this supposition was made were flawed. Androgen
administration can lead to severe side effects, such as spinal cord compression
in the presence of bone metastases. Clinical results without administered andro-
gens were as good as with this hormone preparation (or with the use of parathyr-
oid hormone). P-32 not only distributes throughout bone hydroxyapatite as a
substitute for the stable phosphate, but it also is incorporated into nucleic
acids, compounds with high-energy phosphate bonds such as adenosine triphos-
pate (ATP) and creatine phosphate, and in kinases signaling receptor activation.
In fact, P-32 was first used for its myelosuppressive properties by John Lawrence
in 1939, when studies on P-32 treatment of myeloproliferative and lymphoproli-
ferative diseases began. Its use for reduction of bone pain started in about 1950,
and the fears some have had for the dangers of P-32 myelosuppression were never
realized. In fact, only one death and one intracerebral hemorrhage from P-32-
induced myelosuppression have been reported. Response rates for pain reduction
have ranged between 60% and 90%, with earlier studies especially lacking in rig-
orous methodology to measure the factors surrounding pain reduction. In the
recent IAEA-sponsored study noted before, P-32 caused grade 2 marrow toxicity
(platelets 50,000-74,999/ul; leukocytes 2000—2999/ul) in a minority of
patients, with no clinical sequelae. A comparative study of P-32 with hemibody
radiation detected equivalent therapeutic responses, although hemibody radiation
yielded faster clinical responses and more toxicity. Responses to P-32 in the form
of pain palliation are generally seen between days 5 and 14 after injection, a
time range rather similar to all the other radiopharmaceuticals under discussion.
Metastatic breast and prostate carcinoma do not differ in their response rates.

STRONTIUM-89

Strontium and calcium are both in Family 2 of the Periodic Table, with the former
atom slightly larger than the latter. The body does not distinguish between these
two elements with the result that Sr-89 is distributed throughout bone as it can
substitute for calcium in hydroxyapatite. First suggested for therapeutic efficacy
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in the 1940s, Sr-89 came into wider use after the successful alleviation of bone
pain by several German groups of investigators who reported response rates of
up to 90%, using dosages from 1 to 3 mCi. A number of dose escalation studies
have indicated that 40 to 60 uCi/kg body weight produce response rates which
do not increase with higher dosages, although more toxicity is seen at higher
administered activities with this, and all other, radiopharmaceuticals used for
this purpose. Response rates have been reported from 40% to 90%, depending
on the criteria used. Some, but not all, investigators have found a better response
to Sr-89 in patients with higher performance scores. For example, in a study of
patients with a mean survival of 23 weeks, only 29% experienced any pain relief.

Pain palliation response duration from Sr-89 has ranged between 6 and
12 weeks. A review of 18 articles describing treatment of 715 patients with
dosages of Sr-89 from 1 to 12 mCi yielded response rates of 65%. Most investi-
gators do not see a clear dose—response rate with this, or the other radiotracers
under discussion employing further dose escalation once a threshold for pain
relief has been reached. Most of these studies were performed on patients with
metastatic prostate carcinoma, but equivalent effects have been reported for
metastases from breast and other carcinomas. When a drop in prostate specific
antigen (PSA) levels has been used as a marker of cytotoxicity, there seems to
be no correlation between this phenomenon and pain relief.

Several placebo-controlled studies have been performed employing Sr-89,
with response rates ranging between 59% and 67% in the treated groups and 21%
and 34% in the placebo groups. In a study comparing Sr-89, teletherapy, and
hemibody radiation the response rates were similar, ranging from 61% to 66%.
Platelet and leukocyte counts of the Sr-89-treated patients showed decrements
of 30-50% without clinical sequelae. On follow-up, the Sr-89-treated group
had fewer new sites of metastatic disease than the other two groups.

As an adjuvant to teletherapy given for a solitary painful site, Sr-89, given
at a rather high dosage of 10.8 mCi delayed the need for further radiotherapy to
the previously treated site and also the appearance of pain at new sites when com-
pared with the patients who received teletherapy with placebo. This has also
been demonstrated with a dosage of 5.4 mCi, closer to the usual dosage of
4 mCi employed in the United States. As a result, less pain medication and a
higher quality of life were recorded for the patients receiving teletherapy plus
adjuvant Sr-89, although there was no difference shown in survival. Only
grade 1 myelotoxicity was seen with Sr-89 in this study.

Only Sr-89 has been shown to delay the time until recurrent or new sites of
pain requiring teletherapy appear. This effect has not been sought, or at least pub-
lished, in research on the other radiopharmaceuticals in the table. The success of
Sr-89 in providing this benefit probably relates to the long effective half-life of
the radiopharmaceutical in bone.

In a retrospective study of patients with progressive bone pain, spinal cord
compression was completely prevented in those receiving palliative teletherapy,
and occurred in only 4% of those receiving Sr-89, but in 21% of the patients
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treated with a nitrogen-containing bisphosphonate, olpadronate, and in 50% of
historical controls. This research needs to be repeated in a prospective study
because of its important implications for patient care.

SAMARIUM-153 LEXIDRONAM (EDTMP,
ETHYLENEDIAMINETETRAMETHYLPHOSPHONATE)

This radiopharmaceutical is a chelate holding the Sm-153 atom. At the hydroxy-
apatite surface, an oxygen atom on a phosphonate moiety may coordinate
with a calcium atom on the bone mineral surface. There is some evidence that
samarium atoms may also be hydrolytically released at the hydroxyapatite surface
because of a higher affinity of Sm-153 for oxygen atoms of the hydroxyapatite,
forming samarium oxide. It is a gamma emitter but is far too expensive to be
used to detect osteoblastic activity prior to administration of a larger therapeutic
dose. Technetium (Tc)-99m-medronate or oxidronate is employed for this
purpose. As with the other radiopharmaceuticals under consideration, skeletal
retention is related to the extent of increased osteoblastic lesions throughout
the skeleton. With a much shorter half-life than Sr-89, its dose rate is higher
and much of the dose is delivered over the first two half-lives. Skeletal retention
is complete by about six hours, with very little Sm-153 found in the urine there-
after. Reported response rates range from 55% to 80%, generally do not increase
with dose escalation (although, predictably, myelotoxicity does), and are also
independent of the tumor type treated.

There have been several placebo-controlled studies using Sm-153 lexidro-
nam.The response rate from 1.0 mCi/kg was more rapid than that from 0.5 mCi/
kg, in one of these, but the clinical response was equivalent between the two
groups after five weeks, and both were better than the placebo. There was mye-
lotoxicity up to grade 3 or 4 in 10% of the patients, with recovery of depressed
blood counts by about eight weeks. Marrow suppression was more severe in
the presence of widespread metastases, previous chemotherapy or teletherapy,
or with significant marrow involvement two other controlled studies have con-
firmed the efficacy of this treatment, with the higher dose (1.0 mCi/kg)
showing a response greater than 0.5 mCi/kg in each of the first four weeks
after injection. Response rates ranged between 55% and 70% and were not sig-
nificantly different. The reduction in pain has been reported to last between
2 and 17 weeks, with one study claiming that 50% of responses lasted
16 weeks. In the blinded studies noted before, response duration averaged six
weeks. Multiple dosages have been successfully given with repeated responses.
In one study, a multiple dose regimen (two to four doses, separated by three-
month intervals) led to a higher overall response than a single dosage. Because
of the shorter half-life of Sm-153 (given as the lexidronman chelate) compared
with Sr-89, there is a widespread belief that myelotoxicity resolves more
quickly with Sm-153 lexidronam, but there are no studies directly comparing
the two radiopharmaceuticals to provide confirmation of this.
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RHENIUM-186 ETIDRONATE (HEDP,
HYDROXYETHYLIDENEDIPHOSPHONATE)

Rhenium is a member of the same Family VIIA of the Periodic Table as Tc, and
their chemical properties are predictably quite similar, although Re is more easily
oxidized to the perrhenate than Tc is to pertechnetate. To take advantage of the
beta-emitting characteristics of Re-186 (and Re-188, described in Table 1),
Re-186 etidronate was synthesized. This compound has the same affinity for
bone as the Tc-99m etidronate analog, as well as all the other radiopharmaceuti-
cals under discussion. Because Re-186 is more easily reoxidized, one finds this
radionuclide in the urine of patients receiving it for a longer period than with
Sm-153-lexidronam. Similar to Sm-153 lexidronam, this compound appears to
chemisorb to bone, through coordination with the oxygen atoms, and also
forms a rhenium oxide compound on the hydroxyapatite surface. While not
approved for use in the United States, it is widely employed in Europe. The
early studies on Re-186 etidronate suggested response rates as high as 77%,
but with more rigorous criteria, the Utrecht group has published response rates
closer to 55% for both painful metastatic breast and prostate cancer. Using the
tridimensional analysis referred to before, the Utrecht group found a response
rate of 6/18 at 35 mCi, 7/9 at 50-60 mCi, and 7/10 at 80—-95 mCi. Pain
reduction was counted as significant only if it lasted at least two weeks. Fifty-
four percent of the patients met this criterion, but only 35% of responses lasted
four weeks. As with the rest of the radiopharmaceuticals under discussion,
there is a threshold of efficacy beyond which higher doses lead only to greater
toxicity but not to greater pain relief. Thirteen studies of Re-186 etidronate
which have been analyzed reveal response rates ranging between a low of 54%
and a high of 87%, close to the 90% found in the IAEA study of P-32 and
Sr-89. It is clear that the stricter the criteria one employs, especially taking
into account the changes in activities of daily living and medication for each
patient following injection, the lower the response rate observed.

A small double-blind crossover study established that Re-186 etidronate
is more active than placebo. A more recent published comparison of Sr-89 and
Re-186 etidronate found no difference in response rates, 84% for the former, 92%
for the latter, with no difference found also in the mean duration of pain relief,
125 days with Sr-89 and 107 days with Re-186 etidronate. Myelotoxicity was also
similar, but platelet and leukocyte counts returned to baseline by six weeks after
Re-186 etidronate and 12 weeks after Sr-89, a statistically significant difference.

OTHER RADIOPHARMACEUTICALS FOR THE PAIN OF
OSTEOBLASTIC METASTASES

The other radiopharmaceuticals listed in the table have shown efficacy in one or
more clinical studies but have not been made available to practicing nuclear
medicine physicians after early trials, usually because of economic and/or
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regulatory issues. Re-188 etidronate has been given to patients but little clinical
data is available. As it has the highest dose rate of any of these radiotracers, it
remains of interest. Yttrium (Y)-90 citrate has the most energetic beta emission
of the materials listed but only limited clinical data have come forth. Sn-117m is
of particular interest because its emissions, low-energy electrons, have very short
path lengths and would be predicted to cause the least myelosuppression. This
limited marrow toxicity has been confirmed in several studies, with a response
rate in the range published for the other radiopharmaceuticals discussed. Sr-85
emits extremely low energy conversion electrons and 10—15 keV X-rays and
has been described as yielding 75 to 80% patient responses, with pain relief
less likely in patients with poorer performance status, similar to the findings in
some, but not all of the Sr-89 studies noted before.

TREATMENT INDICATIONS

While these radiopharmaceuticals are capable of reducing or relieving the pain of
any bone metastasis with an osteoblastic component causing increased uptake on
a bone scan, most patients with a single painful site will receive teletherapy,
avoiding the mild to moderate myelosuppression of these radiopharmaceuticals.
Multiple painful metastases with an osteoblastic component (documented on
bone scan) represent the chief indication for the use of the commercially available
beta emitters in the table. After teletherapy to the spine and other sites for meta-
static disease with recurrent pain, these radiopharmaceuticals may be safely
employed when additional external beam radiotherapy is contraindicated
because of the concern of radiogenic necrosis.

While there exist data that patients with poorer performance status do not
respond well to these radiopharmaceuticals, there is no humane reason for
excluding these patients from a treatment which can reduce the detrimental
effects of high doses of narcotic analgesics. The belief that a patient may die
in a month or so is also no reason to deny such treatment if there is a chance it
can make any contribution to the patient’s quality of life in his final weeks.
Persistent radiation in a patient who has died can be handled with simple
radiation safety precautions.

PREDICTORS OF RESPONSE

It is difficult to determine what patient characteristics, other than the presence of a
pathologic fracture, indicate a poor chance of responding to treatment of bone
pain with radiopharmaceuticals. Cytopenias and a decrease in tumor markers
caused by these radiopharmaceuticals do not correlate well with response. The
presence of narcotic tolerance does not indicate the likelihood of response.
Higher dosages than those which have been empirically determined to be effec-
tive do not yield greater response rates.

Recent studies have again suggested that a larger tumor burden may indi-
cate a lower chance for successful outcome, perhaps because there are fewer
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radioactive molecules then to be distributed over a relatively larger bone tumor
mass. A related Chinese study noted a statistically significant relationship
between bone uptake of radiopharmaceutical (Sm-153 lexidronam) and thera-
peutic effect, again suggesting that dosimetric considerations may improve
patient selection and the amount of activity injected.

CONTRAINDICATIONS TO THE USE OF RADIOPHARMACEUTICALS
FOR PAIN RELIEF

A single site of bone pain should receive teletherapy. Metastatic disease detected
radiographically where there is no osteoblastic response (i.e., a bone scan
showing no abnormality in the painful site) as, for example, in about half of
the myeloma patients, should not be treated with these agents, as there will be
no localization where the Tc-99m medronate or oxidronate bone scan shows
no increased uptake. In painful sites where marked osteolysis (over 50% of the
cortex destroyed by tumor) is radiographically apparent, teletherapy is required,
often accompanied by prophylactic orthopedic intervention, to avoid pathologic
fracture. A pathologic fracture is quite painful and will, of course, not respond to
radiopharmaceutical therapy despite the abnormal bone scan at the site. Cord
compression and epidural metastases should be dealt by employing teletherapy
and/or surgery but not with beta emitters. Nonosseous sources for pain referred
to bony sites must be carefully excluded, as clearly these radiopharmaceuticals
will be ineffective in this clinical setting.

There are also hematologic contraindications to the use of these radiophar-
maceuticals. Significant cytopenias (pretreatment leukocyte count below about
2500-3000/ul, absolute neutrophil count below 1000/ul, platelet count below
60,000—100,000/ul) raise the risks for infection and bleeding. It should be
recalled that there are other reasons for pancytopenia in cancer patients, including
recent or concurrent chemotherapy or radiotherapy, marrow involvement by
tumor, and disseminated intravascular coagulation.

Disseminated intravascular coagulation (DIC) is usually subclinical
and has been reported in up to 10% to 20% of prostate cancer patients. In this
entity, megakaryocyte production and turnover are greatly increased to provide
the maximum platelet supply possible, and these platelets have very short half-
lives as they participate in the ongoing clotting process. In this disorder, suppres-
sion of megakaryocyte production by these beta emitters can lead to precipitous
and life-threatening thrombocytopenia, so very active DIC is a relative contrain-
dication to the use of these radiopharmaceuticals. A search for fibrin split pro-
ducts is a far more sensitive test for DIC than the platelet count.

ADVERSE REACTIONS

There are only two significant adverse reactions related to treatment with these
radiopharmaceuticals. Myelosuppression is expected from irradiation of the
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marrow by beta particles localized in the bone which surrounds the marrow. The
resulting decrease in leukocyte and platelet counts may not even result in leuko-
penia and thrombocyopenia if the patient has a normal pretreatment leukocyte
and platelet count and no evidence of DIC. The drop in leukocytes and platelets
is usually in the range of 30% to 50% of the preinfusion count with these radio-
pharmaceuticals. The nadir is between four and six weeks, and recovery occurs
by eight to twelve weeks; both nadir and recovery may be at the earlier end of
this range with the more short-lived radionuclides.

The flare phenomenon, an increase in pain in the sites being treated, is the
other side effect. This is usually seen within 72 hours of administration, lasts a
few days at most, and occurs in from about 5% to 60% of patients, depending,
among other issues, on the degree of carefulness of follow-up, the asking of
leading questions about pain, and the actual definition of the flare phenomenon
employed. For example, a patient may assume that one day after infusion he is
capable of more activity, tries to perform an act that is painful, and thus
reports increased pain. This area has not been carefully studied.

TREATMENT APPROACHES

The preparation of a patient for therapy with a beta-emitting radiopharmaceuti-
cal begins several days before the actual infusion. Fully informed written
consent is necessary, and the patient must be told that there are rare deaths
from this therapy, almost all in patients with unrecognized DIC. This author
has found it useful to give the patient a consent form to take home and share
with family and other concerned parties before he signs it. A bone scan is
necessary before treatment if one has not been done for several months and
must be abnormal in the painful sites to be treated. Correlative radiographs of
the painful sites should be reviewed. A complete blood count and assay of
fibrin split products a day before treatment are necessary. These radiopharma-
ceuticals are very expensive, and one does not want to order them if they
will not be used when a contraindication appears in the form of an abnormal
laboratory test on the day of treatment.

DOSIMETRIC CONSIDERATIONS

For the reasons described in an earlier section of this text, accurate, reproducible
lesion dosimetry is not yet possible. When the substantial technical issues around
this measurement have been solved, the threshold dose below which pain relief
rarely occurs can be determined. Then the information from a bone scan may
be used to decide if administration of one of these radiopharmaceuticals will
have any analgesic effect. With reliable marrow dosimetry, the nuclear medicine
physician will also have a better idea of the degree of myelosuppression to
expect. Currently, the clinician can only deal with these considerations
empirically.
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TREATMENT MONITORING AND OUTCOME

The nuclear medicine physician should follow the treated patient closely with the
referring physician, in order to advise him of the patient preparation and workup,
as well as alerting him to the possible adverse reactions and their time course, as
noted before. The informed consent process requires an empathetic physician
who is prepared to answer sophisticated questions from a well-informed
patient. The nuclear medicine physician should be available for further consul-
tation with both the patient and the referring physician.

REPEAT TREATMENTS

All of these radiopharmaceuticals have been successfully given a second time, or
even up to 5 to 10 times, if there has been a response to the first treatment. The
response rate to the second treatment is usually in the 50% range, often slightly
less than with the first therapy. Myelotoxicity appears to be cumulative, so that
the blood counts may not return to the same levels after two or more treatments
that were seen after the first injection.

RADIATION SAFETY CONSIDERATIONS

Under current regulations of the U.S. Nuclear Regulatory Commission all these
radiopharmaceuticals may be administered in the outpatient setting and hospital-
ization is not required. A special treatment room is advisable to avoid even the
perception of exposure of other patients and staff unnecessarily, but there are
no data indicating any radiation hazard to the personnel of the nuclear medicine
facility as long as appropriate shielding measures are taken for the radiopharma-
ceutical during storage and administration. As P-32 and Sr-89 emit no significant
photons, and the bremsstrahlung they produce are not of any clinical significance,
no precautions need to be taken when these patients are released, except for good
hygiene, that is, handwashing and avoidance of urine contamination, and not con-
ceiving a child for several months. Measurements of radiation coming from
patients who have received gamma-emitting Sm-153 lexidronam and Re-186 eti-
dronate indicate that no stringent home precautions are required other than those
noted before. Separate utensils and toilet facilities are unnecessary. The time
required for a couple to sleep apart is 24 to 72 hours for the two gamma-emitting
radiotracers.

RADIOPHARMACEUTICAL-CHEMOTHERAPY COMBINATIONS

There are a number of studies in patients with bone metastases which have com-
bined a beta-emitting radiopharmaceutical, usually Sr-89, with a variety of che-
motherapeutic drugs, including gemcitabine, estramustine, mitoxantrone,
paclitaxel, carboplatin, cisplatin, and doxorubicin, with only a very few truly
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controlled for response with or without the radiopharmaceutical. Some of these
have been used in combination, as with Sr-89, estramustine, and vinblastine.
The response rates in these studies have ranged from 55% to 80%, a range
seen in multiple investigations that did not include chemotherapeutic agents.

Sr-89 followed by carboplatin yielded superior pain relief compared with
Sr-89 in one study, with no difference in survival. In a study of hormone refrac-
tory prostate cancer with painful bone metastases, induction therapy with ketoco-
nonazole, doxorubicin, estramustine, and vinblastine was followed by
randomization to receive doxorubicin with or without subsequent Sr-89. The
median survival time for the combination was 27.7 months and for doxorubicin
alone was 16.8 months. If confirmed, this would be one of the first studies
showing that a beta-emitting radiopharmaceutical conveyed a survival advantage.
On the other hand, the addition of Sr-89 to gemcitabine in painful prostate cancer
metastatic to bone yielded no response at all.

ECONOMIC VALUE OF RADIOPHARMACEUTICAL THERAPY FOR
PAINFUL BONE METASTASES

There have been careful studies of the economic benefits of using beta-emitting
radiopharmaceuticals. For example, Sr-89 palliative therapy has been dem-
onstrated to reduce the lifetime healthcare costs of patients with painful bone
metastases by decreasing the need for teletherapy, narcotic analgesics, and
hospitalization.

PROCEDURE FOR ADMINISTERING RADIOPHARMACEUTICALS
TO TREAT THE BONE PAIN OF OSTEOBLASTIC METASTASES

1. Patient evaluation and data required for treatment of painful bone
metastases

a. A bone scan performed within the previous six to eight weeks must
show abnormally increased uptake at the painful site(s).

b. Platelet and leukocyte counts must be adequate. The platelet count
should exceed 100,000 nL and leukocyte count should exceed
2500-3500/p.L.

c. Significant disseminated intravascular coagulation must be
excluded with an assay of fibrin split products.

d. Fully informed, written consent, including an explanation of
home precautions, should be accomplished, preferably twice, once
several days before the treatment. This should include the risks of
pancytopenia, the flare phenomenon, and remote risk of death.

e. The painful site should not be treated with radiopharmaceuticals if
there is any risk of vertebral compression, epidural metastasis,
osteolytic disease destroying 50% or more of the cortex, or evi-
dence of pathologic fracture.
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f. Teletherapy is preferred for treatment of single painful lesion.
2. Dosimetric considerations

a.

Our dosimetric techniques are currently inadequate to have these
data be a part of the decision-making process on therapeutic
dosage.

3. Choice of radiopharmaceutical

a.

b.

d.

Sr-89 has been shown to delay the need for repeat therapy and the
onset of new painful metastases.

Re-186 etidronate has been demonstrated to cause a shorter period
of cytopenia than Sr-89, and the same is probably true for Sm-153
lexidronam.

P-32 is far less expensive than the other radiopharmaceuticals, can
be given orally, and has equal efficacy with no greater risk of death
than with Sr-89, Re-186 etidronate, and Sm-153 lexidronam.
Thus, there are benefits to the use of any of these radio-
pharmaceuticals.

4. Special patient preparation

a.
b.

No premedication or fasting is required.

The patient should be well hydrated at home, and should receive
about 0.5—-1.01 of any liquid orally or intravenously before treat-
ment to ensure rapid renal excretion.

Constipation must be avoided in order to clear Sr-89 and P-32 from
the bowel. These agents are not themselves constipating.

5. Dosage administration

a.

b.

A running intravenous line should be in place. Make sure it works
well by infusion of some 50—100 mL of saline solution.

A plastic syringe shield should be used, as the production of brems-
strahlung from beta particle interactions with shielding material
increases as the atomic weight of the shielding material rises.
Gloves and a finger badge should be worn by the individual per-
forming the injection.

These radiopharmaceuticals should be given slowly into the intra-
venous line over two to three minutes, as the mass of the radiophar-
maceutical injected may be sufficient to have physiologic effects.
Etidronate and lexidronam may chelate calcium and magnesium,
acutely but briefly lowering the blood levels of these cations. A
bolus of Sr-89 may have calcium-like effects on cardiac physiology.
A vial of calcium gluconate should be on hand for rapid adminis-
tration if cardiac arrhythmias occur.

6. Treatment monitoring

a.

The patient may return home after the radiation safety officer
monitors the patient.
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b.
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The patient should be told that changes in bone pain usually are
seen within 7 to 14 days after treatment but may become even
more evident over three to four weeks.

7. Side effects

a.

b.

The patient should be instructed to report any (cytopenia-induced)
bleeding episodes, petechiae, sore throat, or fever at once.

The patient should be told there is some chance of an increase in
discomfort at the painful sites being treated and instructed on
what medication he may take to deal with this. He must also be
informed that this is not a discouraging sign.

8.  Follow-up plans

a.

The patient should be told to follow-up either with the referring
physician or the nuclear medicine physician, if the referring
doctor has so indicated, at least every two weeks up to twelve
weeks.

Platelet and leukocyte counts may be monitored after two weeks.
If there is a response to treatment the patient must be told that this
is rarely permanent but that more treatments can be given.

9. Instructions to the patient/radiation safety

a.
b.

The patient may return home.

For P-32 and Sr-89 treatments, there is no need to avoid proximity
to one’s spouse, children, or pregnant women.

For the gamma-emitting Re-186 and Sm-153 there are no convin-
cing data that the patient represents a radiation hazard to anyone,
but local radiation safety office precautions should be followed.
There should be little reason for couples to sleep apart for more
than a day or so.

Men should urinate sitting down for several days after therapy,
although urinary Sm-153 lexidronam excretion is generally com-
plete well within 24 hours after injection. There is no need for
the use of separate toilets.

Handwashing for 20 seconds after urination or defecation is
suggested.

Separate utensils are not needed.

Stringent birth control measures should be undertaken for at least
six months.
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TOPIC AND BACKGROUND

Ankylosing spondylitis (AS) is a common inflammatory rheumatic disease, leading
to severe pain, disability, and impaired quality of life in at least one-third of all
patients (1). Moreover, the disease has a relevant socioeconomic impact, because
it frequently affects men and women during their third life decade.

In the United States, the incidence of AS is 7.3 per 100,000 patient years
(2), and the frequency is supposed to be similar to rheumatoid arthritis. Today,
approximately 350,000 U.S. citizens suffer from AS.

The treatment is based on both physiotherapy and nonsteroidal anti-
inflammatory agents, including selective cyclooxygenase-2 (COX,) inhibitors.
Therapeutic effects are additionally discussed for several “disease-modifying
drugs,” like sulfasalazine or methotrexate. None of these drugs is Food and
Drug Administration (FDA) approved for AS. However, methotrexate, in particu-
lar, is frequently used in the United States (3), although its therapeutic efficacy is
limited (4). The recently introduced “biologicals,” infliximab and etanercept,
have shown to be effective in AS by blocking the proinflammatory cytokine
tumor necrosis factor (TNF)-« (5). Etanercept was approved for the treatment
of AS by the FDA in July 2003. Owing to some well-known, severe side
effects, very high costs, and the lack of long-term experience with these new
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substances, it is important to re-emphasize the a-emitter ***RaCl (radium chlor-
ide) for treatment of AS, which was used for therapy of different bone and joint
diseases in Europe from the mid-1940s until 1990. After being off the market for
economic reasons, a new 2>*RaCl preparation was reapproved by the German
Federal Institute for Drugs and Medical Devices (BfArM) in 2000.

Pathophysiology of Ankylosing Spondylitis

The first description of two patients suffering from complete inflammatory anky-
losis of the spine and peripheral joints was presented by Adolf Struempell in
1884, followed by reports by Wladimir von Bechterew and Pierre Marie (6).

The etiology of this rheumatoid-inflammatory disease is still unknown.
Owing to the frequent association with the human leukocyte antigen HLA-B27
in more than 90% of all AS patients, a genetic predisposition is highly assumed.
However, only 10% of all HLA-B27-positive persons develop AS during their
life time; thus, proof of HLA-B27 is not sufficient for the diagnosis of AS. The
genetic aspect is additionally emphasized by a higher incidence of the disease of
approximately 30% in first-grade relatives of patients with AS (7). In particular,
HLA-B27-positive patients with reactive arthritis, chronic-inflammatory
bowel disease, and psoriatic disease, frequently suffer from clinically severe AS (6).

The main function of HLA-B27, which belongs to class-1 HLA molecules,
is the presentation of peptide antigens to CD8-positive T-cells (8). The origin of
these peptide antigens from different bacteria and its trigger function is known in
case of reactive arthritis, and thus, it is also discussed for the pathogenesis of AS.
Both a direct induction of an autoimmune response or a cross reaction between
bacterial peptides and autoantigens may trigger the development of AS. It is
known from both magnetic resonance imaging (MRI) and immunohistochemical
studies that the transition zone between bone and cartilage is the primary local-
ization of the inflammatory process (9,10). This holds especially true for the
sacroiliac joint, chondro-apophyseal insertion zones of tendons, ligaments, and
joint capsules, and the border zone between the vertebral body and the interverteb-
ral disc. The G1-domain of aggrecan, which is the most abundant proteoglycan in
cartilage, is discussed as a potential autoantigen (11).

Clinical Course of Ankylosing Spondylitis

Low back pain and stiffness in the sacroiliac region in the early morning are often
the only symptoms in the beginning of the disease. If the pain lasts for more than
three months, especially in patients below the age of 40, the diagnosis of AS
should be taken into account. Typically, pain and stiffness decrease during exer-
cise. Another possible symptom is an alternating and transient pain in the anterior
chest wall, the neck, in the knee joints or the heels. These complaints may be trig-
gered by sudden movements like sneezing or stumbling. In addition to these
articular and spinal symptoms, an iridocyclitis is a frequent early sign.
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The clinical examination may demonstrate decreased mobility of the spine
and the chest in this phase of AS. Measurements should at least contain the Ott
and Schober sign as parameters of thoracic and lumbar mobility, the Fléche
sign for the cervical spine, the fingertips—floor distance for anteversion of the
whole spine, the Mennell sign for verifying sacroiliac involvement and thoracic
excursion during breathing, as summarized in Table 1. The measurements of
spinal mobility are especially important for follow-up examinations in the
same patient because of interindividual differences, for example, a fingertip—
floor distance of 3 cm is not pathologic per se. An increment to 10 cm, six
months later, however, should be noticed very seriously.

In the later course of the disease, radiological signs of sacroiliits and
increasing mineralization of ligaments and tendons are seen as a part of the modi-
fied New York criteria (12), thus leading to the final diagnosis of AS in many
patients. In each patient, the diagnosis is based on both clinical signs and radio-
logical criteria, shown in Table 2. However, the mean delay between the onset of
first symptoms and the diagnosis of AS is between five and seven years (13),
which is obviously too late, considering the fact that the most severe harm and
loss of mobility happens during the first decade of the disease (14). Thus,
approximately one-third of all AS patients are significantly impaired at the
time of diagnosis (13).

The further course of the disease may be mild with only slow progress
and long periods without subjective complaints. Other patients suffer from rapid

Table 1 Clinical Tests for Measuring Spine Mobility in Ankylosing Spondylitis

Sign Afflicted area Examination

Ott Thoracic spine Mark C7 and a 30-cm line in caudal
direction
= Measure extension in maximum
anteversion
Schober Lumbar spine Mark S1 and a 10-cm line in cranial
direction
= Measure extension in maximum
anteversion
Fleche Cervical spine Patient leaning against the wall in
upright position
= Measure distance between
occiput and wall
Mennell Sacroiliac joint (S1J) Patient lying on his left side, fix the SIJ
with your left hand
= Shear stress on the SIJ by
extension of the right leg
= Other side vice versa
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Table 2 The Modified New York Criteria for the Diagnosis of Ankylosing
Spondylitis

Criteria:
Low back pain and stiffness for at least three months, not eased by resting,
alleviated by exercise
Limited mobility of the lumbar spine in both sagittal and frontal plane
Limited thoracic excursion, adapted to age and gender
Bilateral sacroiliitis stages 2—4"
Unilateral sacroiliitis stages 3—4
True diagnosis of ankylosing spondylitis if
Unilateral sacroiliitis stages 3—4 or
Bilateral sacroiliitis stages 2—4 combined with any clinical sign

“Radiological stages of sacroiliitis following the New York criteria: 0 = normal; 1 = suspected
sacroiliitis with blurred joint space; 2 = minimal sacroiliitis with osteolytic areas and increasing sub-
chondral osseous thickening; 3 = intermediate sacroiliitis with sclerosis on both sides of the articular
surface and partial osseous bridging; 4 = total bony ankylosis with/without bony sclerosis.

Source: From Ref. 12.

and painful progressive ossifications, leading to early and severe disability. Approxi-
mately 20% of all patients with AS are at risk for severe disability and a premature
withdrawal from employment (15). However, a spontaneous remission of the
inflammatory and osteogenic activity is also possible in every condition of AS.

Several clinical indices were proposed to assess the disease activity
during the time course of AS or for the evaluation of treatment response, as the cor-
relation with laboratory parameters of inflammation is only weak. The most import-
ant and widely accepted indices were developed by a group of rtheumatologists in
Bath, England. The Bath Ankylosing Spondylitis Disease Activity Index
(BASDALI) mainly refers to both pain and stiffness of the spine and peripheral
joints. The degree of functional impairment during the patient’s daily activities is
evaluated by the Bath Ankylosing Spondylitis Functional Index (BASFI) and the
Bath Ankylosing Spondylitis Metrology Index (BASMI), which consist of
several parameters for spinal and hip joint mobility (16).

Indications and Contraindications for ?**RaCl Therapy
in Ankylosing Spondylitis

The decision for treatment with ***RaCl always should be made in close collab-
oration of the nuclear medicine specialist and the rheumatologist. Diagnosis of
AS and a failure of conservative pharmacotherapy with both nonsteroidal anti-
inflammatories and analgesics, or the presence of specific contraindications
against these drugs are a prerequisite. The patients frequently complain of
lower back pain, severe morning stiffness in the back and spine, and of breathing
impairment owing to progressive inflammation and stiffening of their chests.
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Table 3 Indications for ***RaCl (Radium Chloride) Treatment

Diagnosis of ankylosing spondylitis by a rheumatologist
Failure of conservative pharmacotherapy
Active mineralization processes in the axial skeleton (referring to stages 2 and 3)

Only patients with active mineralization processes in the axis skeleton
should be selected for **RaCl therapy. Following the clinical and radiological
classifications, those are particularly patients showing areas of progressive 0ssi-
fication in the sacroiliac joints and in at least two spine regions referring to the
historical illness stages II and III of AS (17,18).

In later stages, presenting with an almost complete spinal ankylosis (so-
called “bamboo stick spine”), ?**RaCl therapy is no longer reasonable. Further-
more, in these patients, the pain is frequently regressive. Active mineralization
zones, into which the calcium analog, 224RaCl, is firmly incorporated, can be
easily proven by bone scintigraphy, showing local accumulation of the bone-
seeking **™Tc-HDP (99 m technetium-hydroxy-methylene-phosphonate) on the
delayed images 3-h postinjection. Evidence of an increased mineralization, for
example, in the chest or the spine, is an indication for radionuclide therapy
with 2**RaCl (Table 3). Figure 1 shows an example of active multifocal mineral-
ization processes on the delayed images of a whole-body bone scan in a patient
with AS (Fig. 1).

Contraindications are pregnancy and breastfeeding; adolescents with still-
active metaphyseal growth plates; history of hematopoietic diseases or cancer;
recent bone fractures; impaired liver function; acute infections; and preceeding
treatment with drugs toxic to the bone marrow (Table 4).

The Radiopharmaceutical

After intravenous injection, the calcium analog, ***Ra, is incorporated into areas
of active bone mineralization. The degree of uptake correlates strongly with the

Table 4 Contraindications for **RaCl (Radium Chloride) Treatment

Absolute contraindications
Pregnancy, lactation
Adolescents with still-active metaphyseal growth plates
Recent bone fractures
Relative contraindications
History of hematopoietic diseases
Preceeding treatment with radiation or drugs toxic to the bone marrow
Impaired liver function
Acute infections
Renal impairment
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Figure 1 Posterior view of a whole-body bone scan of a 54-year-old male patient with
ankylosing spondylitis, acquired three hours after injection of 600 MBq of **™Tc-HDP
(99m technetium-hydroxy-methylene-phosphonate). Multifocal areas of enhanced bone
metabolism are prominent in the entire spine, which is consistent with clinical symptoms
of pain and impaired mobility.

intensity of calcium metabolism, which is elevated in areas of pathological ossi-
fication during AS. In an adult, approximately 25% of the injected dose is incor-
porated in the skeleton, 55% in a 10-year-old child and 75% in an infant (19). The
radionuclide is mainly deposited on the surface area of the bone, that is, under the
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endosteum, the periosteum, and in the zones of compact bone undergoing bone
remodeling.

22%Ra is both an a- and a y-emitter. It decays with a physical half-life of
3.64 days into further daughter nuclides, which send out not only « particles,
but also B particles and +y radiation to some extent. The final product of this radio-
active decay is 208Pb, which is stable, inert, and unobjectionable in the given dose
from both a toxicological and a pharmacological point of view. Owing to its high
osteotrope affinity, >**Ra is enriched in sites of active bone formation in the skel-
eton, and blocks the secretion of proinflammatory cytokines in the course of acti-
vated autoimmune processes. Depending on the short range of the « particles in
the tissue of approximately 50 pm, for example, only a few cell diameters, the
radiation dose to other tissues, especially to the bone marrow, is acceptably
low. A direct inhibition of pain-mediating nerve fibers is not an assumed
mechanism of action, as the nervous system is generally thought to be relatively
resistant to radiation. By blocking the inflammatory cytokines, ongoing mineral-
ization processes are inhibited in addition to the anti-inflammatory and analgetic
results. Antiosteoblastic effects were frequently discussed for >*RaCl, but have
not been proven to date. Whole-body skeletal uptake of **™Tc-HDP is unchanged
after treatment of AS with ***RaCl compared with the uptake values prior to
therapy, suggesting no significant changes in bone metabolism in general (20).

Uptake of **Ra into the bone is very fast with only 8% of the injected dose
remaining in the circulating blood after 15 minutes. Eight hours after injection,
only 1.5% is still found in the blood. This unbound ***RaCl is excreted up to
95% via the feces, and up to 5% via the urine.

The industrial production of ***RaCl from highly pure **Th today is safe
and reproducible. Highly developed quality controls assure the absence of signifi-
cant contaminations with long-lasting radionuclides. **RaCl must not be mixed
with other drugs. In particular, any comedication with calcium or phosphate
should be discontinued because of the decreasing bone uptake of ***Ra due to
competitive binding effects.

Side Effects

Acute side effects from ***RaCl are rare, and allergic reactions are not likely
because of the absence of additives, the high purity, and the nonimmunogenic
nature of the product itself as an ion. An undesirable but frequent effect is an
increase in pain during the first days of therapy. Prior to the beginning of a treat-
ment course, the patient should be informed in detail about this harmless and tran-
sient, but inconvenient, side effect, which can be treated with analgesics in nearly
all cases.

Occasionally, an iridocyclitis may occur during the treatment with **RaCl.
This may be induced by the underlying disease, and is not proven to be triggered
by the radionuclide. Nevertheless, treatment with 224RaCl should be discontinued
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in these patients until the iridocyclitis, which is usually treated symptomatically
by an ophthalmologist, has stopped.

In rare cases, a mild depression of the bone marrow with a slight and
transient decrease of blood counts is seen, although no case of agranulocytosis
has been documented so far. In individual cases, lesions of the liver and colicky
discomforts in pre-existing urolithiasis were reported for former ***RaCl
formulations.

As ionizing radiation may cause chromosomal damage, the long-term com-
patibility and the evaluation of any risk of cancer induction is of great interest. In
this respect, it is very important to differentiate between the former high-dose
22%RaCl treatment regimen using less purified drug formulations between the
1940s and the 1970s and the “modern” therapy. There are two major studies
performed by the Institute of Radiation Hygiene, Federal Office for Radiation
Protection (BfS) in Germany on a long-term follow up of patients who had
received these two different treatment schedules.

In the early years of ***RaCl therapy, an aqueous mixture of **Ra with
traces of eosin and colloidal platinum, called “Petheostor” was used not only to
treat AS, but also tuberculosis. Many patients were younger than 21 years, and
received higher cumulative doses over a longer time course than would be used
today. In a total of 899 patients treated in Germany from 1945 to 1964 with
high activities of at least 15 MBq “Petheostor,” malignant bone tumors, mostly
osteosarcomas, were seen in 56 cases (6.2%). Seventy-six percent of those
tumors were seen in a subgroup of patients aged 21 years and younger (21,22).

In a second study, 1577 patients, treated between 1948 and 1975 with a
cumulative activity of 10 MBq of ***RaCl, 1 MBq per week, were followed
(23) and compared with a control group of 1462 patients with AS, who had
not been treated with ***RaCl. The total percentage of malignant tumors was
9.4% in the treated versus 11.0% in the control group. No osteosarcoma was
seen; however, there were four other malignant bone tumors (0.25%) observed
after **RaCl treatment—one fibrous sarcoma, one malignant fibrous histiocy-
toma, one malignant lymphoma, and one malignant myeloma. Of these four
tumors, only the first two were possibly induced by ionizing radiation (15).
There was only one malignant myeloma in the control group. Eight cases of
myeloid leukemia were observed in the **RaCl group versus three cases in the
nontreated patients; this additional risk of 0.4% for leukemia is significantly
increased compared with the controls (P < 0.01). This is consistent with the
data obtained from animal studies (24), which demonstrated an increase in the
incidence of leukemia with a decrease in the number of malignant bone
tumors, by lowering the cumulative activity of ***RaCl. Other animal exper-
iments showed an increasing risk for the development of an osteosarcoma with
an organ dose of at least 9 Gy to the bone surface (25)—a value which is not
reached by current treatment regimens with a cumulative activity of 10 MBq
22%RaCl. According to the data known today, the risk of leukemia induction
seems to be slightly increased after the treatment of AS with ***RaCl. This
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should be considered if an indication for **RaCl therapy is discussed. However,
this risk must be balanced against the well-known risks of long-term intake of
nonsteroidal anti-inflammatory drugs (NSAIDs), methotrexate, or even the still
unknown risks of the new group of “biological” TNF-a-blockers. An elevated
risk for malignant bone tumors, however, has not been proven after low-dose
treatment with 10 MBq ***RaCl in adults. A meta-analysis of the available litera-
ture, ordered by the German Federal Institute for Drugs and Medical Devices,
covered 7064 treatments from 1969 to 1983, and showed a nonsignificant
increase of 0.1% of the total mortality rate after therapy with ?>*RaCl in patients
with AS (26).

Radiation Safety Considerations

The effective whole body dose from a cumulative standard application of 10 MBq
22%RaCl is approximately 2.5 Sv (27). This dose is slightly above the value
obtained by high-dose radioiodine treatment in thyroid cancer. However,
owing to the different linear energy transfer (LET) factors of o and S particles
and 7y radiation, the data are difficult to be compared with each other. « radiation
from **RaCl has a higher emission rate, a much higher energy, and leads to a
more localized, intense radiation load compared with B or <y radiation. The
dose estimates for several organs are shown in Table 5. Owing to the mechanism
and sites of incorporation, the bone surface and the red bone marrow have the
highest dose coefficients with 88 and 8.5 Sv per 10 MBq ***RaCl, respectively.
The dose-limiting organ is the bone surface with a cumulative absorbed dose
of 4.4 Gy.

Considering the radiation load to other persons, such as medical personnel,
family members or coworkers of a patient treated with 2>*RaCl, both the « and 3

Table 5 Effective Organ Doses Owing to Cumulative Application
of 10 MBq ***RaCl (Radium Chloride)

Effective organ dose

Organ (Sv/10 MBq ***RaCl)
Bone surface 88.0
Red bone marrow 8.50
Liver 2.60
Colon 1.40
Kidneys 1.50
Lung 0.45
Ovaries 0.56
Uterus 0.45
Testes 0.55
Whole body 2.5

Source: From Ref. 27.
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particles have a range too short to exert any significant effects. Only the
additional 7y radiation should be taken into account. However, this radiation
dose is very low. With the assumption of continuous residence after injection
of 1 MBq 224RaCl at a distance of 1 m, 32 pSv would be the maximum total
effective dose for a noninvolved person, for example, a total maximum of
320 wSv from 10 MBq ***RaCl [expertise from the Federal Office for Radiation
Protection (BfS), Germany, concerning the radiation load for uninvolved
persons during *>*RaCl (data of patients with AS, 6 /20/1997)]. This dose is com-
parable with one mammogram, and lower than the dose from a single conven-
tional X-ray of the spine. Emission of activity from ***RaCl by exhalation is
negligible. Oral incorporation of patient excretions by insufficient hygienics
of others during patient care would be the only way to receive a significant
radiation load.

Treatment Outcome, Clinical Studies

A large number of studies on the clinical efficacy of **RaCl treatment for AS have
been published in recent decades. Many of them do not fulfill the strict criteria for
scientific studies as demanded today; some are only qualitative descriptions, partly
lacking a control group, and others are only retrospective evaluations. However, in
a total of 2700 patients described by these historical studies, an overall response
was demonstrated in about 75% (15). Table 6 summarizes the 11 most reliably con-
trolled studies, covering a total of 986 patients (27). Therapeutic success lasting at

Table 6 Clinical Studies on the Efficacy of 224RaCl (Radium Chloride) Treatment
for Ankylosing Spondylitis

Number of 2**RaCl

treatments Number of control cases
Reference Improvement Total Improvement Total
Schneller (30) 12 15 9 15
Ruett (31) 17 18 — —
Uibe (32) 219 240 — —
Kutz (33) 86 92 — —
Laschner (34) 75 91 — —
Koch (35) 290 297 44 73
Schmitt (36) 62 78 14 70
Liska (37) 14 16 — —
Redeker et al. (38) 44 53 — —
Biskop et al. (39) 54 60 — —
Mueller (40) 22 26 5 20
Total 895 =91% 986 72 = 40% 178

Source: From Refs. 15, 27.



?24RaCl Therapy for Treatment of Ankylosing Spondylitis 113

least five years was noted in 91% of patients treated with **RaCl. Forty percent in
the control group, treated with conventional anti-inflammatory drugs, experienced
significant pain relief. Regarding the effects on spinal ossification, Rudolph et al.
(28) reported on a significantly retarded progression following treatment with
224RaCl. Their radiological analysis of the kyphotic angle, number and size of syn-
desmophytes, and degree of sacroiliac ankylosis in a total of 181 patients revealed a
marked effect of 2**RaCl therapy compared with a control group of patients who
did not receive the radiopharmaceutical. Interestingly, these effects were still
detectable 11 to 15 years after treatment. A dose reduction in anti-inflammatory
pharmacotherapy in 65% of patients with AS, following treatment with “**RaCl,
was reported by Seyfarth in 1987 (29).

In conclusion, a large number of historical studies demonstrate a good
clinical efficacy of treatment with ***RaCl in patients with AS. However, due
to the lack of controlled prospective studies, approval by the German Federal
Institute for Drugs and Medical Devices is coupled with the charge to conduct
a prospective long-term phase IV study. In this clinical trial, all the patients
treated with ***RaCl must be followed up for at least 10 years to document
any long-term side effects.

224-Ra TREATMENT GUIDELINES
Dosage and Method of Administration

22RaCl is meant for intravenous use only. Currently, 10 injections at weekly
intervals are administered with an activity of 1 MBq each (low-dose regimen).
The drug is calibrated by the manufacturer at delivery. ***RaCl should be admi-
nistered within three hours of the calibration time as indicated on the package (in
Europe, normally Thursday or Friday at 12.00 hours). A dose adaptation for
elderly patients is not required. The total activity of 10 MBq must not be
exceeded. The shelf life of ***RaCl is three hours after calibration time.

Owing to possible tissue damage and necrosis, particular care has to be
taken that the drug is not administered paravenously or leak out of the vessel
and infiltrate the surrounding tissue. Before and after the injection of ***RaCl,
rinsing the needle with isotonic saline solution is recommended to document
intravenous free flow. An inline catheter with a short-running infusion of
100 ml NaCl, for example, may be used to assure safe intravenous administration
of the radiopharmaceutical.

Contamination of people and objects by radioactivity excreted by the
patients should be avoided. In case of surface contamination, the area should
be washed off thoroughly. Any contamination can be detected by a small
amount of secondary radiation (8 and 7 radiation) induced by ***RaCl. Owing
to insufficient knowledge about possible subsequent harms and side effects
of repeated therapies, a therapy with a total activity of 10 MBq ***RaCl may
be performed only once.
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Instructions for Use/Handling

According to national radiation safety regulations, 224RaCl can only be delivered
to, handled, and administered by authorized persons in defined clinical settings.
Handling, administration, and disposal of waste are submitted to the regulations
of the local supervising authority and/or to the corresponding licenses.

The radiopharmaceutical has to be administered under aseptic conditions.
The administration of radioactive drugs, in general, includes a risk for third
persons owing to the radiation and possible contaminations by ingestation. In
case of **RaCl, the risk of third persons is very low, because the « particles
have a range of only 50 pwm and the portion of B8 and 7 radiation is very low.
Therefore, in Germany, 224RaCl can be administered on an out-patient basis.
Nevertheless, the directives of radiation protection and the respective radiation
protection guidelines in medicine are to be respected. After application, all
materials that have been used for preparation and application of the treatment
dose must be decontaminated or treated as radioactive waste. Radioactive
waste and leftovers of the radioactive drug and excretions of patients have to
be treated as radioactive waste according to regulations.

Special Warnings, Precautions, and Follow-Up

229RaCl may only be administered to women of childbearing age or to patients
with increased infectious susceptibility (e.g., chronic obstructive diseases) in
justified cases (Table 7).

Table 7 Patient Preparation and Treatment Procedure

Obtain history of pretreatment and drug history; review results of previous imaging and
confirm appropriateness of indication for **Ra therapy
You should also check
Blood parameters (leukocytes, erythrocytes, platelets)
History of administration of drugs toxic to the bone marrow or bone marrow radiation
Liver function
Renal function
Hematopoietic diseases
Add missing imaging procedures, such as radiographs of the axis skeleton, three-phase
bone scanning, MRI if necessary
Obtain written informed consent; provide written and verbal information on 224RaCl
treatment
Pregnancy testing in women of childbearing age
Vein puncture and intravenous administration (inline catheter) according to the rules of
asepsis in a dedicated room for the use of radionuclides according to national law and
local regulations
Before injection of the radiopharmaceutical, check for the correct radionuclide and
activity
After injection of ?**RaCl flush the needle with 0.9% saline
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Table 8 Treatment Monitoring and Patient Follow-Up

Before, during, and after treatment, blood counts of leukocytes,
erythrocytes, and platelets are required weekly

A check-up for side effects or other complications is recommended
at every time point of weekly administration

Clinical follow-up examinations to assess treatment response and
blood counts are recommended 3, 6, and 12 months after therapy,
and then in annual intervals thereafter for 25 years

A relative contraindication exists for women of childbearing age. Contra-
ception during and up to six months after the end of the therapy with ***RaCl
must be planned. The reason is that **RaCl crosses the placenta and deposits
in the skeleton of the unborn child. In cases in which radioactive drug treatment
of women in childbearing age is necessary, pregnancy must be excluded. Data
concerning the transmission to breast milk are not available. Breastfeeding
must be discontinued in cases where the drug is to be administered to a breast-
feeding mother.

Fluid intake and frequent voiding should be encouraged for the first 24
hours following treatment. Owing to the excretion of ***RaCl in urine and
feces, patients should be instructed to empty their bladder and colon at least
once during the 24 hours following treatment. The toilet should be flushed two
or three times. Handwashing should be performed routinely and frequently
(Table 9). Sharing food and eating utensils is prohibited.

Before, during, and after the treatment, peripheral blood counts (leuko-
cytes, erythrocytes, and platelets) are required. The counts must be performed
weekly before each administration during the total period of treatment. If leuko-
cyte counts decrease below 4.000/ 1, lymphocyte counts below 500/ 1, or neu-
trophil granulocyte counts below 1000/pl, the therapy has to be stopped.
Treatment must be stopped also in the case of a decrease in thrombocytes
below 50,000/1 or hemoglobin value below 9.0 g/dl.

Owing to the potential damage to the bone marrow and the potentially long
latent period between treatment with **RaCl and myelotoxic effects or possible
induction of leukemia, regular complete blood counts (three months, six months,
and one year after the end of treatment, and then in one-year intervals, up to 25
years) have to be performed. After administration of ***RaCl, no effects on the
ability to drive or handle machines are to be expected.

Overdose

The risk of an overdose consists of an undesired high radiation exposure with the
potential of acute toxic radiation effects. In this case, further treatment with
22%RaCl has to be stopped immediately. The blood counts must be controlled
in short-term intervals, because of a possible impairment of hematopoiesis.



116 Kampen and Czech

Table 9 Patient Instructions, Side Effects, and Radiation Safety Considerations

Patients should receive written and verbal information about the procedure and side

effects

Mobilization of the patient and physical therapy is necessary for treatment efficacy

Patients benefit from the treatment in about 65% to 90% of cases

Treatment response may be delayed by several months

Risk of a temporary increase of pain during the first days of therapy (treat with over-the-
counter anti-inflammatory drugs)

Iridocyclitis may occur in rare cases; >>*RaCl-treatment should be discontinued until the
iridocyclitis has stopped

Risks associated with intravenous administration of *>*RaCl are local tissue necrosis and
radiation exposure and risk of leukemia

Patients should be advised to report any worsening or other unusual changes in health,
and the patient should be given a phone number for contact he can reach at any time

Information about radiation safety considerations should be provided

22%RaCl therapy should not be performed in pregnant or breastfeeding women

Pregnancy should be avoided after treatment with **RaCl by effective contraception for
four to six months

Urinary contamination should be avoided by flushing the toilet two or three times and
handwashing after every toilet use; men should urinate sitting down

No additional home precautions are required

Abbreviation: RaCl, radium chloride.

Methods to reduce the radiation exposure after administration are not known.
However, this is a rather theoretical consideration, as each vial contains only
1 MBq ***RaCl at calibration time.
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Radioimmunotherapy of Solid Tumors
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University of Pennsylvania, Philadelphia, Pennsylvania, U.S.A.

INTRODUCTION

Radioimmunotherapy (RIT) has been the subject of investigations since the early
1970s. A tumor antigen-binding protein is labeled with a therapeutic radionuclide
and administered systemically—the radionuclide decay results in lethal radiation
that putatively destroys cancer cells. RIT of lymphoma has shown great promise
(1-5), and two anti-CD20 agents are approved by the Food and Drug Adminis-
tration (FDA) for clinical use. There are no pivotal or phase 3 trials in solid tumor
RIT, partly because the need for nonimmunogenic proteins necessitated the
development of chimeric and humanized antibodies, and also because tumor
radiation-absorbed dose with radiolabeled intact immunoglobulin has been
inadequate in most of the systems studied.

Solid tumor RIT has been studied in various cancers: breast, ovarian, color-
ectal, renal, prostate, and brain. The only positive outcome in most of these studies
has been disease stabilization in many patients. No outcome indicators have yet
been sufficiently promising to warrant phase 2 or other development with nonmye-
loablative RIT. These initial clinical trials have been very instructive in the devel-
opment of “optimal” strategies, including antigen-binding construct design,
optimal radionuclides for tumors of various sizes, and treatment delivery systems.

Immunogenicity of the antigen-binding construct is not the only constraint
facing RIT for solid tumors. Antigenic modulation and heterogeneity, barriers to

"The author wishes to thank E. Alexander Wills for helpful critique and proof-reading.
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penetration of protein into tumor, and adequate relative tumor uptake and resi-
dence time are some of the other factors (6,7) that are still problematic for suc-
cessful therapy. Bone marrow toxicity without treatment response has been a
serious constraint as well.

Understanding RIT requires the understanding of therapeutic radionuclides
and antigen-binding constructs. The unique biology of solid tumors necessitates
the development of strategies for rational treatment designs that address the
biological complexity of solid tumors.

ANTIBODY CONSTRUCTS

The earliest clinical trial with a radiolabeled antibody was carried out in solid
tumors with polyclonal antibodies (8). Development of the hybridoma technique
(9) allowed monoclonal antibody production with reproducible characteristics.
Initial production of these antibodies was in murine systems, and the inherent
immunogenicity of xenogeneic proteins became apparent in the initial studies.
Most humans who receive murine antibodies develop human antimouse antibodies
(HAMA) that preclude effective multiple dosing regimens (10). The search for
nonimmunogenic molecules led to the use of chimeric antibodies (11), with the
murine Fv, grafted genetically to a human constant region, and to humanized anti-
bodies where only the complementarity-determining region (CDR) remains of
murine origin (12). Development of suitable nonimmunogenic antibodies would
be essential to regimens that require multiple administrations. However, geneti-
cally engineered proteins have sometimes been immunogenic as well.

An obvious initial strategy to increase antibody tumor delivery was to
decrease the size of the labeled protein. The resulting more rapid clearance
would decrease the levels of circulating species, and therefore decrease the
absorbed dose to marrow. Deletion of whole antibody constant regions, either
by digestion or by genetic modification, resulted in bivalent F(ab)’, fragments
(no CH, and CH; domains) and monovalent Fab fragments. However, the result-
ing faster blood clearance has not improved relative tumor to bone marrow dose
significantly (13). There is also increased renal retention of these smaller mol-
ecules (Fab > F(ab)’,). Single-chain antigen binding proteins (sFv) are linear
constructs of light and heavy Fv fragments that clear rapidly from the blood
and may have lower renal retention compared with the Fab’ fragments (the
lack of CH1/CL domains results in a molecule of approximately 26 kDa)
(14,15). Other constructs with rapid clearance are minibodies, which consist of
two sFv fragments linked by a component of the heavy-chain region (e.g.,
CH3;), and diabodies, which comprise two sFv fragments joined chemically by
disulfide bonds or by genetic engineering of the sequences (16).

RADIONUCLIDES

Physical and chemical properties, fate after antibody metabolism in vivo, and the
nature of the emitted radiation, are all factors that must be taken into account
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when deciding a radionuclide for RIT. Cytotoxic radionuclides may be divided
into three groups of radiochemicals: halogens (Iodine, 211At); metals (QOY,
67Cu, 213Bi, 212Bi); and transitional elements (186Re). Radionuclides can be
further categorized into four types of cytotoxic agents: pure beta emitters
(67Cu and 9OY); alpha emitters (213Bi, 21 1At); beta emitters that emit gamma radi-
ation (177Lu, 186Re, 131I); and Auger emitters and radionuclides that decay by
internal conversion, including 1257 and ¥ Ga.

A variety of thyroid disorders have been treated effectively for decades with
311 (jodine), and its biologic behavior is well understood. '*'Thas gamma emissions
suitable for imaging, though a radiation safety liability sometimes requires hospi-
talization after therapy (17). Its long half-life is probably ideal for therapy with
intact immunoglobulins, and the labeling process is relatively straightforward (18).

317 is not the optimal nuclide when conjugated with antibodies that are
internalized into tumor cells via clathrin-coated pits following antibody-—
antigen interaction (19). This leads to dehalogenation of the complex and
release of the radionuclide, thus decreasing tumor radiation-absorbed dose. The
use of residualizing linkers that provide stronger binding of the halide to the anti-
body has been explored to overcome this limitation (20).

Radiometals, unlike radioiodine are usually attached to antibodies by che-
lates, and do not detach from the antibody following internalization. °°Y
(yttrium), a pure beta-emitting radiometal, has been widely studied in RIT
(21). °Y is an attractive choice for several reasons. The high-energy beta-
minus emission of Y-90 can be effective in bulky tumors, and its pure beta emis-
sion allows for outpatient therapy. A limitation of yttrium, however, is its affinity
for bone. When *°Y is detached from the chelating agent after metabolism of the
radiolabeled construct, the bone marrow can receive unacceptably high levels of
radioactivity. Lutitium-177 (*”’Lu) may be a suitable alternative in this regard as
its half-life and other physical characteristics are similar to '*'I, and its gamma
emission allows for external imaging (22).

Rhenium is a transitional element, and both 186Re (thenium) and 188Re
have been linked to antibodies. Developments in radiochemistry have made poss-
ible stable attachment of these isotopes to proteins. '*°Re is produced from a
Tungsten-188 generator (permitting elution on site) (23), and its 17-hour half-
life holds promise for locoregional therapies or for therapies with rapidly clearing
molecules. Because of its physical properties, including longer half-life, '*Re
has been more extensively studied. Rhenium nuclides emit photons that allow
for external imaging with conventional nuclear medicine equipment. Early clini-
cal trials have exploited the '**Re gamma emissions to provide dosimetry ana-
lyses of absorbed doses to tumors and normal organs, and have demonstrated
its safety for use in RIT for solid tumors (24).

Alpha particles are high-energy helium nuclei with high linear energy trans-
fer (LET). In addition to having short half-lives, the range of energy deposition is
only 50—80 wm. Alpha particles hold interest for RIT, as their high linear-energy
deposition can deliver lethal radiation to small tumor clusters. However, the recoil
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energy of alpha decay has precluded stable attachment of these radionuclides to
proteins. Advances in radiochemistry addressing this problem have led to a
renewed interest in alpha particles. Cyclotron-produced astatine (At-211) is
under investigation as therapy for several tumor types. Clinical trials have been
reported using *''At-labeled chimeric anti-tenascin antibody 81C6 for gliomas
(25). Bismuth-213 [213Bi—eluted from a actinium-225 (Ac-225) generator] has a
short (46 minutes) half-life and is being studied in hematologic neoplasms (26).

In vivo generators of alpha particles are being investigated for their ability
to deliver cytotoxic particles to micrometastases. These “nanogenerators” over-
come the limitations posed by the short half-lives of most alpha particles (27),
though the problems associated with recoil following alpha decay and the pro-
duction of nonmetal daughters, francium and astatine (which then may not
remain attached to the chelate), are significant.

Auger emitters deposit high LET over extremely short distances, and are
therefore most effective when the decay occurs in the nucleus, and less so
when the decay occurs in the cytoplasm (28). '*T is the prototypical radionuclide,
but its long decay half time renders it less than optimal for therapy. Other similar
radionuclides that have been studied, although not with antibodies, have included
""n (indium). In both cases, the amount of radioactivity necessary is economi-
cally prohibitive. A radionuclide that is gaining increasing attention in this cat-
egory is ©’Ga (gallium). Improvements in chelation chemistry have resulted in
stable radioimmunoconjugates with ®’Ga, and clinical trials are planned.

RADIOIMMUNOTHERAPY FOR SOLID TUMORS
Colon Cancer

The large majority of clinical solid tumor RIT studies have been carried out in
colon cancer. The first clinical trial with radiolabeled antibodies was with
anti—carcinoembryonic antigen (CEA) antibodies (8). Colon cancer antigen
systems may be divided into secreted, for example, CEA and TAG-72 (sialyl
Tn), cell surface receptors, including 17-1A, Lewis-y, and A33, and stromal anti-
gens, notably fibroblast activation-protein-alpha. Antibodies against other solid
tumor components, particularly vascular endothelial growth factors, have been
developed, and are being prepared for preclinical and clinical RIT studies.

Carcinoembryonic Antigen

Goldenberg et al. pioneered the use of antibodies in the detection and therapy of
cancer (8), and his group has subsequently carried out RIT studies with '*'I-
labeled murine and humanized anti-CEA antibodies (29—32). A phase 2 trial
of 21 patients treated with 1317 Jabeled humanized anti-CEA Ab (hMN-14; Immu-
nomedics, Inc., Morris Plains, New Jersey, U.S.A.) studied the response to RIT in
patients with small volume metastasis refractory to treatment and in patients who
had undergone surgical resection of metachronous liver metastases (33). Both
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groups of patients received a single dose of 2220 MBq/ m? (60 mCi / m?) 1-131
antibody, previously demonstrated to be the maximum nonmyeloablative toler-
ated dose. Among both groups of patients, the study demonstrated an overall
response rate of 58%, with a mean duration of response of nine months. Of the
nine patients receiving RIT in an adjuvant setting following surgery, seven
remained disease free at 36 months post-treatment, considerably longer than his-
torical controls. These results underscore the suitability of current methods of
RIT for small-volume disease rather than bulky disease.

Nonimmunogenic antigen-binding constructs against CEA have also been
studied. The initial dose-finding study with a chimeric antibody established no
mass dependence upon tumor targeting and no evidence of immunogenicity
(34). Subsequent RIT studies with Y labeled antibody (35) demonstrated that
the observed toxicity was radionuclide dependent. The maximum tolerated dose
(MTD) for a radiolabeled intact immunoglobulin is dependent upon the radio-
nuclide, and is independent of the antigen or solid tumor type. The lack of
responses in this nonmyeloablative trial prompted the initiation of an ongoing mye-
loablative trial (36). At this time, review of available data suggests that nonmyeloa-
blative RIT with intact immunoglobulin (Ig) G is unlikely to result in major
responses. This finding has spurred development of various specific radiolabeled
protein constructs, which are now being produced for clinical study (16,37).

Some of the results of clinical studies using other specific antigen binding
labeled proteins are now available for review. Begent et al. have carried out
studies using '*'I-labeled antigen-binding constructs [whole IgG, F(ab)’, frag-
ments, cross-linked divalent (DFM) and trivalent (TFM) versions]. Although
there was selective targeting of iodinated sFv to tumor, the degree of uptake
was not adequate to result in treatment responses (38). Begent et al. have contin-
ued their studies by developing a single-chain Fv fragment of their anti-CEA anti-
body. This sFv construct is grown in Escherichia coli and exhibits specific
targeting abilities (39).

TAG-72

Monoclonal antibody (MAb) CC49, a murine IgG targeting a heterogeneously
expressed antigen (Tn/sialylTn) on a tumor-associated mucin, TAG-72,
expressed in most colorectum, ovary, breast, stomach, and pancreas adenocarci-
nomas (40), has been explored as a potential RIT for several solid tumors. An
initial study comparing CC49 with its lower affinity counterpart B72.3 showed
that CC49 had better relative uptake in colorectal cancer (41). Phase 1 RIT
studies with '*'I-CC49 in colorectal cancer demonstrated excellent tumor target-
ing, and a nonmyeloablative MTD of 2775 Mbq/m? (75 mCi/m?) (10). Further
clinical trials, however, have demonstrated no objective responses with tumor
doses of 0.19-6.67 Gy (19-667 rads) (42). Dose-limiting toxicity in these
studies was hematopoietic. Moreover, immunogenicity, manifest by the pro-
duction in the host of HAMA, was invariable.
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The administration of an immunosuppressive agent, deoxyspergualine
(DSG) has failed to satisfactorily reduce the immunogenicity of the radiolabeled
murine protein products (43); hence, humanization of antibody has been carried
out. In order to ensure that the clearance of the humanized antibody was as close
as possible to that of the murine-intact IgG, the CH, domain of the chimeric anti-
body was deleted. Initial clinical trials (44) have shown that clearance and target-
ing characteristics for these chimeric species are indeed comparable with murine
derivatives and that the novel protein is nonimmunogenic.

Initial studies in colon cancer were followed by phase 1 and phase 2 studies
in a variety of other solid tumors, notably breast and prostate cancers (44—48). A
phase 1/2 trial of intraperitoneal 7"Lu-CC49 Ab in 27 patients with recurrent
ovarian cancer (49) defined MTD (again, hematopoietic) as 1665 MBq/ m’
(45 mCi/ m?); most patients progressed after therapy with prolonged disease-
free survival observed only in patients with microscopic disease. Since then,
intraperitoneal RIT with '*'I-CC49 has also been carried out in ovarian cancer
(50) and combination therapy is being investigated (51).

In all these studies, there has been excellent tumor targeting, but no signifi-
cant clinical responses. As is the case with most antigen—antibody systems in
solid tumors, the limitations in the clinical application of radiolabeled CC49
IgG are primarily attributed to normal tissue toxicity, immunogenicity, and rela-
tively poor penetration into tumor. Genetically engineered single-chain antibody
fragments (sFvs) may potentially overcome some of these limitations. The data in
animal models using E. coli-produced sFvs demonstrated more rapid systemic
clearance with better tumor penetration of these agents with consequent higher
tumor: background ratios than the corresponding IgG, F(ab’), or Fab’ fragments
in animal models (52—-55); their small size may reduce their immunogenic poten-
tial. Early studies at Memorial Sloan—Kettering Cancer Center (MSKCC) (56) of
a'?’I-labeled sFv CC49 in human metastatic colorectal carcinoma demonstrated the
potential of these agents to target tumor; renal retention was low, but this may be a
function of dehalogenation. Their small size and monovalency may be less than ideal
for successful RIT (although radiolabeled peptides, with comparable affinity charac-
teristics and putative renal retention have shown promise). The first generation of
sFvs were produced in bacterial systems, and may not have been stable in vivo.
Newer production methodologies in yeast systems may confer glycosylation advan-
tages (bacteria do not glycosylate proteins) that result in a more stable product in
vivo. Other methodologies include the use of radiometal —chelate —sFv immunocon-
jugates, as the halogenation of sFv using current methods may result in radioactivity
binding to tyrosine residues in the receptor; the radioiodinated sFv may therefore be
subject to dehalogenation in vivo.

Antibody A33

Antibody A33 binds to an antigen expressed on normal colonic and distal small-
bowel epithelium and colon cancers. The antigen is a member of the
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immunoglobulin superfamily. A33 has been shown to undergo rapid internaliz-
ation, without significant dehalogenation, after binding to antigen on the cell
membrane. Moreover, antigen distribution in colon cancers has been homo-
geneous. Phase 1/2 studies of 3_mAb A33 RIT carried out in patients with
colon cancer (57) demonstrated (as expected) that dose-limiting hematologic tox-
icity was radionuclide dependent and the MTD was determined to be 2775 MBq/
m? (75 mCi / m?) "*'1. Gastrointestinal symptoms were not dose limiting, presum-
ably because of relatively rapid turnover of the target cell in the base of the
colonic crypt.

Our data (58) suggested that the radioiodinated antibody does not appear to
undergo catabolism following internalization (probably via the macropinosome);
we thus carried out a trial with '**I-murine A33, taking advantage of the high
LET of I-125 (Fig. 1). This phase 1/2 study did not result in dose-limiting
toxicity at doses as high as 350 mCi/ m? of '?°I. There were only modest response
rates (59). One of the 21 patients had a mixed response based on imaging studies
and two patients had stable disease with decreased serum CEA levels. Interest-
ingly, the patients who received RIT had higher levels of response with further
chemotherapy [carmustine (BCNU), vincristine, fluorouracil, and streptozocin
(BOF-Strep)], suggesting a potential role of combined RIT and chemotherapy.
Humanized A33 has been investigated by Welt’s group at MSKCC (60). It has
targeting abilities comparable with the murine protein, with significant immuno-
biologic effector function. Studies comparing the efficacy of combined radiosen-
sitizing chemotherapy (capecitabine) and RIT with '*'I-huA33 are currently
underway.

Other Antigenic Systems Studied

Antibody 17-1A (murine IgG,,), which reacts against the surface epithelial antigen
(KSA), and internalizes subsequent to interaction, has also been studied with both
317 and '*I. A pilot dose-escalation clinical trial of '**I-chimeric 17-1A in patients

(A) B (B) ©)

Figure 1 Anterior whole body images one (A), two (B), and six (C) weeks after 125-iodine-
murine A33 radioimmunotherapy (RIT) in a patient with colon cancer metastatic to liver
(Li)—thyroid uptake of radioactivity is also visualized.
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with metastatic colorectal cancer was conducted (61) at the University of Alabama
in Birmingham. The results of this study corroborated our clinical trial results that
high-dose outpatient RIT with a '*’I-labeled internalizing antibody could be
achieved without significant patient toxicity or radiation hazard.

The team at MSKCC and at the Ludwig Institute for Cancer Research has
attempted to identify targets not only on cancer cell surfaces, but also on other
components of the tumor, including stroma and vasculature. We developed a
novel targeting approach to colon cancer therapy by developing an antibody,
F19, against fibroblast activation protein-alpha (FAP-a). FAP-« is highly
expressed by activated fibroblasts abundant in most solid tumors, including
more than 95% of primary and metastatic colorectal carcinomas, but is not
expressed by normal tissue (other than healing scar).

31-mAb F19 was studied in a mass escalation study at MSKCC. Lesions
as small as 1 cm could be visualized by scintigraphy (62). The easy accessibility
of the FAP-positive tumor stromal fibroblasts to circulating monoclonal anti-
bodies prompted the humanization of this antibody, now named sibrotuzumab
(BIBH 1). Phase 1 mass dose-finding studies have not shown a mass dependence
(63), and RIT studies with "*'I-labeled antibody have shown a toxicity profile
comparable with other '*'I-labeled humanized antibodies.

Ovarian Carcinoma

Ovarian carcinoma is an attractive target for RIT, both because the antigen systems
have been well defined and because the disease is confined to the peritoneal cavity
for most of its course, allowing the possibility of locoregional intraperitoneal
therapy. In addition to CC49 antibodies, various other antibody—antigen systems
have been studied in ovarian cancer. MX 35, expressed homogeneously in most
nonmucinous ovarian cancers, with minimal normal tissue cross-reactivity (64),
has been studied at MSKCC and elsewhere. Several studies utilizing '*'I- and
125T_labeled Ab MX35 showed excellent localization to sites of ovarian tumors,
including micrometastases in the peritoneal wall (65). MOV18, targeting the mem-
brane folate receptor, again fairly ubiquitous in nonmucinous ovarian cancers and
with limited normal tissue cross-reactivity, is another promising agent. '*'I chimeric
MOv18 showed moderate visualization of tumor sites with tumor absorbed doses of
600—3800 cGy, and stable disease for two to more than six months (66), with no
evidence of immunogenicity [measured as development of human antichimeric
antibodies (HACA)]. Intraperitoneal RIT using *°Y-labeled murine anti-human
milk fat globulin-1 (HMFG,) (analogous to the muc-1 antigen) as an adjuvant to
chemotherapy, compared with chemotherapy alone, have shown increased overall
survival in patients who received the RIT, compared with those who received che-
motherapy alone (67). Ovarian cancer is limited to the peritoneal cavity for most of
its natural progression, and therefore, intraperitoneal therapies have always held
promise for a disease with limited treatment options. A randomized phase 3
adjuvant study with intraperitoneal *°Y-labeled murine anti-HMFG; has just been
concluded in the United States, and results are awaited.
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Systemic RIT studies with anti-mucl antibodies have been carried out
largely in breast cancer. Unlike most of the aforementioned studies, which
employed radioiodine initially and then studied other radionuclides, the studies
with a novel humanized anti-mucl antibody, BrE3, were initially carried out
with °°Y (68). This antibody may be a “second generation” anti-mucl antibody
as it appears to react with the deglycosylated antigen alone, which may be
more preferentially expressed in tumors, with minimal secretion into interstitium
and serum. Targeting (using '''In as a surrogate) has been shown to be excellent
(69)—RIT therefore appears justified.

Limited studies with intrathecal RIT have also shown promise. Intrathecal
RIT has potential, as radiation in the closed compartment is more likely to have
efficacy when its retention can be enhanced by conjugation to a large molecule
that will transit slowly into the systemic compartment. Beta-emitting nuclides,
utilized in most studies (70—77), may be less than ideal as most of the energy
is probably deposited outside the intrathecal space. In this respect, alpha emitters
may be ideal as they deposit high LET radiation over submillimeter distances
(78). No studies have progressed to phase 2 or higher; however, this is more
a function of radionuclide availability and patient characteristics than a lack
of promise.

The Lewis Y (Le”) antigen is a blood group—related antigen that is,
expressed in a high proportion of epithelial cancers, including breast, colon,
ovarian, and lung cancer, and therefore, is an attractive target for monoclonal anti-
body-directed therapy. Early studies with anti-Le” antibodies carried out using
chemoimmunoconjugates demonstrated significant GI toxicity without significant
efficacy (79). An anti-Le” antibody, B3, developed at the National Institutes of
Health (NIH), labeled either with 111In, to study biodistribution, or Y for
therapy (80), demonstrated a favorable biodistribution profile and acceptable
hematologic toxicity, with no dose-limiting GI side effects (probably because
the mass of antibody was low, and the antigen distribution in the GI tract is
largely on the luminal surface). The MTD was found to be 740 MBq of *°Y.
The Le” antigen is abundantly expressed in both gastric and ovarian cancers—
diseases that are limited to the peritoneal cavity for much of their natural course.
A phase 1 intraperitoneal RIT study using *°Y labeled to humanized anti-Le¥ anti-
body hu3S193, initially generated at MSKCC (81), in patients with minimal
residual disease ovarian cancer (Fig. 2), could not be completed owing to
inadequate accrual. We had hoped to take advantage of the immunobiologic effec-
tor function of the humanized IgG, and the decreased marrow radiation resulting
from increased residence time of radioactivity in the peritoneal cavity and
therefore outside the vascular space.

Carbonic Anhydrase IX

Carbonic anhydrase IX (a product of the Von Hippel Lindau gene) is expressed in
the vast majority of clear cell renal carcinomas, and therefore, is an excellent
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Figure 2 Anterior and posterior 111-indium whole-body images after intraperitoneal
radioimmunotherapy (RIT) with 90-yttrium-humanized 3S193 (the indium was colabeled
with the yttrium).

therapeutic target for a cancer refractory to chemotherapy whose five-year survi-
val rate is less than 10%. Antibody G250, developed by Oosterwijk et al., recog-
nizes carbonic anhydrase-IX with normal tissue cross-reactivity, limited only to
biliary epithelium (82). Our initial study with murine G250 demonstrated excel-
lent targeting to renal tumors with probably the highest absolute solid tumor
uptakes documented by biopsy. Repeat treatment was obviated by HAMA
(83). Multiple administrations may be crucial for the treatment of heterogeneous,
bulky solid tumors. Chimeric G250 (IgG,) was therefore produced and studied in
phase 1 studies with '*'I.

A study has been carried out with a single large RIT dose. This has demon-
strated a decrease in HACA formation (84,85), and the ability to predict HACA
by carrying out “scout” dose imaging. In order to evaluate the effect of treatment
dose fractionation upon safety and efficacy, we simultaneously started a single
large-dose RIT study based on escalating amounts of '*'T and a study of fractio-
nated G250 using 1110-MBq (30 mCi) "*'1-cG250 doses in a whole body radi-
ation-absorbed dose-based schema (85) (Fig. 3). In this study, the MTD of '*'I
was found to be 0.75 Gy, and dose-limiting toxicity was hematologic. Prelimi-
nary calculations suggest that dose-limiting whole body radiation-absorbed
dose is not different in “rapidly” fractionated and single large dose treatment
schema (86). However, differential distribution of radioactivity in tumor may
vary following each fraction, therefore, putatively allowing better delivery of
cytotoxic radiation. These data are currently being analyzed.

As the G250 antibody binds to epithelial cells of the large bile duct and gall
bladder, and as biliary cancers are sensitive to radiation, RIT with WX-G250
RIT may have clinical benefits in the treatment of biliary cancer patients. These
cancers are particularly difficult to treat owing to the late stage at diagnosis. The
311 labeled antibody WX-G250 RIT is designed to identify the tumor cells and
deliver doses of radiation directly to the tumor cells. Clinical phase 1/2 trials
with WX-G250 RIT in biliary cancer patients appear promising. As the antigen
is expressed on both normal biliary tissue and biliary cancers, the evaluation of
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Figure 3 Anterior whole-body images after 131-iodine-cG250. Note the excellent
targeting to metastases (arrows).

differential expression is important to the selection of an appropriate RIT model,
and we are therefore evaluating differential in vivo expression of tumor antigen
using quantitative positron emission tomography (PET) and '**I-cG250.

Prostate Specific Membrane Antigen

Although prostate cancer has received much attention because of the success of
diagnostic biomarkers, the success of RIT for the disease has lagged behind.
Studies of "*'I-murine CC49 did not show objective response (87) in patients
with prostate cancer. Subsequent attempts to increase antigen expression using
interferon pretreatment also did not result in objective treatment responses
(88). Fourteen patients received seven doses of interferon, followed by
2775 MBq/m2 (75 mCi/mz) 1311-CC49 treatment. Although antigen (TAG-
72) expression seemed to be upregulated, evidenced by increased tumor localiz-
ation, no significant response was achieved. The immunogenicity of the murine
protein remained a problem.
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Prostate-specific membrane antigen (PSMA) is a nonsecreted internalizing
antigen, and therefore an excellent target for RIT. Humanized mAb J591 targets
the external domain of PSMA (89). Phase 1 studies of *°Y and '”’Lu labeled huma-
nized J591 have been completed, and have shown an excellent safety profile with
dose-limiting toxicity being, as expected, hematopoietic (90,91).

PRETARGETING STRATEGIES

In order to enhance the efficacy of RIT, multistep targeting strategies have been
under development. These methods are designed to minimize the radiation to
normal tissue that is attributed to prolonged residence time in the body. One
approach utilizes the interaction of avidin and biotin. The pretargeting tumor-
specific antibody /avidin fusion protein is administered. After the circulating anti-
body has been cleared with a clearing agent, radiolabeled biotin is injected. This
process attaches to the streptavidin on the tumor surface (Fig. 4).

Early studies of pretargeted RIT, designed to evaluate its safety and thera-
peutic ratio, demonstrated a mean tumor to marrow absorbed dose ratio of 63:1,
which is an order of magnitude greater than the 6:1 ratio, usually seen in conven-
tional RIT (92). Studies of pretargeted treatment with monoclonal antibody NR-
LU-10-streptavidin (constructed as a tetrameric sFv bound to streptavidin) and
%Y _biotin in refractory colorectal adenocarcinoma demonstrated mean tumor
absorbed dose of 0.5 + 0.2 cGy/MBq, which was significantly higher than the
dose estimate to the kidney 0.3 + 0.1 cGy/MBq and to the bone marrow
(0.1 mGy/MBgq). Despite these impressive ratios, only 8% of the patients
showed a major response to therapy. Although hematologic toxicity was not
dose limiting, nonhematologic toxicities were significant (93), underscoring
that this technique will not spare normal tissues that express antigen. It is

STEP 1 STEP 2 STEP 3

Tumor targeting Blood clearance Radiolabeling
at peak mAb uptake

?"M.Ab-smpuwdin ? Clearing agent  *® %0Y.DOTA-biotin

Figure 4 Tumor pretargeting with bispecific construct: a bispecific agent (e.g., bispecific
antibody or an antibody /streptavidin fusion) is administered, which saturates the antigen
on the tumor. Subsequently, a small radionuclide carrier is administered, which binds to
the tumor-localizing bispecific agent.



Radioimmunotherapy of Solid Tumors 133

anticipated that dose-limiting toxicity with these multistep techniques will likely
be renal. This poses additional issues as nephropathy is usually not evident until
several years after renal insult, and it is thus difficult to evaluate nephrotoxicity in
the treatment setting. Finally, avidin and streptavidin are immunogenic. This
limits the administration of the initial agent to single use. Such multistep target-
ing methods are therefore analogous to external beam therapy in that they can be
used over one course with no possibility for retreatment.

Promising results using the pretargeting approach have been shown in
gliomas. Studies of biotinylated anti-tenascin monoclonal antibody, with *°Y-
dodecane tetraacetic acid (DOTA) biotin as the radionuclide, have demonstrated
response as sole therapy for recurrent disease and in the adjuvant setting (94).

Bispecific constructs that react against a radiometal—chelate complex, on
the other hand, are unlikely to be immunogenic, and therefore hold promise as
therapeutic agents (95,96). These novel systems should be able to deliver
higher amounts of relative tumor radiation-absorbed dose than would be possible
with single-step radiolabeled antibody methods. They may have the added advan-
tage of less immunogenicity of avidin-based systems, allowing multiple/repeat
therapies.

STRATEGIES FOR FUTURE STUDIES

Early lack of success in solid tumor RIT, combined with the encouraging results
in RIT of lymphoma, has provided impetus for the development of a plethora of
treatment approaches for solid tumors. Constructs linked to radionuclides with
varying radiobiologic characteristics, patient-specific therapy, fractionated
therapy and pretargeting are some methods currently being investigated. A
new generation of clinical trials are either being initiated or in planning stages
to try to maximize therapeutic efficacy of RIT for solid tumors. These trials
share some similar characteristics:

1. Advances in radiochemistry: Auger and alpha emitters have been
labeled without loss of immunoreactivity to a variety of antigen-
binding constructs. Positron emitters like 64Cu, 86Y, and '?*I are now
available for PET-based dosimetry. These will permit the calculation
of tumor and critical organ radiation-absorbed doses and optimize
accurate dose delivery. Although 1311, 186Re, 188Re, and '"Lu are
ideal radionuclides for external single-photon imaging, surrogate
gamma emitters must be used to evaluate the distribution and clearance
of pure beta emitters. '''In has been considered to be an appropriate
surrogate for %Y. Their half-lives are almost identical, and both are
readily incorporated into the same metal-chelating agents. A recent
study using PET imaging to compare *°Y and '''In as surrogates for
Y showed that, although "n and ®°Y have similar biodistribution,
86Y remained in organs, such as bone for a longer period of time
(97). 3°Y is a more suitable surrogate for 20y, and the short T, /2 of
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86Y may not be a limitation, given the inherent sensitivity of PET. This
feature has been used to obtain extremely accurate dosimetry in bone-
seeking radiopharmaceuticals (97) and with radiolabeled peptides (98).
Genetic engineering: Putatively nonimmunogenic antibody constructs,
pretargeting strategies, affinity-enhancement systems, and other
methods will lead to enhanced tumor uptake and/or improved
tumor-to-nontumor ratios, leading to an increase in tumor radiation
dose. Pretargeting studies, first described by Goodwin et al. several
decades ago (99), demonstrate the great potential of this strategy, rea-
lized only now by appropriate genetic engineering. Genetic modifi-
cation of antigen-binding constructs has included exploration of their
production not only in bacterial systems, but also in yeast and mamma-
lian cells. Univalent sFv proteins may be more stable when grown in
yeast or mammalian cells. Bivalent diabodies have the advantage of
improved affinity, but are retained to a great degree in the kidney
(100), thus raising the specter of unacceptable nephrotoxicity. It may
be possible to retain bivalency and minimize renal accumulation by
adding other moieties, notably the CH; domain (101), or adding cyto-
toxic agents, such as tumor necrosis factor (TNF) dimers (102).
Understanding radiobiology: Utilizing radionuclides with physical
characteristics tailored to the individual disease condition, bulky
tumors, minimal residual disease, and adjuvant therapy, will improve
our ability to treat tumors appropriately. Successful systemic-targeted
radiotherapy depends not only on careful selection of appropriate
antigen targets and antibody constructs, but also on the choice of radio-
nuclides appropriate for the extent and type of disease. Alpha emitters
will be more suitable for microscopic disease, energetic beta emitters
for bulky disease, low-energy beta emitters in a system that permits
adequate distribution of radioactivity throughout tumor will limit the
side effects to normal tissue. Toxicity is always the prime concern of
therapy. The physical and biologic characteristics of radionuclides
will need to be combined with the pharmacodynamic properties of
the antigen-binding constructs for combination therapies. Sequential
therapies with different nuclides based on tumor burden and other
characteristics will be critical in multinuclide therapy selection. Com-
bination RIT will likely be as important to successful therapy as com-
bination chemotherapy has been.

Combination multimodality therapy: Using chemotherapy or external
beam radiotherapy in conjunction with RIT, earlier in the treatment
of solid tumors, may maximize the promise of RIT. Complementary
modalities have great potential. Chemotherapeutic agents, such as
paclitaxel and gemcitabine, may not only have independent cytotoxi-
city, but also act as radiosensitizers, and enhance the efficacy of RIT
(though it is as yet unclear whether normal tissue toxicity will be
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similarly enhanced). We are investigating the potential of small mol-
ecule inhibitors that can cause downstream metabolic effects that
will change tumor uptake of and the susceptibility of tumor cells to,
RIT. Agents, such as tirapazamine, which affect the hypoxic fraction
of tumors may also enhance RIT efficacy. Agents that cause changes
in the permeability and vascularity of tumors will permit radioimmuno-
conjugate access to tumor regions that may otherwise not be reached.
The use of antiangiogenic agents, in particular, is of great interest as
it appears clear that these agents may decrease the tumor uptake of
radioimmunoconjugate (if RIT is instituted after antiangiogenic
therapy), and conversely decrease egress of radioimmunoconjugate if
the antiangiogenic agent is administered at an as yet undetermined
time after RIT. These exciting studies are currently being designed in
preclinical models and will soon be applied in the clinic.

5. Administration schedule: The use of fractionated multidose RIT instead
of single larger dose RIT may result in a slower rate of tumor cell repopu-
lation. Theoretical models have compared the effects of large single-dose
administration and rapid fractionation (103). Although a large single dose
may have a large rate of cell killing, fractionated therapy may offer
the advantages of lower toxicity and prolonged tumor response. In
addition, similar to the rationale behind multimodality therapy, preceding
doses may cause architectural changes in the tumor that may allow sub-
sequent doses to target previously inaccessible regions. However,
studies with fractionated and single large-dose RIT have shown no advan-
tage in safety or total tumor radiation-absorbed dose. We are currently
analyzing the data to determine whether changes in intratumoral
distribution of radioactivity (86) occur with fractionated RIT.
Nevertheless, RIT dose fractionation may have promise when combined
in a multimodality therapeutic strategy.

These and other as yet undetermined strategies will lead to a new era of tai-
lored RIT for solid tumors that is safe and effective. The success of RIT for hemato-
logic cancers has led to an expectation that RIT will find its niche in solid tumor
cancer therapy, both in the adjuvant situation and in bulky disease. Combination
RIT, either given in sequence or simultaneously, will soon be a crucial player in
the era of molecular therapeutics, as cancer therapy must target both isolated
cancer cells and bulky tumors. It is heartening that the FDA has been very receptive
to the idea of multimodality therapy with RIT and biologic/chemotherapeutic agents.

SUMMARY

As with chemotherapy, RIT has had its initial successes in the hematologic neo-
plasms. Two radiolabeled antibodies have been approved by the FDA—one
labeled with °°Y, the other with '*'I, both against the CD20 receptor present in
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most B-cell lymphomas. Significant response rate and duration improvements
with these agents, both in the myeloablative and nonmyeloablative setting,
have led to a resurgence of interest in RIT. Effective RIT of solid tumors is
however far from FDA approval, with no agents currently in phase 3 trials.

Unlike B-cell lymphoma, where the host human does not readily mount an
immune response against xenogeneic protein, solid tumor RIT cannot be under-
taken with murine antibodies, and the clearance kinetics of less immunogenic
chimeric and humanized antibodies probably do not allow the delivery of
large-enough amounts of radiation to tumor, even at myeloablative doses. Huma-
nized intact immunoglobulins have been approved for a variety of solid tumors,
including breast and colon cancer; radiolabeled antibodies have however not
shown great promise in solid tumors. This has spurred the development of
antigen-binding constructs and other strategies, including multistep targeting to
increase relative tumor radiation-absorbed dose.

Genetic engineering has provided not only smaller proteins, for example,
single-chain fragments, but also bispecific antibodies that can attach to tumor
cells and provide a site for attachment of radionuclide-carrying molecules. An
increasing number of radionuclides with therapeutic potential are now being
produced, and can be stably attached to antigen-binding proteins, thanks to consi-
derable advances in linker chemistry. Optimized radiolabeled antigen-binding
constructs and multistep targeting systems are now being studied in clinical
trials, and it appears that the goal of achieving adequate tumor radiation-absorbed
dose may be at hand. Multimodality therapy is commonplace in cancer, and
the rationale for combining radioimmunotherapy with other biologic therapy or
chemotherapy is strong. These types of clinical trials are also being initiated.
In this chapter, major antigen systems were highlighted after a brief discussion
on radionuclides of therapeutic potential. There was also an overview of
dosimetry methodology. Possible future directions for this promising therapy
have also been discussed.
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INTRODUCTION

Lymphomas represent the fifth most common malignancy in the western world in
incidence, accounting for approximately 5% of new cancer diagnoses amounting
to approximately 60,000 new diagnoses each year in the United States (1).
Patients with this group of disorders typically present with symptoms related
to lymphadenopathy, as well as constitutional symptoms such as fevers, night
sweats, or weight loss. Diagnosis is ideally made by excisional biopsy of an
involved lymph node. This is followed by the standard initial evaluation that
includes staging by physical examination, computerized tomography and bone
marrow studies to determine the extent of the disease, as these factors are import-
ant in determining the most appropriate therapy. The other major factor that influ-
ences the chosen therapy is the histological subtype. In general, patients with
Hodgkin’s disease are treated with curative intent. In contrast, patients with
non-Hodgkin’s lymphoma can be divided into two broad groups. The first
group is the group of patients with “aggressive” histology with the prototypic
subtype being diffuse large B-cell lymphoma, the most common non-Hodgkin’s
Ilymphoma (NHL) (2). Patients with aggressive histologies are also treated with
curative intent, typically with combination chemotherapy for patients with
advanced stage disease, and with short-course combination chemotherapy fol-
lowed by involved field radiation therapy for patients with early-stage disease.
With this approach, approximately 30% to 60% of patients can achieve long-
term remissions (3). Unfortunately, the majority of patients with aggressive
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lymphomas will not be cured by primary therapy. For these patients, high-dose
chemotherapy with hematopoietic stem cell transplantation has been shown to
improve outcomes compared with further standard chemotherapy, though only
30% to 50% of such patients with responsive disease have the possibility of
long-term remission with this approach (4). For such patients who have relapse
following a hematopoietic stem cell transplant, the options for prolonged
disease-free survival are limited to investigational therapies.

The second major clinical subgroup of non-Hodgkin’s lymphoma is the
cohort of patients with indolent lymphoid malignancy, with the prototypic
subtype being follicular non-Hodgkin’s lymphoma. Though patients with this
group of malignancies generally experience a longer median survival, there
appears to be no clear-cut evidence that these types of lymphoma can be cured
with standard therapies (5). Typically, remission durations become shorter over
time and tumors become resistant to any therapeutic venture, eventually resulting
in death either from infectious complications, cytopenias, or direct lymphoma-
tous progression. In addition, aggressive therapies in asymptomatic patients do
not appear to impact the overall survival despite the fact that responses can be
achieved (6). For this reason, many clinicians have opted to treat patients with
indolent diseases that are asymptomatic with a “watch-and-wait” approach
until they develop complications that can be attributed to their lymphoma (7).
Once treatment is required, the specific choice of therapy can range from low tox-
icity approaches such as oral alkylating agents to aggressive treatments such as
high-dose therapy and stem cell transplantation. Despite the variety of therapeutic
approaches for indolent NHL, the vast majority of patients will eventually
succumb to their disease and proven approaches to prolong survival have yet
to be developed.

The field of non-Hodgkin’s lymphoma therapy, however, has achieved
many advances in the last decade, particularly in the area of monoclonal antibody
therapy. This has been possible, in part, owing to readily accessible tissue from
lymph nodes and bone marrow biopsies, well-characterized lymphoma cell
lines, as well as well defined and consistently expressed antigens. Unlabeled
monoclonal antibodies are thought to kill target tumors via multiple mechanisms
including induction of apoptosis, activation of complement, and recruitment of
immune effector cells involved with antibody-dependent cellular cytotoxicity.
A variety of antibodies and target antigens have been evaluated for this
purpose as summarized in Table 1. The first monoclonal antibody to be approved
for the treatment of cancer was rituximab, which targets the CD20 antigen. Initial
studies demonstrated response rates approximately 50% with a minority of
patients achieving complete response (8). CD20 has proven to be an ideal
target owing to its only known expression on normal and malignant B-cells, its
lack of modulation or internalization as well as its inability to be significantly
shed from the cell surface. Despite the activity of agents such as rituximab,
most patients treated with this agent alone do not attain complete responses.
Limitations to the efficacy of unconjugated antibodies in lymphoma patients
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Table 1 Summary of Selected Clinically Evaluated Anti-lymphoma Monoclonal
Antibodies

Antibody Target antigen Target cell
1F5 CD20 B-cell NHL
Rituximab CD20 B-cell NHL
Tositumomab CD20 B-cell NHL
Ibritumomab CD20 B-cell NHL
Campath 1H CD52 CLL
Epratuzumab CD22 B-cell NHL
Anti-idiotype Surface Ig B-cell NHL
Lym-1 HLA-DR B-cell NHL
Denileukin-diftitox IL-2 receptor T-cell NHL
Anti-ferritin Ferritin Hodgkin’s disease

Abbreviations: CLL, chronic lymphocytic leukemia; HLA, human leukocyte antigen; NHL,
non-Hodgkin’s lymphoma.

include inherent apoptosis resistance mechanisms of malignant cells, the lack of
adequate immune effector capability, and the requirement that each individual
lymphoma cell must be targeted to be killed. The addition of a radionuclide
payload to such antibodies can overcome some of these limitations.

Radioiummunotherapy (RIT) does not rely exclusively on immune effector
mechanisms or direct induction of apotosis to effect target cells. RIT can also
target unbound malignant cells that are within the path length of the emitted par-
ticle via the “crossfire” or “bystander effect” further enhancing the ability of this
modality to fully eradicate tumor. The development of such lymphoma-specific
monoclonal antibodies along with the known radiosensitivity of NHL made
this an ideal system to evaluate the efficacy of RIT.

A variety of radioisotopes have been evaluated over the last two decades
including iodine 131 (I-131), yttrium 90 (Y-90), copper 67 (Cu-67), rhenium
186 (Re-186), and bismuth 212 (Bi-212). Despite the variety of isotopes
used, the vast majority of experience has been with isotopes with I-131 and
Y-90. The properties of these isotopes are summarized in Table 2 (9). I-131
has both a high-energy gamma emission as well as beta emissions which

Table 2 Comparison of Iodine-131 (**>'I) and Yttrium-90 (°°Y)

1317 90y
Emission Beta, gamma Beta
Average beta energy 0.192 MeV 0.934 MeV
Average path length 0.8 mm 5.3 mm
Nonspecific retention Thyroid Bone, liver

Half-life 8 days 2.7 days
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allows I-131-based conjugates to be used both for imaging and dosimetry as well
as therapy. In contrast, Y-90, which has only a beta emission requires a surrogate
isotope, which is indium-111 (In-111) to be used for dosimetry and imaging pur-
poses. The absence of a gamma emission with Y-90, however, does afford a
potentially reduced risk of radiation exposure to family members and healthcare
providers once the therapeutic dose is administered.

CLINICAL TRIALS UTILIZING ANTI-CD20 IN THERAPY

Investigators have taken two broad approaches with the use of anti-CD20 radio-
immunoconjugates. First approach limits the dose of radioisotopes by its myelo-
suppressive effect. This nonmyeloablative therapy has been evaluated both with
[-131 and Y-90 radioconjugates. Some of the earliest experience with this
approach comes from the University of Michigan. Dr. Kaminsky et al. (10)
utilized whole-body dosimetry to determine the maximal safe dose of I-131
tositumomab (anti-CD20) therapy. The initial phase I studies used trace-
labeled (5—10 mCi) antibody to evaluate the whole-body biodistribution. The
therapeutic dose was then delivered in a dose-escalation schema ranging from
25 to 85 cGy whole-body dose with dose escalation occurring in 10 cGy incre-
ments. The dose-limiting toxicity was hematologic and 75 cGy was established
as the maximally tolerated dose for patients with normal platelet counts and
65 cGy for patients with platelet counts between 100 and 150,000/ ul. Hemato-
logic nadirs typically occurred six to eight weeks after treatment, though patients
experienced a few other toxicities associated with this therapy in contrast to what
one would expect with traditional chemotherapeutic approaches. Finally, though
response was a secondary endpoint 22 of the 28 patients achieved objective
responses. Since these initial studies, numerous phase II trials have been
carried out both by the University of Michigan group as well as other sites eval-
uating the efficacy of nonablative I-131 tositumomab in a variety of clinical
settings of patients with indolent B-cell lymphomas that has continued to demon-
strate clinical activity and safety.

Another approach to nonablative anti-CD20 RIT utilizing Y-90 has also
been investigated. Instead of a patient-specific cGy approach, most of these
studies were carried out utilizing a mCi/kg dose escalation schema. Patients
were first pretreated with the chimeric anti-CD20 antibody rituximab to optimize
the biodistribution. Patients then received ibritumomab tiuxetan trace-labeled
with '""In. Serial whole-body gamma camera images were then taken to
ensure that aberrant biodistribution did not occur. Approximately one week
later, patients were then treated with the therapeutic dose of rituximab followed
by the therapeutic dose of Y-90-labeled ibritumomab tiuxietan. Patients were
initially treated at 0.2 mCi/kg of Y-90 (11). The maximally tolerated
doses was determined based on hematological toxicity and was found to be
0.4 mCi/kg in patients with platelet counts above 150,000 and normal white
blood counts and 0.3 mCi/kg in patients with platelet counts of 100,000 to
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149,000/mL. As with the I-131 tositumomab therapy, the nonhematologic toxi-
cities were minimal with the exception of infusion-related toxicities primarily
associated with the infusion of the chimeric anti-CD20 antibody rituximab.
Responses were seen in 67% of the treated patients, the majority of which had
indolent lymphoma. Selected trials evaluating nonmyeloablative RIT are sum-
marized in Table 3.

Both the I-131 and Y-90 investigators have also shown that the addition of
the radionuclide improves response rates over the radiolabeled antibody alone for
patients with relapsed indolent lymphomas. These were demonstrated in two sep-
arate randomized phases III trials. In the first trial, I-131 tositumomab was com-
pared with tositumomab alone. Patients receiving I-131 tositumomab had
complete and overall response rates of 33% and 55%, respectively, as compared
with patients receiving unlabeled tositumomab who had complete and overall
response rates of 8% and 19%, respectively (P = 0.002). Similarly, a randomized
trial was carried out comparing Y-90 ibritumomab tiuxetan-based RIT at the
0.4 mCi/kg dose with unlabeled rituximab at 375 mg/m? four times a week.
The overall response rate in the Y-90 group was 80% as compared with 56%
for the rituximab group (P = 0.002). The duration of responses however was
nonstatistically significantly different, though this study was not powered to
show differences in response duration. Nevertheless, these studies do confirm
the principle that the addition of a radioisotope can improve the response rates
as compared with unlabeled CD-20 antibodies.

HIGH-DOSE RADIOIMMUNOTHERAPY

In contrast to the aforementioned studies whereby the radioisotope dose was
limited by marrow suppression, other investigators have evaluated the use of
further escalating the dose of RIT and providing hematologic support with auto-
logous hematopoetic stem cell infusions. This strategy was pioneered at the
University of Washington in Seattle. These investigators used organ-specific
dosimetry as it was hypothesized that specific normal organs may encounter tox-
icity as doses were escalated beyond the level of myeloablation and that a mCi/
kg approach could not accurately predict the radiaton dose to normal organs (12).
The initial phase I trials escalated the dose, based on the dose to the highest
normal organ starting at 10 Gy and escalating through 30.75 Gy (13). This
dose escalation schema established the maximally tolerated dose with autologous
hematopoetic support to be approximately 27 Gy to the highest normal organ.
The dose-limiting toxicity was cardiopulmonary toxicity reflecting the fact that
the normal organ receiving the highest dose was typically the lung. As with
the nonablative RIT, the nonhematopoietic toxicities under the maximally toler-
ated dose were mild to moderate with toxicities considerably less than what one
would expect with traditional transplant regimens. The escalation of the radiation
dose did translate into improved responses with an overall response rate of 95%
and complete response rate of 84% (13). Long-term follow-up of the cohort of
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these patients with follicular lymphoma estimated that 67% would be alive and
48% alive without disease progression at five years (14). Patients did,
however, experience expected periods of cytopenias, which one would expect
to see with autologous transplant patients in general. Another general finding
was that in spite of protection of the thyroid gland with oral iodine solution
over 60% of the patients eventually developed an elevated thyroid-stimulating
hormone (TSH) (15). More recently, this myeloablative approach has been eval-
uated with alternative radioimmunoconjugates as well as in combination with
high-dose chemotherapy. Selected myeloabltive anti-CD20 RIT trials are sum-
marized in Table 4.

TREATMENT INDICATIONS AND ALTERNATIVES

Most patients with lymphoid malignancies have a wide variety of therapeutic
options available, thus, the resulting challenge of determining the appropriateness
of using RIT for a given patient. This decision is to be carefully considered and a
hematologist or medical oncologist should be involved to place this decision in its
clinical context. At the present time, there are only two Food and Drug Admin-
istration (FDA)-approved radioimmunoconjugates in the United States, Y-90-
ibritumomab-tiuxetan (Zevalin®) and I-131-tositumomab (Bexxar®). These are
most appropriate for patients with relapsed or refractory low-grade or follicular
lymphoma expressing CD20. It is also required that patients have less than
25% bone marrow involvement by bilateral bone marrow biopsy, a platelet
count greater than 100,000/pL, and a neutrophil count greater than 1500/ L.
Treatment alternatives to RIT include standard chemotherapy, unlabeled anti-
body therapy, external beam radiation, and high-dose therapy approaches and
stem cell transplantation.

TREATMENT SIDE EFFECTS

Both Y-90-ibritumomab tiuxetan and I-131-tositumomab have comparable side
effect profiles when given at the FDA-approved nonmyeloablative doses. In
the series by Dr. Witzig, summarizing the safety of Y-90-ibritumomab tiuxetan
in a series of 349 patients treated with this approach, 80% of the patients were
noted to have had at least one adverse event. Patients experienced additional toxi-
cities such as chills, fever, or flushing 21%, 13%, or 5% of the time, respectively
(16). Many of these events were related to the unlabeled rituximab infusion,
which is known to cause such reactions. The most important toxicity however
is the hematologic toxicity. Unlike traditional chemotherapy, the hematologic
nadir of platelets and neutrophils typically occurs six to eight weeks after
therapy. In this series of 349 patients, 129 (37%) experienced grade I or II throm-
bocytopenia, whereas 63% experienced grade III or IV cytopenia. In addition,
40% of patients experienced grade I or II neutropenia, whereas 60% of the
patients experienced grade III or IV neutropenia. Infection or fever associated
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with neutropenia occurred in 29% of the patients, resulting in 7% of the patients
requiring hospitalization. Increased hematologic toxicity was found to be associ-
ated with a higher percentage of bone marrow involvement at study entry, and
prior fludarabine therapy.

Similar toxicity profiles have been observed for I-131-tositumomab.
Dr. Kaminsky reported in the pivotal trial of I-131-tositumomab, that 42% of
the patients experienced infusional toxicity during the dosimetry infusion, as com-
pared with 24% during the therapeutic dose. These toxicities were predominantly
in the grade I-1I category, with only 2% of the patients having grade III or IV tox-
icity (17). One explanation for the lower rates of infusional toxicity with Bexxar
may be the lack of a chimeric monoclonal antibody such as rituximab, that is used
as predosing for Zevalin® therapy and can more actively fix complement. As with
yttrium-based RIT, the dose-limiting toxicity was hematologic, with a median
time to nadir of approximately 35 to 45 days following therapy. Eighteen
percent of patients experienced grade IV neutropenia, and 22% experienced
grade IV thrombocytopenia. Finally, 1 of 56 evaluable patients developed
hypothyroidism, 8.3 months after therapy. In summary, the acute toxicities associ-
ated with nonablative anti-CD20 RIT are rather mild as compared with traditional
chemotherapeutic agents, with some degree of infusional toxicities and delayed
cytopenias, most of which do not result in infections, bleeding, or hospitalization.

DOSIMETRY CONSIDERATIONS
Y-90-Ibritumomab Tiuxetan

The use of Y-90-ibritumomab tiuxetan does not require formal dosimetry
calculations when used according to FDA-approved guidelines. This approach
uses a mCi/kg therapeutic dose, but does require In-111 imaging to ensure that
an altered biodistribution does not occur. To evaluate for such an altered biodis-
tribution, patients are given trace-labeled In-111-ibritumomab tiuxetan follow-
ing the rituximab cold infusion. They then undergo serial whole-body gamma
camera imaging over several following days to ensure that early postinfusion
of the majority of the radioimmunoconjugate remains within the blood pool
and over time localizes to target tumor sites. If there is no evidence for an
altered biodistribution, patients can then be treated with 0.4 mCi/kg of Y-90
up to a maximum of 32 mCi with this approach. Patients with platelet counts
between 100,000 and 150,000 should be treated with 0.3 mci/kg of Y-90-
ibritumomab.

In contrast, the use of I-131-tositumomab requires whole-body dosimetry.
Patients receive a cold dose of 450 mg of tositumomab, followed by a trace-
labeled hot dose of approximately 35 mg of tositumomab labeled with 5 mCi of
[-131. Patients then undergo serial whole-body gamma counts on days 0, 2, 3, or
4, and days 6 or 7 following trace infusion. From these results, a calculation as to
the appropriate mCi dose of I-131 can be achieved to deliver 75 cGy whole-body
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radiation dose to patients with normal platelet counts and 65 cGy whole-body dose
to patients with platelet counts between 100,000 and 150,000.

Calculation of therapeutic dose of I-131-tositumomab is given in Equation
1. [Activity hours are derived from patient mass and reference table. Residence
time represents 37% of residual whole body activity as derived from a semi-
log plot of percent injected whole body activity. Desired total body dose
(TBD) is either 75 cGY or 65 cGy depending on platelet count.]

Activity hours (mCi)

Th tic d Ci) =
erapeutic dose (mCi) Residence time (hr)

Desired TBD (cGy)
75 cGy

(D

Patients are then infused with the therapeutic dose in the same algorithm
consisting of a cold 450 mg unlabeled anti-CD20 antibody dose followed by
the labeled 35 mg dose.

EVALUATING THE PATIENT FOR TREATMENT

In order to ensure that the patients are most appropriately treated with the
approved radioimmunoconjugates, collaboration with a hematologist or
medical oncologist who is experienced in the treatment of lymphoma should be
employed. Importantly, one should ensure that patients have the appropriate diag-
nosis of a B-cell lymphoma. This should include confirmation of target antigen
expression, CD20, in the lymphoma tissue, either by immunocytochemistry or
flow cytometry. A review of pathology reports should be sufficient to satisfy
this requirement. Second, one should ensure that patients have less than 25%
bone marrow involvement in the lymphoma by bilateral bone marrow biopsies.
Again, this can be satisfied by the review of a pathology or hematology report
from patient’s recent bone marrow studies. Finally, patients should have platelet
counts above 100,000/ L and neutrophil counts above 1500/pL, which can be
determined by a routine complete blood count with differential. Ideally, patients
would also have relatively normal hepatic and renal function as well as cardiopul-
monary reserve, though this is not an absolute requirement.

DATA NEEDED FOR TREATMENT/DOSIMETRY CONSIDERATIONS
Yttrium-90-Ibritumomab Tiuxetan

In order to treat patients with this Y-90-labeled radioimmunoconjugate, an
In-labeled test dose must be administered to ensure appropriate biodistribution
(as described previously). Patients should be premedicated with diphenhydra-
mine and acetaminophen, and then infused with 250 mg/m2 of rituximab.
Patients should be closely monitored during the rituximab infusion, as infusional
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reactions such as hypotension and chills can occur. Immediately following the
rituximab dose, patients should be infused with approximately 5 mg of In-111-
labeled ibritumomab tiuxetan. Patients should then undergo serial whole-body
imaging within the first 24 hours, within 48 to 72 hours, and optional imaging
between 90 and 120 hours. This should be performed with whole anterior and
posterior images to ensure that there is not an altered biodistribution such as a
rapid clearance from the blood pool early postinfusion, or an abnormal localiz-
ation to a nontarget site.

Approximately one week after the test dose of In-111-ibritumomab tiuxe-
tan, patients should be treated with the appropriate mCi/kg dose of Y-90-ibritu-
momab tiuxetan. This should be carried out using 0.4 mCi/kg in patients with
normal platelet counts and 0.3 mCi/kg in patients with platelet counts between
100,000 and 150,000/pL. It is important to note that the maximal dose to any
patient is 32 mCi. Patients again should be premedicated with Benadryl and
Tylenol and infused with the 250 mg/ m? dose of rituximab. This is then followed
by the therapeutic dose of Y-90-labeled ibritumomab tiuxetan. Further details
regarding the appropriate use of ibritumomab tiuxetan-based RIT can be obtained
from the package insert of this drug.

lodine-131-Tositumomab

[-131-tositumomab also requires a trace-labeled infusion prior to the therapeutic
dose. Unlike the Y-90-ibritumomab tiuxetan, I-131-tositumomab trace infusion is
used to calculate the therapeutic dose. For this purpose, 450 mg of unlabeled tosi-
tumomab is infused over 60 minutes. This is then immediately followed by an
intravenous infusion of 35 mg of tositumomab radioiodinated with 5 mCi of
I-131 given over 20 minutes. Patients then undergo total body gamma counts
within one hour of the dosimetry infusion and then two to four days and six to
seven days after infusion of the dosimetric dose. If the biodistribution is
altered, such as the absence of predominance of the blood pool early postinfusion
or localization to nontarget sites, the therapeutic infusion should not be adminis-
tered. Importantly, the determination of the total body residence time is derived
from the total body gamma counts. The appropriate mCi dose of I-131 is deter-
mined to deliver the desired TBD of either 75 cGy or 65 cGy, depending on the
patient’s platelet count as described in Equation 1. For the therapeutic dose, again
450 mCi of unlabeled tositumomab is infused over 60 minutes. This is then
immediately followed by 35 mg of tositumomab radioiodinated with the
desired dose of I-131 to deliver the appropriate TBD. Following infusion, one
must note that appropriate restrictions on patient contact and discharge from
the hospital must follow local, federal, and state guidelines. Finally, all infusions
should be premedicated with acetaminophen and diphenhydramine and patients
should be prophylaxed with a thyroid protective agent such as super saturated
potassium iodide (SSKI) or Lugol’s solution for at least 24 hours prior to
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administration of the first dose of I-131-tositumomab, and continued until two
weeks after the last administration of I-131-tositumomab.

TREATMENT MONITORING

Patients should be monitored for infusional toxicities with frequent vital sign
measurements as well as clinical assessment by a trained healthcare provider.
Common toxicities associated with monoclonal antibody therapy, particularly
chimeric or humanized antibodies such as rituximab, include chills and hypoten-
sion. These side effects are most associated with the first infusion of monoclonal
antibody and particularly common in patients who have high tumor burdens or
evidence of circulating malignant cells. Such patients with high tumor burdens
may be additionally prophylaxed with allopurinol and vigorous hydration as
needed to prevent tumor lysis syndrome.

Once the patient has successfully completed the therapeutic infusion, the
primary toxicity to monitor is hematologic and the secondary sequellae of
pancytopenia. Patients should at the minimum receive a weekly blood count
with differential and platelet count from the time of the treatment dose through
the patient’s nadir and recovery of hematopoietic function. This nadir typically
occurs six to eight weeks after the treatment dose and may require over 12
weeks to recover to the patient’s baseline counts. Finally, the patients should be
cautioned that if they develop fevers, chills, or other signs of infection, as well
as signs of bleeding prior to recovery of their hematopoietic function, these
should be immediately reported to their primary healthcare provider as neutrope-
nic sepsis or serious bleeding complications hypothetically may occur. Additional
supportive measures also may be needed in selected patients at the discretion of the
patient’s primary clinician, such as hematopoietic growth factor support and/or
blood product transfusion.

In addition to monitoring the toxicities of the aforementioned approach, the
patient’s primary clinician will also routinely monitor the efficacy of the therapy
either by physical examination and/or radiographic imaging. It is important to
note that the maximal effect of RIT, unlike chemotherapy, may occur beyond
six months after the therapeutic dose.

SUMMARY

Radioimmunotherapy represents a promising new treatment modality for
patients with lymphoma. When used appropriately, RIT can induce responses
in the majority of patients with limited nonhematopoietic toxicity, particularly
when compared with standard chemotherapeutic regimens. Future studies
will be required to better define the optimal place of RIT in the hematologist/
oncologist’s armamentarium as well as the ideal dose, schedule, and potential
for combination with other drugs. More importantly, randomized trials will be
needed to determine whether RIT can truly alter the natural history of this
group of diseases.
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INTRODUCTION

Radioactive isotopes of phosphorus (Greek: “lightbringing”’) were among the first
artificially produced radioisotopes in the pioneering experiments by Frédéric
Joliot and Iréne Curie in 1934, and by Enrico Fermi and his group in the same
year. In 1935, George Hevesy, after having seen the results of Fermi, was the
first to produce microcurie quantities of phosphorus-32 (P-32) in Copenhagen
by using a strong Ra/Be source given to Niels Bohr, and applying P-32 in a bio-
logical experiment to study the bio-distribution in rats (1). Soon, millicurie quan-
tities were being produced by Ernest O. Lawrence in the cyclotron at Berkeley,
California, and Lawrence started periodically sending Hevesy a few millicuries
of P-32 (2). Later, in 1937, Hevesy was possibly the first to give a dose of a
man-made radioactive substance to a human being in a study of the excretion
of P-32 in a hospital patient (3). Later work by Hevesy focused on the possible
use of P-32 as a red blood cell (RBC) label, which did not turn out to be satisfac-
tory, owing to insufficient stable RBC binding.

In the meantime, Ernest O. Lawrence’s brother, John H. Lawrence, a phys-
ician, developed an interest in the application of radiation for the treatment of

161
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cancer, after having seen his mother being cured of pelvic cancer by the appli-
cation of a new therapy—external high voltage radiation. By this time, it was
common knowledge that overexposure to radiation would lead to a reduction in
the formed elements of the blood, thought of as “killing” of the formed elements,
and is still not perceived as a suppression of the production by the bone marrow.
To hypothesize that radiation might be useful in diseases characterized by too
many blood cells, like leukemias and polycythemia, was but a short step. After
several experiments in leukemic mice, in 1938, John H. Lawrence applied P-32
in the treatment of chronic myeloid leukemia in a 29-year-old student, and by
1940, he published a report on a total of five patients (4). A coworker of John
H. Lawrence was to expand on the use of P-32 in polycythemia vera (PV) (5),
and explain that it did not kill the excess RBC, but that it reduced the production
of RBC by the bone marrow with a delayed effect of about six weeks to three
months, thus necessitating the use of phlebotomy for immediate relief.

DEFINITION, DIAGNOSIS, AND SELECTION OF PATIENTS
FOR TREATMENT

PV or Vaquez—Osler disease is a chronic progressive myeloproliferative dis-
order, characterized by splenomegaly and an increased production of all the
myeloid elements. The disease is dominated by an elevated hemoglobin
concentration.

The onset of PV is gradual and the disease has a slowly progressive course.
PV is an uncommon disorder with an annual incidence of about five new cases per
million population. In general, PV begins in late middle life, and occurs slightly
more often in males. It is a rare disease in children. Without treatment, the median
survival of PV is less than two years, although exceeding 10 years with the exist-
ing treatment options.

In general, there is still no consensus as to the optimal approach to either
the diagnosis or management of PV. The three main forms of therapy are phle-
botomy, chemotherapy, and treatment with P-32. Before the therapy is initiated,
the diagnosis of PV must be confirmed to exclude secondary causes of polycythe-
mia, in which an elevated level of hemoglobin results from high levels of erythro-
poietin production as a result of hypoxia (high altitude, pulmonary disease,
cardiac right-to-left shunt) or in certain neoplasias.

Disease manifestations in PV that require treatment fall into two major
categories: life threatening and non-life threatening. Life-threatening manifes-
tations of PV include increased hematocrit, vascular events (thrombosis and
bleeding), and evolution into myelofibrosis with myeloid metaplasia and acute
leukemia. Non-life-threatening complications of PV include constitutional symp-
toms, such as microvascular disturbances and pruritus (6).

Reducing the red cell mass and maintaining it at a safe level (hematocrit,
42-47%) by phlebotomy is the first principle of therapy in PV. The reduction
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Table 1 Selection Criteria for Treating Polycythemia Vera Patients
with Phosphorus-32

Age of the patient—reserved for elderly patients (>70 years)
Poor treatment compliance
Life expectancy <10 years (e.g., longstanding history of PV).

Abbreviation: PV, polycythemia vera.

of the red cell mass removes a major source of complications. For many patients,
no other therapy may be necessary for many years (7), although this treatment has
been associated with a higher risk of thrombosis, whereas early treatment with
chemotherapy (hydroxyurea, chlorambucil) or P-32 substantially reduces the
risk of thrombotic complications (8).

Treatment with P-32, however, appears to reduce survival (median survival
10.9 years versus 12 years with phlebotomy alone), as P-32 may increase the inci-
dence of acute leukemia when compared with phlebotomy alone (1.5% with phle-
botomy alone and 9.6% with P-32). [Summary of trial data by the Polycythemia
Vera Study Group as cited in Ref. 8.]

Because P-32-associated leukemia in PV peaks after seven years of treat-
ment, P-32 therapy is best reserved for elderly patients over the age of 70
years, and for patients with issues of treatment compliance or if life expectancy
is less than 10 years, as is the case in patients with longstanding history of PV
(Table 1). The therapy with P-32 should be preceded by repeated phlebotomies
in order to reduce the hematocrit to 42% to 47%.

CONTRAINDICATIONS

Absolute contraindications are pregnancy and continued breastfeeding. The use
of P-32 is not recommended in women of childbearing age. Given the selection
criteria of age or life expectancy of the patient in general, these contraindications
are only theoretical.

To avoid bone marrow toxicity, the administration of P-32 is contraindi-
cated in patients with total white cell count <2.0 x 10° 17!, or in patients with
rapidly deteriorating renal function (9).

PHYSICAL ASPECTS OF PHOSPHORUS-32

P-32 is a reactor produced radionuclide, with a physical half-life of 14.29 days.
It decays solely by beta-minus emission to S-32. The beta particles (electrons)
emitted have a maximum energy of 1700 keV (average 694.7 keV). The beta
particle loses its energy largely via collision with orbital electrons, leading
to ionization or excitation. Only a small fraction of energy loss (0.4% in
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water) comes from direct reactions with the nuclei, leading to deflection and
rapid deceleration of the beta particle, accompanied by the emission of the
lost energy in the form of photon radiation [“braking radiation,” Bremsstrah-
lung, (10)]. This becomes important when adequate shielding needs to be
chosen for the handling of this isotope. The maximum range for the beta par-
ticle in air is 607 cm, in water 0.785 cm, with an average range in air of about
152 cm and in water of about 0.198 cm. The distances traveled in tissue are
approximately equal to those traveled in water—average is 3 mm with a
maximum range of 8 mm.

RADIATION PROTECTION ASPECTS
Handling Sources

As the prodution of bremsstrahlung is linearly dependent on the atomic number
Z, low Z materials, like glass, plastic, and lucite, are the preferred shielding
materials for P-32 electrons. The beta particles travel a maximum of 3.1 mm in
glass and 6.7 mm in lucite. Although no gamma radiation is produced in the
decay process, larger amounts (over 100 MBq) of P-32 will produce sufficient
photon radiation (bremsstrahlung) to warrant extra safety measures in the form
of 2- to 3-mm lead shielding around a primary shield of glass or plastic. As
the distances traveled in air by the emitted beta particles are large, sources con-
taining P-32 should always be shielded appropriately. Direct contact with vials,
and the like, should be avoided. The skin and the lens of the eye of the operator
are at greatest risk (Table 2).

Estimates of dose rates after skin contaminations with P-32 vary from
1.8 to 2.0 Gy/h per MBq/cm2 (11). As the threshold erythema dose is esti-
mated to be 10 Gy for P-32 (12), even small spills of the commercially pro-
vided injection solution or extravasations could presumably lead to local
skin effects.

Spills

Wash skin thoroughly with water and soap. Several online sources suggest using
white vinegar for cleaning of spills on workbenches and other surfaces.

Table 2 Radiation Protection Aspects of Phosphorus-32

Prefer shielding materials, such as glass, plastic, or lucite

Extra shield with 2- to 3-mm lead, if activity > 100 MBq

Avoid direct contact with vials, syringes

Protect skin (use two pairs of gloves) and eyes of the operator (goggles)
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RADIOPHARMACEUTICAL ASPECTS

P-32 is provided as a sterile, nonpyrogenic solution for intravenous (IV) injec-
tion. Prior to administration, the patient dose should be measured in a suitable
dose-calibration system. Specialist physicist advice and/or calibration of ordin-
ary dose calibrators, used for photon-emitting radiopharmaceuticals (as usually
present in Nuclear Medicine departments), might be needed to ensure that
correct activity readings are obtained for this beta emitter.

Injection

In view of the aforementioned aspects, it seems reasonable to suggest the follow-
ing measures during the injection procedure (Tables 2 and 3):

e appropriate shielding of injection barrel (plastic + lead);

e two pairs of gloves;

o goggles for the person injecting the radiopharmaceutical;

e protection of the skin of the patient around the venipuncture site
(drape);

e ecstablishment of an IV line (preferably not located in the antecubital
fossa, to avoid damage to local important anatomic structures), with
a three-way stopcock, checked for proper placement with saline flush.

Proper procedure is important as it is difficult to confirm extravasation of P-32,
given that the detection of P-32 outside the body is difficult (beta particles do
not penetrate skin, with very little photon production for imaging).

As for any other therapy with radiopharmaceuticals or chemotherapy, the
patient should have detailed information about the therapy before receiving it.
Written informed consent from the patient must be obtained.

Biodistribution

Following IV administration, the radiopharmaceutical clears rapidly from whole
blood and plasma, and is incorporated into the nucleic acids of proliferating cells
and into the cortical bone. The agent is incorportated into the hydroxyapatite mol-
ecule. The ratio of phosphorus uptake in tumorous bone relative to normal bone is
about 2:1. It was, and, in some countries, is still in use for the palliation of painful

Table 3 Administration of Phosphorus-32

Obtain written informed consent

Protection of the skin of the patient around the venipuncture
Place an intravenous line

Check placement with saline flush
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Table 4 Instructions to the Patient

Give instructions concerning hygiene in written form

If possible, use a separate toilet; men should urinate sitting down; double
flushing of the toilet; proper hand washing

Give advice to follow instructions for at least the first two days

bone metastases. The main effect of the radiopharmaceutical in PV is to suppress
hyperproliferative cell lines. The biological half-life of the radiopharmaceutical
in bone marrow is seven to nine days, corresponding to a red marrow absorbed
dose of 11.0 mGy/MBgq.

Patient as a Radioactive Source

External radiation from the patient in terms of beta radiation or bremsstrahlung is
negligible (Table 4). As 20%—-50% of the injected dose appears in the urine
during the first week, contamination with urine presents a hazard. Adequate
hygiene must be advised (men should urinate sitting down, double flushing of
the toilet, proper hand washing, have other persons in household use other
toilet) for at least the first two days after injection.

Pregnancy

According to the European Association of Nuclear Medicine (EANM) Procedure
Guideline, pregnancy should be avoided for four months after therapy. The fact
that it is unlikely that women of childbearing age will be eligible for P-32 therapy
is emphasized.

TREATMENT APPROACHES
Two treatment approaches are used:

e Fixed approach: initially 74—111 MBq (2—3 mCi) per m? body surface
area is administered with an upper limit of 185 MBq (5 mCi). This may
be repeated at three monthly intervals.

e Sliding scale approach: using the sliding scale approach, a fixed dose of
111 MBq (3 mCi) is first administered. In the absence of response, a
second treatment may be given after three months with a 25% incre-
ment in dose. Treatment may be repeated with continuing dose incre-
mentation until an adequate response is obtained. The upper limit of
a single treatment dose is 260 MBq (7 mCi).
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FOLLOW-UP

Full blood counts should be monitored at monthly intervals to assess response, or
the need for a new therapy if no response is seen by three months (hematocrit
remains above 47%, or continued phlebotomy is required).

The majority of patients show a decline in red cell counts by four to six
weeks, to a maximum effect at around three months. If the patient does not
respond to P-32 (as mentioned earlier), another mode of therapy should be insti-
tuted. The remission may last for six months to two years.

Acute side effects are possible: early side effects are leucopenia and throm-
bocytopenia (9), and may need transfusional support. The increased risk of the
development of acute leukemia by treated patients should be taken into consider-
ation during follow-up.
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INTRODUCTION

Radiotherapy with radioactive iodine-131 (RAI) has been used to treat benign
thyroid diseases for over 50 years (1). Diseases of thyroid hyperfunction that
can be treated with RAI include Graves’ disease (GD), solitary hyperfunctioning
nodule, and toxic multinodular goiter. RAI may also benefit patients with sub-
clinical hyperthyroidism, particularly patients at risk for cardiac or systemic com-
plications. RAI is used less frequently for the treatment of euthyroid goiters. The
information in this chapter pertains only to the use of RAI in doses that are typical
for the treatment of benign thyroid disease. Information regarding the use of RAI
for malignant thyroid disease is available in Chapter 5.

The preferred method for treating hyperthyroidism varies in different
countries. In a survey of American Thyroid Association (ATA), European
Thyroid Association (ETA), and Japanese Thyroid Association (JTA) members,
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69%, 22%, and 11% of respondents, respectively, chose RAI as the therapy of
choice for an index patient with GD (2). In the same survey, antithyroid drugs
were regarded as initial therapy in 30.5%, 77%, and 88% of ATA, ETA, and
JTA respondents, respectively. Such variation likely stem from differences in
perceived risks of prescribing radioactive treatments, differences in cost, local
requirements for hospitalization during treatment, patient compliance, response
to antithyroid medications, and natural history of autoimmune thyroid disease in
different populations. Differences in dietary iodine content may also significantly
affect treatment response in various populations (3).

Most jurisdictions have specific regulations for possession and use of
iodine-131 and other radionuclides. Physicians who use radioisotopes must be
knowledgeable and in compliance with all applicable laws. Therapeutic decisions
should always be made with consideration for the population from which the
patient originates and to local standards of practice.

BIOLOGICAL BASIS OF IODINE ACCUMULATION IN
THYROID TISSUE

The sodium iodide symporter (NIS) is responsible for the specificity of RAI for
thyroid tissue. This transmembrane protein transports iodide against an electroche-
mical gradient via a sodium-dependent active transport mechanism by which two
sodium ions are transported along with one iodide ion (4). Synthesis of this protein
is regulated by activation at the thyrotropin receptor (5). Following the character-
ization of the NIS gene in 1996, much research has been directed toward under-
standing the role of the NIS in autoimmune and malignant thyroid disease.

The NIS protein is most abundantly expressed in thyroid tissue, although it is
also present in glandular and mucosal tissue, choroid plexus, ciliary body of the
eye, and placenta. Normal NIS protein expression is limited to the basolateral
membrane in a small percentage of thyroid follicular cells at any one time (6).
However, in autoimmune thyroid disease, thyrotropin receptor-mediated activation
by stimulating auto-antibodies increases the NIS protein expression to the point
that it is expressed on both basolateral and apical surfaces in the majority of
thyroid follicular cells. Synthetic mechanisms responsible for iodine organification
and incorporation into colloid matrix are also increased, leading to enhanced
thyroid hormone turnover, resulting in the manifestations of hyperthyroidism.

Radiotherapy of thyroid disease using iodine-131 relies on the emission of
high-energy beta particles to cause damage to thyroid gland tissue. Iodine-131
has a physical half-life of 8.1 days, a principal gamma-ray energy of 364 keV,
and beta-particle emission with an average energy of 0.192 MeV. With a tissue
range of 0.8 mm, beta-particle emission is responsible for the majority of local
therapeutic effect. The ensuing inflammation caused by radiation is followed
by fibrosis, resulting in the reduction of the synthetic capacity of the thyroid
gland. For this type of therapy to be effective, thyroid tissues must accumulate
and retain iodine-131 long enough for adequate amounts of radiation to be
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delivered. With increased iodine turnover in hyperthyroid disease states, such as
GD, the effective biological half-life is shortened to an estimated four to six days.
It is important to keep in mind that although hyperthyroidism related to GD may
be eliminated by RAI, the underlying autoimmune disease may persist indefi-
nitely, and that continued follow-up is necessary to monitor associated auto-
immune syndromes, such as ophthalmopathy.

CONTRAINDICATIONS TO RADIOACTIVE IODINE THERAPY

A patient who is pregnant should not be treated with RAI (7). RAI crosses freely
into the placenta, and the fetal thyroid tissue is capable of accumulating iodine
after the 12th week of gestation. Administration of RAI during this period may
result in severe neonatal hypothyroidism. Fetal and neonatal thyroid irradiation
may also increase the risk of developing thyroid cancer later. Retained activity
in the maternal bladder may also increase the risk of malignancy by direct radi-
ation exposure to the fetus.

Women who are actively lactating or nursing also should not receive RAL
Iodine is excreted in breast milk. NIS protein expression is also increased signifi-
cantly in mammary tissue during lactation, thus increasing the radiation exposure
to the breast. Nursing should not be resumed until the birth of the next child.

RAI has no role for the treatment of hyperthyroid conditions that are self-
limited or when thyroid tissue is not hyperfunctioning. These conditions include
silent, subacute, and postpartum thyroiditis in addition to factitious thyroid disease.

PRETREATMENT STUDIES

Thyroid function tests should confirm results that are consistent with the disease
to be treated. Women of childbearing age should have documentation that they
are not pregnant at the time of treatment. Routine pregnancy testing should be
offered prior to RAI therapy (7).

Traditionally, RAI uptake measurements have been used to determine the
amount of radioactivity to administer for treatment. However, this amount may
also be empirically determined. Regardless of the method for dose selection,
routine thyroid uptake measurements are useful for confirming increased thyroid
gland function prior to treatment. This helps avoid inappropriate treatment of
hyperthyroid conditions not associated with increased thyroid function, such as
silent thyroiditis or factitious hyperthyroidism. RAI uptake measurements can
also help exclude a hyperfunctioning gland with “blocked” uptake. This condition,
which will significantly reduce the effectiveness of RAI treatment, may follow
exogenous iodine exposure, such as from intravenous contrast agents. Other sub-
stances which may contain large amounts of iodine include expectorants, kelp,
agar, carageenan, Lugol’s solution, potassium iodide solutions, and drugs, such
as amiodarone. RAI uptake measurements should be performed following the
withdrawal of such interfering materials in the same manner as done for treatment.
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Typically, thyroid gland uptake measurements are acquired at four to six
hours and 24 hours following the ingestion of a test capsule of 0.15-0.37 MBq
(4—10 nCi) of iodine-131. Alternatively, 3.7-7.4 MBq (100-200 nCi) of
iodine-123 may be used. An estimate of the 24-hour iodine-131 uptake measure-
ment may be also be derived from the early measurement, allowing for testing
and treatment to be completed in one day (8).

Scanning is useful for the confirmation of hyperfunctioning nodules and the
exclusion of cold nodules which need to be further evaluated. Although it is deba-
table whether a thyroid scan adds information that would alter the management of
GD, scanning does provide confirmation of the diagnosis of GD while excluding
the rare possibility of incidental thyroid cancer, which may manifest as a hypo-
functioning nodule. Such nodules should be evaluated for possible malignancy
prior to treatment with RAIL

DOSE FOR GRAVES’ DISEASE

The amount of RAI to be administered for treating hyperthyroidism related
to GD may be selected empirically or determined by a dose calculation based
on the assessments of thyroid mass and function (Table 1). Standard treatment
usually involves a single administration of RAI. The administration of small
amounts of activity (e.g., 2 mCi) at frequent intervals is not recommended,
because it allows patients to remain hyperthyroid for longer periods of time,
and has not been proven superior at preventing iatrogenic hypothyroidism.

To deliver a specific dose to the thyroid, it is necessary to know the gland
size, maximal uptake, and effective half-life of iodine in the targeted thyroid
tissue. It may be assumed that the effective biological half-life of RAI is four
to six days in the majority of patients with GD. For dosimetry calculation,

Table 1 Calculation of Administered Activities for Treatment of Benign
Thyroid Diseases

Use the following equation to correct for 24-hour RAI uptake
in target thyroid tissue:

Administered activity = Thyroid tissue mass (g) x Activity per g
tissue/RAI uptake at 24 hours
with RAI uptake expressed as a fraction of 100% uptake. (e.g., 30%
uptake is 0.30)
Typical activities per gram for various hyperthyroid diseases:
Graves’ disease: 2.96—7.4 Mbq
Graves’ disease with “rapid turnover”: 5.55-7.4 MBq
Solitary hyperfunctioning nodule: 7.4 MBq
Toxic multinodular goiter: 3.7-7.4 MBq
Euthyroid goiter: 3.7-4.625 MBq

Retreatments may require larger amounts of administered activity.
Abbreviation: RAI, radioactive iodine.
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most physicians use a formula prescribing an activity per estimated gram of
thyroid, corrected for the 24-hour uptake. A simple, commonly used formula
for treating GD prescribes 2.96—7.4 MBq (80—200 p.Ci) per estimated mass of
thyroid tissue in grams (9):

Administered activity = Thyroid tissue mass (g) x Activity per g
tissue/RAI uptake at 24 hours

with RAI uptake expressed as a fraction of 100% uptake. (e.g., 30% uptake

is 0.30)

Although it may be possible to estimate thyroid mass by palpation, it is
difficult to estimate the degree of thyroid hyperfunction (i.e., thyroid uptake)
on the basis of clinical findings alone. Thus, most methods for calculating admi-
nistered activity will require thyroid RAI uptake measurements, typically at 24
hours. A more complicated, but potentially efficacious approach has been the
use of late RAI uptake measurements to allow the estimation of physiologic
half-life of RAI (10).

Most recommended administered activities range between 3.7 and 7.4 MBq
(100-200 wCi) per gram, corrected for percentage thyroid uptake. Administration
of 2.96-4.44 MBq (80—-120 wCi) per gram will generally deliver doses of 50—
100 Gy to the thyroid (9). Lower doses may reduce the incidence of hypothyroid-
ism following treatment, but will increase the likelihood that a second treatment
will be needed. Administration of 5.5 MBq (150 wCi) per gram will yield a
dose of approximately 120 Gy to the thyroid. Larger doses can increase the like-
lihood of developing hypothyroidism in the post-treatment period, but should
reduce morbidity related to prolonged hyperthyroidism. If a high success rate
is the primary goal, doses between 200 and 300 Gy may be used.

Occasionally, patients with GD may demonstrate RAI uptake more at four to
six hours than at 24 hours. This condition of “rapid turnover” may necessitate the
administration of larger amounts of radioactivity (5.5-7.4 MBq/g), owing to the
shorter physiologic half-life of iodine in this situation. Larger amounts of radio-
activity may also be reasonable in patients with relatively low iodine uptake (9).

Patients with persistent hyperthyroidism following a first treatment with
RAI may benefit from additional treatments. Higher doses are often used for
retreatments, which are typically given three to six months after the initial treat-
ment. Previous RAI treatment failure does not lessen the chance of a successful
retreatment (11).

Although treatments based on dose calculations appear efficacious, they
have not proven superior to the use of empirically selected administered activi-
ties. The advantages of using a fixed administered activity for treating hyperthyr-
oidism are its simplicity and successful outcome in an acceptable number of
patients. The effectiveness of such an approach appears comparable to a dose cal-
culation method. In one prospective trial, patients with GD, hyperfunctioning
solitary nodules and multinodular goiters, were randomized to receive a fixed
radioiodine dose (5, 10, or 15 mCi, based on palpable gland size), versus a
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calculated dose based on thyroid gland size and 24-hour radioiodine uptake (12).
Comparable rates of euthyroidism, hypothyroidism, and persistent hyperthyroid-
ism were seen in both groups. There were also comparable reductions in gland
size. A number of other studies have also supported the equivalence of using
several fixed administered activities versus a calculated activity for the treatment
of GD or toxic multinodular goiter (13,14).

If a fixed amount of activity is chosen, it is still important to keep in mind
that the effectiveness of therapy remains dependent on the total radiation dose to
the target tissue. In a randomized trial comparing the administration of a standard
activity (15 mCi) to an administered activity, calculated to give a target dose of
100 Gy, it was shown that the success rate of the treatment in either arm was
dependent on both the thyroid volume and target dose (15). If the estimated
dose to the thyroid exceeded 200 Gy in patients receiving a standardized treat-
ment with 15 mCi, a success rate of 80% was obtained.

DOSE FOR TOXIC NODULAR GOITER

In addition to GD, thyrotoxicosis can also result from a single hyperfunctioning
nodule, or multiple hyperfunctioning nodules (i.e., toxic multinodular goiter).
Although antithyroid drugs can ameliorate hyperthyroidism, definitive treatment
is more commonly accomplished with RAI or surgery. Less commonly, percuta-
neous ethanol injection has also been used for large solitary nodules (16,17).
Compared with treatment with RAI, hypothyroidism is a more common sequel
of surgery (18). The choice of surgery versus radiation for nodular goiters is
beyond the scope of this chapter, although surgery should be considered strongly
in patients with goiters causing significant airway obstruction or an increased risk
of harboring thyroid cancer. Treatment decisions for these patients should be
made in consultation with a surgeon with expertise in thyroid surgery.

Most patients with toxic nodular goiters will remain hyperthyroid until defi-
nitively treated. Occasionally, central necrosis may occur in a single hyperfunc-
tioning nodule with spontaneous resolution of hyperthyroidism, although this
should not be anticipated in lieu of more definitive treatment. An initial course
of antithyroid drugs may be considered in order to render the patient euthyroid
before surgical or radioiodine treatment.

Nodular goiters are believed to be more radio resistant than the diffuse
goiter of GD. Large doses, between 150 and 300 Gy, have frequently been
used for toxic adenomas (19). A calculated administered activity of 7.4 MBq
(200 nCi) per gram to the nodule, corrected for 24-hour uptake, has been used
successfully. Standardized administered activities at appropriate doses (e.g.,
740-1110 MBq) may also prove effective. With administered activities of less
than 370 MBq (10 milliCuries), treatment failures are common (20).

Radiation exposure to normal thyroid tissue in the setting of solitary toxic
nodules has never been shown to increase the incidence of thyroid cancer. This is
likely because uptake in the normal thyroid tissue is suppressed. Nevertheless,
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suppressed thyroid tissue may still receive a dose as high as 23 Gy (19). However,
hypothyroidism following RAI treatment does seem to occur less frequently for
solitary hyperfunctioning nodules compared with GD or multinodular goiter. In
order to minimize the risk of hypothyroidism following treatment, a suppressed
thyroid-stimulating hormone (TSH) level should be present, and a thyroid scan
should be performed to exclude significant extranodular uptake (21). A reduction
in the nodule size can be expected following RAI treatment (22).

For toxic multinodular goiters, doses of 150 Gy may be adequate to resolve
hyperthyroidism. Administered activities between 3.7 and 7.4 MBq (100-200
pnCi) per gram have been shown to be effective (18). Fixed administered
activities (e.g., 1110 MBq) have also been used. Not uncommonly, patients
with toxic multinodular goiters may have large glands and 24-hour RAI uptake
measurements that are not significantly elevated. This may necessitate the admin-
istration of relatively large amounts of radioactivity. In the United States, higher
administered activities may be used for nonhospitalized patients, if it can be
documented that radiation exposure to the public is not likely to exceed 5 mSv
(0.5 rem) (23).

EUTHYROID MULTINODULAR GOITERS

Although surgery may be the first-line treatment of significantly enlarged euthyr-
oid multinodular goiters, RAI has also been used. In the setting of nonhyperfunc-
tional thyroid tissue, there are greater concerns that nonablative therapy with RAI
would predispose residual thyroid tissue to develop thyroid cancer. The actual
risk of cancer from RAI, used to treat euthyroid goiters, is not known. RAI
may be more preferable in patients older than 65 years, in whom contraindica-
tions to surgery are more common, and the risk of developing fatal and nonfatal
cancer from RAI may be negligible (24).

Doses of 3.7 to 4.625 MBq (100—125 n.Ci) per gram of estimated thyroid
tissue have been used for the treatment of euthyroid goiters. More than 90% of
patients can be expected to demonstrate a decrease in goiter size with an
average reduction of 40% at one year (25). Tracheal compression may also
improve significantly, both symptomatically and radiographically (26).
However, caution should be exercised in patients with significant or impending
compression, as RAI may conceivably cause transient swelling owing to inflam-
mation, potentially threatening airway patency. A small percentage of patients
may have transient hyperthyroidism, and approximately 4% of patients may
develop autoimmune thyroid disease following the treatment of euthyroid
goiter with RAI (27). The latter may be attributed to the release of thyroid anti-
gens following radiation-induced tissue necrosis. A significant number of patients
may also become hypothyroid following treatment. In one randomized trial, com-
paring RAI to levothyroxine suppression for the treatment of nontoxic goiter,
RAI was more effective than levothyroxine suppression for reducing the size
of nontoxic goiter; however, 44% of RAI-treated patients subsequently became
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hypothyroid (28). In contrast, 35% of the levothyroxine-treated patients experi-
enced clinical hyperthyroidism. Given the differing risks and benefits of the
various treatments, these options should be discussed with patients in consul-
tation with clinicians experienced in the management of sporadic goiters.

CAPSULE VERSUS LIQUID

Radioiodine is available in a liquid solution or capsule. Capsules are more con-
venient, but have generally been more expensive. Liquid formulations may
require extra measures to minimize radiation contamination at the time of admin-
istration. RAI in capsules and liquid are generally believed to be equivalent in
efficacy, although there has been some concern regarding a reduction in RAI
bioavailability from capsules, because of incomplete dissolution related to the
amount of magnesium stearate in the capsule (29).

GOALS AND EXPECTED OUTCOMES OF TREATMENT

With adequate doses of radioactivity, an 80% response rate should be expected.
A primary goal of treatment is to resolve hyperthyroidism in as short a time as
possible. However, with RAI doses calculated to achieve this goal in the majority
of patients, a significant number of patients will ultimately become hypothyroid.
The incidence of hypothyroidism was first estimated at 20% to 40% of patients
one year after RAI therapy (30). With more conservative doses of RAI, the inci-
dence of hypothyroidism may be lower, although, often at the expense of higher
rates of persistent hyperthyroidism. Patient preferences, the availability of close
follow-up, and potential risks from persistent hyperthyroidism should be con-
sidered when deciding between more definitive treatment with higher doses
and the use of more conservative doses.

Some authorities have maintained that hypothyroidism, which is easily and
inexpensively treated with thyroid hormone supplementation, is preferable to
persistent hyperthyroidism, which, if not optimally treated, may produce signifi-
cant morbidity. It is also commonly believed that hypothyroidism may be a fre-
quent long-term consequence of autoimmune thyroid disease. This has led to the
recommendation for higher treatment doses to reduce the need for additional
treatments in patients who do not respond to initial treatments. If hypothyroidism
is regarded as a potential therapeutic endpoint, patients should be given the
understanding that they will likely require life-long thyroid hormone supplemen-
tation to maintain normal function in the future.

Hypothyroidism tends to occur more frequently in patients with small
thyroid glands and lower 24-hour uptake measurements (31). Other independent
predictors of hypothyroidism following RAI treatment include a diagnosis of
GD, the level of thyroid autoantibodies, no antithyroid treatment given prior to
RAI, nonpalpable goiter, and high RAI dose. In one series, the absence of
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these risk factors was associated with a 12% probability of developing hypothyr-
oidism, whereas with all factors, the probability increases to 96% (32). Hypothyr-
oidism may occur several years following RAI treatment, and may be more likely
in patients who have had multiple RAI treatments (33). Regardless of whether the
goal is to achieve euthyroidism or acceptable rates of hypothyroidism, all patients
who have been treated with RAI should receive longitudinal clinical follow-up
along with thyroid function studies. Patients with autoimmune thyroid disease
should also be monitored for complications, such as Graves’ opthalmopathy.

In addition to abolishing hyperthyroidism, treatment with radioiodine
should significantly reduce thyroid gland size in patients with GD. A 50% to
80% reduction in gland volume may be seen in proportion to the radiation
dose given (34).

PATIENT PREPARATION AND ADJUNCTS TO TREATMENT

Clinical exacerbations of hyperthyroidism caused by RAI treatment are relatively
uncommon. Pretreatment with antithyroid drugs have been shown to attenuate
transient increases in thyroid hormone levels following treatment (35). They
may also lower the baseline hormone levels, reducing the clinical significance
of any transient increase in these levels (36). Beta blockers may reduce symptoms
related to hyperthyroidism, although it should not be solely relied upon to prevent
impending thyroid storm. To reduce symptoms which may occur during treat-
ment, beta-blocker medications, such as propranolol, 80—160 mg/day, or ateno-
lol, 50-150 mg/day, can be considered in patients without significant
contraindications to this class of medication. Beta blockers may be continued
during RAI treatment.

To reduce morbidity from hyperthyroidism and prevent worsening of
symptoms before the effects of radioiodine are realized, patients may also be
given antithyroid medications several days before or after RAI treatment. If
given, such medications should be discontinued three to five days prior to RAI
administration. These drugs generally can be resumed 3 to 10 days following
treatment, or earlier, if clinically necessary (Table 2).

Pretreatment with propylthiouracil (PTU), with discontinuation up to one
week prior to treatment, may increase the failure rate of radioiodine treatment
(37). PTU interferes not only with iodine organification, but also may cause an
iodide diuresis (38). For this reason, some have advocated higher doses (e.g.,
increase by 25%) for patients receiving antithyroid medications shortly before
or after RAI treatment (39). Compared with PTU, pretreatment with methimazole
may have a lesser effect on the failure rate of RAI treatment (40). Several pro-
spective studies, where patients were randomized to no pretreatment with anti-
thyroid drugs versus pretreatment with methimazole up to four to six days
prior to RAI administration, found no significant differences in the success rate
or the time to therapeutic response (41,42). The adverse effect of antithyroid
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Table 2  Preparing Hyperthyroid Patients for Radioactive Iodine Treatment

Withdraw drugs which may interfere with RAI treatment: antithyroid medications for at
least three days, multivitamins for one week, over-the-counter medications
(expectorants, topical iodine, kelp, agar, potassium iodide solutions) for 2—3 weeks or
longer depending on the iodine content, radiographic contrast agents for 4 weeks, and
amiodarone for at least three to six months.

Review results from previous biochemical tests, RAI uptake measurements, and thyroid
scintiscans. Confirm the appropriateness of treatment and treatment dose.

Obtain written informed consent. Provide verbal and written instructions.

Consider pretreatment with beta blockers for symptomatic control. Beta blockers may be
continued during treatment.

Patients who have the potential to become pregnant should undergo pregnancy testing. If
history indicates pregnancy is impossible, testing may be omitted at physician’s
discretion.

Breastfeeding patients should be instructed to stop for at least two days prior to treatment.
Patients must be instructed not to resume breastfeeding until the birth of their next child.

Patient identity must be confirmed immediately before treatment in accordance with
institutional requirements.

Abbreviation: RAI, radioactive iodine.

medications on RAI treatment efficacy may be more significant for toxic nodular
goiters than for GD (43).

Patients should not eat solid foods or drink dairy products for at least two
hours before and after treatment. Water is advised, however, to reduce radiation
exposure to the genitourinary tract. Multivitamins should be discontinued seven
days prior to treatment. Low iodine diets for about one week prior to RAI treat-
ment have also been advocated, although this has not been convincingly shown to
improve response when RAI is used for the treatment of hyperthyroidism.
Written informed consent should be obtained at the time of treatment. Informed
consent should include a review of the disease, the rationale for treatment,
treatment alternatives, potential side effects and outcomes, and the need for
follow-up, in addition to radiation precautions, which should be provided both
verbally and in written form. Patients with GD should be counseled regarding
the risks of ophthalmopathy. The prescribed activity should be verified in a
dose calibrator and the patient’s identity should be confirmed immediately
prior to treatment.

SIDE EFFECTS

Side effects of RAI given at doses to treat benign thyroid disease are generally
mild, infrequent, and self-limiting. These include thyroid tenderness, salivary
gland swelling, and nausea. In addition to permanent hypothyroidism, transient
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hypothyroidism may also occur (44,45). Transient hypoparathyroidism has
also been reported (46). Thyroid tenderness and swelling may respond to nonster-
oidal anti-inflammatory agents. Exacerbation of hyperthyroidism may also occur,
but thyroid storm, although potentially fatal, is considered uncommon (47).
Severe side effects appear more likely in patients with large goiters, who may
also be at risk of tracheal compression on very rare occasions (48). Vocal cord
paresis has also been reported as an extremely rare complication of RAI
therapy (49).

Ophthalmopathy

Ophthalmopathy may be particularly severe in 3% to 5% of patients with GD.
The ocular manifestations of GD appear more frequently in women than men.
Although it usually presents concomitantly with hyperthyroidism, it may
precede or follow clinical hyperthyroidism (50). An area of controversy is
whether treatment with radioiodine is associated with the onset or worsening
of Graves’ ophthalmopathy. Exacerbation of ophthalmopathy has been attributed
to radioiodine-induced release of antigens shared by the thyroid and orbit. Con-
flicting results from studies of ophthalmopathy and RAI may be attributed to the
retrospective and nonrandomized nature of most studies, inadequate control
groups, and the nonstandardized assessment of ocular changes. Progression of
ophthalmopathy may occur in approximately 15% of patients, especially those
who smoke, have pre-existing eye disease, high levels of TSH-receptor antibody,
or severe manifestations of thyroid disease (51). Cigarette smoking has been
associated with an increased risk for progression of ophthalmopathy following
radioiodine therapy, and a decreased efficacy of orbital radiation and glucocorti-
coid therapy (52).

Concomitant treatment with glucocorticoids can protect against the pro-
gression of opthalmopathy in patients with nonsevere ophthalmopathy (53,54).
As worsening of pre-existing eye disease is more frequent than new ophtha-
Imopathy following RAI treatment, patients most likely to benefit from corticos-
teroids are those with clinically evident eye disease, especially if they continue
smoking. Prednisone, 0.4-0.5 mg/kg per day, beginning immediately after
radioiodine treatment, continued for one month, and then tapered over three
months, has been shown to be effective in a randomized controlled trial (53).
As both hyperthyroidism and corticosteroids may increase bone turnover,
patients receiving long-term corticosteroids should be considered for evaluation
of bone density and therapies to prevent osteoporosis. Pretreatment with methi-
mazole does not appear to prevent the development or exacerbation of ophthal-
mopathy after RAI treatment (55). Patients with more severe ophthalmopathy
should receive prompt evaluation and treatment independent of RAI. Treatment
for significant ocular disease includes high-dose glucocorticoids, orbital radio-
therapy, orbital decompression, or a combination thereof. Patients with Graves’
ophthalmopathy should be strongly encouraged not to smoke.
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Cancer Risk from Radioactive lodine Therapy

The possibility of an increased risk of cancer following radioiodine therapy for
hyperthyroidism remains controversial despite numerous studies supporting the
safety of RAI for this indication. A multicenter retrospective cohort study exam-
ined cancer mortality in over 35,000 patients after three treatment modalities for
hyperthyroidism (56). The total number of cancer deaths was not increased for
this group as a whole. Interestingly, an increased risk of cancer mortality was
seen in patients treated exclusively with antithyroid drugs. Radioiodine treatment
was not associated with excess total cancer deaths, or to any particular cancer,
with the exception of thyroid cancer, where there was a slight increase in
thyroid cancer mortality following radioiodine therapy, although the underlying
thyroid disease was suggested to have played a role. Another study found that the
incidence of thyroid cancer in radioiodine-treated patients over a 27-year period
was not significantly different from its incidence in the general population (57).
One population-based study actually found a small decrease in the risk of several
types of cancer following radioiodine therapy (58). It is important to note that the
number of children treated with RAI is small in the majority of these studies.

Genetic Effects to Offspring

There is no evidence that exposure to radioiodine affects the long-term outcomes
of subsequent pregnancies and offspring (59). A 370-MBq (10 mCi) dose of
iodine-131 is estimated to deliver a dose of approximately 0.01-0.03 Gy to the
ovaries, mostly from excreted RAI in the bladder. Radiation dose can be mini-
mized with hydration and frequent voiding following treatment. Women of child-
bearing age should be counseled to refrain from becoming pregnant for at least
six months following therapy. This is primarily to confirm treatment response,
given that there are significant perinatal risks related to thyrotoxicosis.

TREATMENT OF CHILDREN WITH HYPERTHYROIDISM

Graves’ disease is the most common cause of hyperthyroidism in childhood. As
in adults, there are a number of options regarding the treatment of hyperthyroid-
ism in children. The three most common treatment options are medical therapy
with antithyroid drugs, treatment with RAI, and surgery.

Medical therapy with antithyroid drugs carries a small risk of serious
adverse reactions, which include hepatic failure and agranulocytosis. Upon dis-
continuation of antithyroid drugs, relapse can be expected in the majority of pedi-
atric patients (60). With medical therapy, prepubertal children may require many
more years of treatment compared with adolescents before antithyroid drugs can
be discontinued (61). Surgery for hyperthyroidism may have the highest cure
rates of all the treatment modalities. Patients with large glands (>80 g), severe
ophthalmopathy, and poor response to other treatments may benefit most from
surgery. Surgery may also be preferred for single toxic adenomas to avoid
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exposure of nonablated thyroid tissue to radiation. However, thyroidectomy
carries a small risk of hypoparathyroidism and recurrent laryngeal nerve
damage. The success of surgery depends on the experience of the surgeon.

Although RALI is effective, the potential risks related to radiation exposure
need to be carefully discussed with the parents or guardians of pediatric patients.
Common concerns that may need to be addressed include genetic and oncogenic
effects of administering radioactivity, and the potential for radiation exposure to
others by young patients in whom proper hygiene may be difficult to maintain.

With external radiation exposure, there is a known risk of thyroid cancer in
children that may decrease with increasing age at exposure (62). Studies of radi-
ation exposure related to fallout from nuclear weapon testing in the Marshall
Islands and the Chernobyl disaster have also shown higher rates of thyroid
cancer in children (63). However, less is known regarding the risk of thyroid
cancer following the medical use of RAI in children, and a comprehensive
study of thyroid and nonthyroid cancer risks in this setting has not been per-
formed. At prescribed activities of 3.7-7.4 MBq (100—-200 nCi) per gram of
thyroid tissue, one study did not detect an increased incidence of thyroid
cancer in children (64). However, definitive long-term data on the oncogenic
effects of therapeutic doses of RAI in children is lacking.

Because of radiation concerns, RAI therapy is often considered as second-
line therapy in children. RAI remains efficacious in treating patients who have not
responded to other therapies. Second-line indications include failure of antithyr-
oid drug therapy, adverse reactions to antithyroid drugs, contraindications or
refusal of surgery, and permanent prevention of hyperthyroidism.

Because of the theoretical risk of thyroid cancer after thyroid irradiation in
individuals less than 20 years of age, one approach has been to advocate RAI
doses sufficient enough to ablate all residual thyroid tissue (65). Such doses
also reduce the need for retreatment, thus decreasing the morbidity related to pro-
longed hyperthyroidism. To achieve ablation in the majority of children with GD,
thyroid tissue dose of at least >270 Gy (i.e., 11.1 Mbq/g) may be needed,
especially when the gland is large (66). Radiation safety precautions need to
be carefully explained to both patients and family members to prevent contami-
nation and unnecessary radiation exposure to others. RAI treatment may not be
appropriate in patients who are unable to comply with instructions.

PATIENT INSTRUCTIONS, PRECAUTIONS, AND FOLLOW-UP

Following the administration of therapeutic doses of RAI, contamination from
excretion of RAI in urine, perspiration, breastmilk, and saliva, can be associated
with internal accumulation of RAI by others who come in contact with the
patient. Potential avenues of radiation exposure to others include ingestion of
iodine-131 excreted by the patient, and from emitted gamma rays from iodine-
131 (Table 3). Although there is little evidence to suggest that small amounts
of radiation from iodine-131 treated patients can cause significant problems to
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Table 3 Instructions for Patients Receiving Radioactive lodine Treatment and Follow-Up

Before treatment:

If there is a possibility that you are pregnant, inform the physician. RAI treatment
should not be given to pregnant women.

If you are breastfeeding, you must stop for several days before treatment. After
treatment, you cannot restart breastfeeding for that child. You may breastfeed with
the birth of your next child.

Do not eat for two hours before or after receiving treatment

For the first 72 hours after treatment:
Drink plenty of fluids to help flush any extra radioactive iodine from your body.
Do not spend prolonged periods of time closer than 3 feet to any adult, or within the
same room as any child.

For 4-7 days after treatment, including the first 72 hours:

Void as often as possible. Flush toilet twice after use.

Wash hands thoroughly and routinely.

Do not share eating utensils or towels. Use separate or disposable eating utensils.

Wash utensils separately or before placing in dishwasher.

Avoid close contact with children and pregnant women (not closer than 2 feet) for
long periods of time. Sleep in a separate bed. If you are caring for a child, brief
contact is acceptable, but avoid prolonged close contact, such as sitting in your lap.

Avoid kissing and sexual intercourse.

Occasionally, there may be temporary neck or gland soreness. This can be treated
with over-the-counter pain relievers like acetominophen.

Follow-up:

Follow-up with your primary physician in four to six weeks and at regular intervals
thereafter. Occasionally, a second treatment may be necessary. You may require
long-term thyroid hormone supplementation. Eye problems from Graves’ disease
may also occur or worsen after treatment.

Do not get pregnant for at least six months, and not until your medical condition has
resolved. Consult your physician before getting pregnant.

Abbreviation: RAI, radioactive iodine.

others, guidelines have provided simple recommendations to reduce unnecessary
radiation exposure, especially to pregnant women, infants, and children. It is a
requirement of the United States Nuclear Regulatory Commission to give
patients verbal and written instructions prior to treatment with RAI.

The Society of Nuclear Medicine has recommended that patients sleep
alone for the first few days after treatment. For the first 72 hours, patients
should not spend prolonged periods of time closer than three feet to any adult,
or within the same room as any child. An easy to follow guideline is to maintain
a distance of one arm’s length between treated persons and others. Short periods
of contact are acceptable. If caring for an infant, patients should minimize the
amount of time spent in close proximity with the infant during this time.
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Specifically, infants should not be held for prolonged periods because of proxi-
mity to the thyroid or bladder. It is also recommended that time spent with preg-
nant women and young children be minimized for four to seven days after
treatment. Work restrictions should be given to patients who may potentially
expose pregnant women or children when performing their occupation.

Fluid intake and frequent voiding should be encouraged for at least the first
24 hours following treatment. Patients should be instructed to wake up at least
once the night following treatment to empty their bladder. The toilet should be
flushed two or three times. Handwashing should be performed routinely and fre-
quently. If patients perspire heavily, clothing should be washed separately.
Because of contamination concerns, it is not recommended to treat women
during their menses. Sharing food and eating utensils should be prohibited.
Patients should wash their utensils separately or use disposable utensils.

Lactating women who wish to be treated should be instructed to discon-
tinue breastfeeding. Treatment should be withheld until lactation ceases. It
may be possible to detect radioactivity in breast milk for several months follow-
ing treatment. Patients should be instructed not to resume breastfeeding until the
birth of another child.

Women capable of childbearing should be asked to avoid pregnancy for
at least six months following treatment, in order to confirm resolution of hyper-
thyroidism in addition to minimizing risks from radiation.

Patients should be told that symptoms would resolve over several weeks,
and that they would require close follow-up, as hyperthyroidism may worsen
during the intervening time. Symptoms of uncontrolled hyperthyroidism should
be described, and patients should be informed to seek medical attention if such
symptoms occur. They should also be made aware of the probable need for
thyroid hormone supplementation in the future. The risk of persistent hyperthyr-
oidism and myxedema following treatment necessitates close follow-up that
includes clinical examination and thyroid function tests. Patients with GD
should be made aware that ophthalmopathy may occur or worsen. Patients
should follow-up with their physician in four to six weeks. One study suggests
that the assessment of treatment response may be most reliable at 12 to 14
weeks after therapy, although it may be possible to identify nonoptimal respon-
ders as early as six to eight weeks (68). Instructions for patients are summarized
in Table 3. In the United States, the most current regulations for RAI therapy may
be obtained from the U.S. Nuclear Regulatory Commission.
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CEA, 124-125
Hurthle cell
FTC, 49
irradiation-induced
DTC, 54
oncocytic
FTC, 49
Cancer risk
benign thyroid disease iodine-131
radiotherapy, 180
Capsular invasion
DTC, 54
Carbonic anhydrase IX
RIT, 129-131

Carcinoembryonic

antigen (CEA)
colon cancer, 124125

CEA. See Carcinoembryonic antigen
(CEA)

Children

hyperthyroidism
iodine-131 radiotherapy,
180-181
Chondrocytes
Y-90, 34
Chronic reactive arthritis
Y-90
radiation synovectomy, 27
Clear cell carcinoma
FTC, 49
Collagenosis
Y-90
radiation synovectomy, 27
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Colon cancer
antibody A17-1 A, 127-128
antibody A33, 126-127
CEA, 124-125
RIT, 124-125

Copper radioisotopes
radiopharmaceuticals, 12

Cytopenias
contraindicating radiopharmaceuticals

for pain relief, 87

DIC. See Disseminated intravascular
coagulation (DIC)
Dietary factors
DTC, 50-51
Dietary sources
iodine, 58—-60
Ditferentiated thyroid cancer
(DTC), 47
ablation, 57-58
age, 52
capsular invasion and extrathyroidal
extension, 54
dietary factors, 50-51
extrathyroidal extension, 54
family history, 52
FNA, 50-51
diagnosis, 51
gender, 52
histology, 47-51, 53
hormonal and reproductive
factors, 50
iodine, 50-51
iodine-131, 57-58
contraindications, 66
indications, 66
side effects, 66
irradiation-induced
carcinoma, 54
lymph node metastases, 54
multifocality, 53
oncogenes, 50, 54
pathogenesis, 49-51
postoperative management, 56
preexisting thyroid disease, 50
prognostic factors, 51-55
radiation, 49-50
safety, 60-61
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[Differentiated thyroid cancer (DTC)]
radioiodine
complications, 61-62
follow-up, 62-66
treatment, 56—57
staging systems, 55
surgery, 55-56
TNM, 55
treatment, 45-75
Disseminated intravascular coagulation
(DIC)
contraindicating radiopharmaceuticals
for pain relief, 87
Distant metastases
DTC, 54
DTC. See Differentiated thyroid cancer
(DTC)
Dysprosium-165 (Dy-165), 12
radionuclide joint therapy, 23-25, 30
radiosynoviorthesis, 24

Erbium-169 (Er-169), 13

radionuclide joint therapy,
23-25, 30
radiosynoviorthesis, 24
rheumatoid arthritis
radiation synovectomy, 26

Etanercept, 103

Euthyroid multinodular goiter
RAI, 175-176

Extrathyroidal extension
DTC, 54

Family history
DTC, 52
Fine needle aspiration (FNA)
DTC, 51
Flare phenomenon
osteoblastic metastases bone pain
palliation, 87-88
Fluoroscopic arthrography
radionuclide joint therapy, 29-30
FNA. See Fine needle aspiration (FNA)
Follicular thyroid cancer (FTC), 47
clear cell carcinoma, 49
common histologic type, 48
encapsulated, 49
Hurthle cell carcinoma, 49
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[Follicular thyroid cancer]
minimally invasive, 49
oncocytic carcinoma, 49
variants, 49
widely invasive, 49

Gender
DTC, 52
Genetic effects to offspring
benign thyroid disease iodine-131
radiotherapy, 180
Goiter
euthyroid multinodular
RAI 175-176
toxic multinodular
RAI 169
Graves’ disease
RAIL 169
dose, 172-174

Hemophilia
radiation synovectomy, 27, 31
HLA-B27
ankylosing spondylarthritis, 104
Hodgkin’s disease
curative intent, 147
Hormones
DTC, 50
HPLC. See High performance liquid
chromatography (HPLC)
Hurthle cell carcinoma
FTC, 49
Hyperthyroidism
children
iodine-131 radiotherapy,
180-181
RAIL 169

Ibritumomab-tiuxetan (Zevalin®)
lymphoma radioimmunotherapy, 152
treatment side effects, 153

Indium-111, 16

Indolent B-cell lymphomas
1-131, 151

Infection
contraindicating radiation

synovectomy, 31

Infliximab, 103

Index

Informed consent
radionuclide joint therapy, 28—-29
Intrathecal radioimmunotherapy
ovarian carcinoma, 129
Iodine
accumulation in thyroid tissue,
170-171
dietary sources, 58—59
drug interactions, 59
DTC, 50
Iodine-125, 13-14
Todine-131 tositumomab (Bexxar®), 13.
See also Benign thyroid disease
iodine-131 radiotherapy
Ab F19
colon cancer, 128
dosimetry, 157-158
DTC, 57-58
contraindications, 66
indications, 66
side effects, 66
indolent B-cell lymphomas,
150-151
labeled cell antibody
abdominal tumor, 7
lymphoma radioimmunotherapy, 152
radioactive, 169
solid tumor RIT, 123
treatment, 157158
side effects, 153—155
vs. 90 Y, 149
Irradiation-induced carcinoma
DTC, 54
ITLC. See Instant thin layer
chromatography (ITLC)

Lewis Y (LE) antigen, 129
Lutitium-177, 14
Lymph node metastases
DTC, 54
Lymphoma
nodular
iodine-131-labeled cell
antibody, 6
non-Hodgkin’s
diffuse large B-cell
lymphoma, 147
indolent, 148
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Lymphoma radioimmunotherapy (RIT),
147-160

dosimetry, 155-157

high-dose, 152-153

patient evaluation, 156

treatment, 156—157
indications and alternatives, 153—154
monitoring, 158
side effects, 153—155

Zevalin®, 152

Metastases. See also Osteoblastic
metastases bone pain palliation
contraindicating radiopharmaceuticals
for pain relief, 87
DTC
distant, 54
lymph node, 54
Multifocality
DTC, 53
Myelosuppression
with osteoblastic metastases bone pain
palliation, 87—-88

Needle tract ulceration
radionuclide joint therapy, 33
New York criteria
modified
ankylosing spondylarthritis, 106
NIS. See Sodium iodide symporter (NIS)
Nodular lymphoma
iodine-131-labeled cell antibody, 6
Non-Hodgkin’s lymphoma
diffuse large B-cell lymphoma, 147
indolent, 148
Nonsteroidal inflammatory medications
osteoblastic metastases bone pain
palliation, 79
Nuclear medicine physicians
radioisotopes, 7

Oncocytic carcinoma
FTC, 49
Oncogenes
DTC, 50, 54
Ophthalmopathy
benign thyroid disease iodine-131
radiotherapy, 179
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Opiates
osteoblastic metastases bone pain
palliation, 79
Osteoarthritis
radiation synovectomy, 29
Osteoblastic metastases bone pain
palliation, 77-101
beta-emitting
radiopharmaceuticals, 79
bisphosphonates, 78—-79
flare phenomenon, 88
nonsteroidal inflammatory
medications, 79
opiates, 79
phosphorus-32-sodium
phosphate, 82
radiopharmaceuticals
administration, 90—92
adverse reactions, 87—-88
chemotherapy combinations, §89-90
contraindications, 87
dose-effect relationships, 81
dosimetric considerations, 88
economical value, 90
localization, 80
properties, 80
safety, 89
response predictors, 86—87
rhenium-187 etidronate, 85
samarium-153 lexidronam, 84
Sn-117, 85-86
Sr-85, 85-86
Sr-89, 82-86
treatment, 78—79
indications, 86
radiopharmaceutical, 87-88
Y-90, 85-86
Ovarian carcinoma
B3, 129
RIT, 128-129
intrathecal, 129
Oxygen radicals, 23

P-32. See Phosphorus-32 (P-32)
Pain. See also Osteoblastic metastases
bone pain palliation
bone
diagnostic modalities, 78
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[Pain
bone]
mechanisms, 77
cytopenias contraindicating
radiopharmaceuticals for, 87
Papillary thyroid cancer (PTC), 47
columnar cell variants, 48
common histologic type, 47
encapsulated variants, 47
follicular variants, 47
Hurthle cell variants, 48
tall cell variants, 48
thyroid diffuse sclerosing variants,
48
variants, 47—-48
Patient instructions
benign thyroid disease iodine-131
radiotherapy, 181-183
radionuclide joint therapy, 33
Periarticular tissue
radionuclide joint therapy, 33
Phosphorus-32 (P-32). See also Poly-
cythemia vera phosphorus-32
radionuclide joint therapy, 23-25
radiosynoviorthesis, 24
sodium phosphate
osteoblastic metastases bone pain
palliation, 82
Pigmented villonodular synovitis
radiation synovectomy, 27
Polycythemia vera phosphorus-32,
161-168
administration, 165
biodistribution, 165
contraindications, 163
follow-up, 167
handling sources, 166
injection, 165
patient
as radioactive source, 166
selection, 162—163
physical aspects, 163-164
pregnancy, 166
radiation protection, 164
radiopharmaceutical
aspects, 165—166
spills, 164
treatment approaches, 166

Index

Pregnancy
contraindicating radiation
synovectomy, 31-32
P-32, 166
Prognostic staging systems
DTC, 54
Prostate specific membrane antigen
(PSMA)
RIT, 131-132
Psoriatic arthritis
Y-90
radiation synovectomy, 27
PTC. See Papillary thyroid
cancer (PTC)

Radiation
DTC, 49-50
osteoblastic metastases bone pain
palliation, 79
protection
P-32, 165
Radiation exposure
whole-body, 35-36
Radiation synovectomy
beta-emitting radiocolloids,
22-23
blood-pool scan, 26
contraindications, 31-32
Baker’s cyst, 31-32
bone growth phase, 31
hemophilia, 31
osteoarthritis, 27
pigmented villonodular
synovitis, 27
vs. surgery, 26—27
Y-90
chronic reactive arthritis, 27
collagenosis, 27
Radioactive iodine-131 (RAI), 169
euthyroid multinodular goiter,
175-176
Graves’ disease, 169
dose, 172—-174
Radiocolloids
beta-emitting
radiation synovectomy, 22—23
particles
size, 23
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Radioimmunotherapy (RIT), 147-160.

See also Lymphoma
radioimmunotherapy; Solid
tumor radioimmunotherapy
bystander effect, 149
carbonic anhydrase IX, 129-131
intrathecal
ovarian carcinoma, 129
ovarian carcinoma, 129
WX-G250
biliary cancer, 130
Radioiodine
DTC
complications, 61-62
follow-up, 62-66
treatment, 56—57
Radioisotopes
adverse event reporting, 6—7
choice, 4-5
intercavitary administration, 6
nuclear medicine physicians, 7

patient assessment and follow-up, 6

physical half-life, 11

radiation safety, 7

Re, 14-15

therapeutic, 9-20

treatment administration, 5—6
intra-arterial, 6
intravenous, 5—6

Radiometals, 7

solid tumor radioimmunotherapy, 123

Radionuclides
biodistribution, 4
joint therapy, 21-44

arthrocentesis, 30

Baker’s cyst contraindicating, 28

contraindications, 31-32
dosimetry, 35-36
Dy-165, 23-25, 30
Er-169, 23-25, 30

fluoroscopic arthrography, 29-30

inflammatory joint disease
treatment, 22

informed consent, 28—-29

needle tract ulceration, 33—34

P-32, 23-25

patient preparation and treatment

procedure, 28-31
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[Radionuclides]
patient radiation safety, 37—-38
personnel radiation safety, 37
physiology, 22-23
radiation effects to articular
cartilage and bone, 34-35
radiation synovectomy indications
and success rates, 26—28
therapeutic
characteristics, 2
therapy principles, 1-4
Radiopharmaceuticals, 10—11, 23-25.
See also Therapeutic
radiopharmaceuticals
actinium, 17
alpha particles, 16—17
beta particles, 12—16
osteoblastic metastases bone pain
palliation, 79
bismuth, 17
copper radioisotopes, 12
cytopenias contraindicating
for pain relief, 87
dysprosium-165, 12
emissions, 10
erbium-169, 13
indium-111, 16
iodine-125, 13-14
iodine-131, 13
lutitium-177, 14
osteoblastic metastases bone pain
palliation, 90-92
adverse reactions, 87—88
chemotherapy combinations,
89-90
contraindications, 87
dose-effect relationships, 81
dosimetric considerations, 88
economical value, 90
localization, 80
properties, 80
repeat treatments, 89
safety, 89
therapy, 79
treatment monitoring and
outcome, 89
phosphorous-32, 14
physical characteristics, 10—11
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[Radiopharmaceuticals]
quality control, 11-12
rhenium radioisotopes, 14—15
samarium-153, 15
strontium-89, 15-16
tin-117 m, 16
tissue targeting, 11
yttrium-90, 16
Radiosynoviorthesis, 21
contraindications, 31
Dy-165, 25
Er-169, 25
P-32,25
radiopharmaceuticals, 24
RAL See Radioactive
iodine-131 (RAI)
Re. See Rhenium (Re)
Re-186. See Rhenium-186
(Re-186)
Re-187. See Rhenium-187 (Re-187)
Reactive arthritis
Y-90
radiation synovectomy, 27
Recombinant human thyroid-stimulating
hormone (rhTSH), 59
Red bone marrow
Y-90, 34
Reproduction
DTC, 50
Reradiosynoviortheis indications, 28
Rhenium (Re)
radioisotopes, 14—15
Rhenium-186 (Re-186)
radionuclide joint therapy, 23-25, 30
radiosynoviorthesis, 24
rheumatoid arthritis
radiation synovectomy, 26
solid tumor radioimmunotherapy, 123
Rhenium-187 (Re-187)
osteoblastic metastases bone pain
palliation, 85
Rheumatoid arthritis, 22
Er-169, 26
radiation synovectomy, 26
rhTSH. See Recombinant human
thyroid-stimulating hormone
(rhTSH)
RIT. See Radioimmunotherapy (RIT)

Index

Rituximab, 148
indolent B-cell lymphomas, 150

Safety
ankylosing spondylitis 224RacL.
therapy, 112-113
radiation
DTC, 60-61
radioisotopes, 7
radionuclide joint therapy, 33—34
patient radiation, 37-38
personnel radiation, 37
radiopharmaceuticals
osteoblastic metastases bone pain
palliation, 89
Samarium-153, 15
Samarium-153 lexidronam
osteoblastic metastases bone pain
palliation, 84
SDS-PAGE. See Sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE)
Septic arthritis
contraindicating radiation
synovectomy, 31
Sn-117. See Tin-117 (Sn-117)
Sodium iodide symporter (NIS), 170
Solid tumor radioimmunotherapy,
121-145
administration schedule, 135
alpha particles, 123-124
antibody constructs, 122
auger emitters, 124
colon cancer, 124125
combination multimodality therapy,
134-135
future studies, 133
genetic engineering, 134
pretargeting strategies, 132—133
radiobiology, 134
radiochemistry advances,
133-134
radionuclides, 122-123
Solitary hyperfunctioning nodule
RAI 169
Spine mobility
ankylosing spondylarthritis
clinical tests, 105
Sr-85. See Strontium-85 (Sr-85)
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Sr-89. See Strontium-89 (Sr-89)
Streptavidin
colorectal adenocarcinoma, 132
Strontium-85 (Sr-85)
osteoblastic metastases bone pain
palliation, 85-86
Strontium-89 (Sr-89), 15-16
osteoblastic metastases bone pain
palliation, 82—-84, 85
Synovectomy. See Radiation
synovectomy
Synovial cyst rupture
contraindicating radiation
synovectomy, 31
Synoviocytes
type-A
phagocytosis, 22-23
Synovitis
pigmented villonodular
radiation synovectomy, 27

TAG-72
colon cancer, 125-126
Therapeutic radioisotopes,
9-20
Therapeutic radionuclides
characteristics, 2
physical half-life, 7
224RacL therapy. See Ankylosing
spondylitis 224RacL therapy
Therapy with unsealed sources,
1-8
Thyroid
iodine accumulation,
170-171
Thyroid cancer. See also Differentiated
thyroid cancer (DTC);
Follicular thyroid cancer (FTC);
Papillary thyroid
cancer (PTC)
epidemiology and classification,
46-47
incidence, 45
Thyroid disease
DTC, 52
Tin-117 (Sn-117), 16
osteoblastic metastases bone pain
palliation, 85—-86
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Tiuxietan
indolent B-cell
lymphomas, 150
TLC. See Thin layer chromatography
(TLC)
TNM. See Tumor node metastases
(TNM)
Tositumomab. See Iodine-131
tositumomab (Bexxar®)
Toxic multinodular goiter
RAI 169, 174-175
Tumor node metastases (TNM)
DTC, 54
Type-A synoviocytes
phagocytosis, 22-23

Whole-body radiation
exposure, 35-36
WX-G250 radioimmunotherapy

biliary cancer, 130

Yttrium-90 (Y-90), 16
ankylosing spondylarthritis
radiation synovectomy, 27
biotin
colorectal adenocarcinoma, 132
gliomas, 133
bone surface, 34
chondrocytes, 34
chronic reactive arthritis
radiation synovectomy, 27
collagenosis
radiation synovectomy, 27
endoprosthetic joint replacement
joint effusion, 27
vs. 131 1, 149
ibritumomab tiuxetan
treatment/dosimetry,
156-157
treatment side effects, 153
indolent B-cell lymphomas, 151
psoriatic arthritis
radiation synovectomy, 27
radionuclide joint therapy,
23-25, 30
effects to articular cartilage and
bone, 34
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[Yttrium-90 (Y-90)
radionuclide joint therapy]
whole-body radiation
exposure, 35-36

radiosynoviorthesis, 24
reactive arthritis
radiation synovectomy, 27
rheumatoid arthritis
radiation synovectomy, 26
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[Yttrium-90 (Y-90)]
Zevalin®
treatment side effects, 153

Zevalin®
lymphoma radioimmunotherapy,
152
treatment side effects, 153
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